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PREFACE

The Flectromagnetic Wave Propagation Panel of AGARD had selected “Artificial Modification of Propagation
Media ” as the topic of a Specialists ’ Meeting. The meeting took place at Brussels , Belgium. from 26th to 29th April
1976. These Conference Proceedings contain papers and contribution Cfd di~~U~siOnS. as well as accounts of the

L round-table discussions.

• Up to a certain exten t , proposa l and selection of the topic of a scientific meeting may represent an indirect
• method of steering current and planned work into a certain direction considered important ; such activities might

even be stimulated if relevant research is yet in an initial state. At the present this is fully applicable to the artific ial
modification of the tropospheric propagation medium , whereas man-made influences upon the ionosphere have been
the subject of research for several years. The AGARD/EPP-Symposiu m on non-linear effects in electromagnetic wave
propagation , held in November 1973 , touched upon som e of the related areas.

• In studies on the modification of any atmospheric region as a propagation medium, the objectives aim at
favourable effects upon communication circuits and other applications concerned with propagation. In general .
chances of realization are mainly a question of available means with respect to the effects desired. The variation of
tropospheric parameter s, however , is still at its very beginning and will require appropriate basic research to ensure
proper reproducibility and control.

• The entire subject of “Artificial Modificati on of Propagation Media ” was dealt with in three sessions, concerning
anthropogeneous changes to non-ionized media , to ionized media by electromagnetic waves , and to ionized media
by chemical substances. In addition to papers and their discussions, the present . yet dynamic state of research in
this field was especially accounted for by round-table discussions at the end of each of the sessions. Each of the
sessions was introduced by review papers on the present state of the art and possible future development: they were
followed by contributed papers reportin g on special projects and recent results.

in summary, t his Specia l is ts’ Meeting concerned the recognition and definition of limiting propagation criteri a ,
optimum methods of modification , and efficiency of changing propagation media as a function of means employed.
It represented an early , if not the first scientific meeting actually addressing, with i ts main topic , the anthropo-
geneous changes to the earth’s atmosphere as a propagation medium . In addition to a review of the state of the art
and the predominan t directions of progress , the stimulation of propagation-oriented modification projects may be
mentioned as a major achievement of the meeting. Promising areas of future research were indicated as well. These
Conference Proceedings give a full account of the three sessions mentioned : a separate report will cover proceedings
of a supplementary session.

Appreciation is expressed to all who assisted in the organization of the Specialists ’ Meeting as well as in the
compilation of these Proceedings , to members of the programme committee , authors and contributors to discussions.
chairmen of sessions and round-table discussions , to AGARD staff and other collaborators. A spe~ial acknowledge-

• ment is expressed for the assistance rendered by Prof. W .E.Gordou in compiling and editing the round-table discussion
of Session I I.

H .3.ALBRECHT
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NON—IONISED PROPAGATION MEDIA WITH ARTIFICIALLY
MODIFIED PRECIPITATION CHARACTERISTICS

H. Kleinjung
Schule fur Wehrgeophysik

8ø8o FUretenfeldbruck , Germany

SUMMARY

Artificial modification of precipitation and clouds is mainly orientated to enhanc e precipitation ,
to suppress hail formation , or to dissipate fog.

Changes of several precipitation parameters, much as rate, horizontal and temporal extent, size
distribution and shape of drops, due to artificial influence upon them have been reported but they
ar, within th. range of their natural occurrence. Essential alterations of propagation conditions
ar. therefore not assumed. In the cam e of hail suppression no conclusive experimental results of
influencing the hail growth ib a cloud are available. However, theoretical approaches show a dimi-
nution of hail size through artificial modification and thus suggesting changes in the propagation
of •. •. waves. Several fog dispersal methods are in practical use, changes of the essential pa-
rameters in space and time are generally known therefore changes of propagation conditions are
calculable,

Redistribution and suppression of precipitation by overseeding clouds are presented am possible
fields of practical applicability of modification efforts on propagation conditions, though at
present not investigated in the latter came.

1. INTRODUCTION

Hydrometeors such as cloud— and precipition particles have a more or less strong influence on
the propagation of electromagnetic waves especially in the high-frequency range. Changes of
the cloud and precipitation parameters caused by artificial modification, whether intended or
inadvertent will alter these conditions.

The purpose of this paper therefore is an attempt to point out the deviations of the meteo-
rological characteristics — important for propagation calculations — of artificially influenced
precipitation and fog and to compare them with conditions as they occur in nature. This will
then lead to an attempt of indicating promising areas of application. Propagation effects of
natural tropospheric conditions are assumed to be known .

Because of the great natural variability of precipitation in space and time the evaluation
of modification results is very difficult if not at the present time impossible especially
in am much as some of the very specific precipitation parameters are concerned. Another diffi-
culty in searching for artificially influenced changes in precipitation parameters is due to
the fact that the primary aim of weather modification is to enhance or suppress th. amount of
precipitation. Investigations of the artificial modification of other precipitation parameters - •

such as intensity, duration, or drop size distribution, are rare. Therefore some of the results
presented later, showing a change of the precipitation characteristics caused by artificial
influences, are statistically not significant. However, they euggest that research in this field
will be worthwhile.

2. PHYSICAL BASIS 01 WEtTEER MODIFICATION
Artificial weather •odification in the sense of this paper means enhancement of precipitation
(rain and snow), suppression of hail, and dissipation of fog. The activities in this field are
worldwide and meet with different success. In the last 25 years there hav e been attempts to
releas, or enhance precipitation from nearly all modifiable cloud—types, mai nly orographic
stratiform clouds with most success (Grant end Kahan 19711), frontal clouds (Leskov 1971),
etratifors clouds of little vertical depth (Serpolay and Andro 1973, Biswas and Dennis 1971)
and all types of convective clouds (Simpson and Dennis 19711). The results partially contradict
each other. Efforts have been made to dissipate fog of various type. considering its origin
— radiation or advection fog — or its composition — water or ice fog - or its temperature —

abov e or below 0°C (Silverman and Weinatein, 19711).

A brief survey of the physical and meteorological basis of artificial precipitation and cloud
modification seems to be indicated here to facilitate the intsrpretation of the results.

2.1 PR~~IPITATION
Aside from dyna.ic and thermodynamic aspect. 2 miorophysical processes account for the forma-
tion of precipitation (1) the collision—coalescense process and (2) the ice—crystal (Bergeron)
process for supercool.d clouds. Altering these microphyaical processes of formation and growth
of cloud and precipitation particles by introducing seeding agents into the clouds — in order
to chang e th. size dietribution or phase of the cloud particles — is the most comsonly prac-
tised way of weather modification today. Dependent on the temperature of the cloud (1) giant
hygroscopic salt nuclei in the size range 20-1Ot~ m or a spray of fine watsr and (2) solid
carbon dioxide or crystals such as silver iodide are brought into the clowls, thus intensify-
ing the various •icre physical processes of droplet growth and with proper seeding causing the
intended modification. Introduction of ice—crystals and following glaciation of a nuabez- of
supercooled water drops may , in the case of convective clouds lead to an increase in v.rtical 

--~~-- •-- -- ~~~--- -~~~~~~~~~ —---- -~~~~~~~~~- •-- ----~~~~~-- •- - • • • --
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motion through the release of latent heat of fusion. We speak of dyn amic seeding.

Adding AgI—orystals to the clouds in order to overcome the normal lack of sufficient freezing
nuclei active at relatively high freezing temperatures (about —5° C) ,  will start or accelerate
the glaciation process in the cloud if by contact—nucleation or sublimation , is still a
controversial question in cloud physics (Alkezweeney 1971, Hitchfeld 1975, Young 19711). Fur-
ther growth will occur by diffusion of water vapor to the crystal until it becomes large
enough for riming to take place. Continued riming will lead to graupel (Gagin 19711) if the
ice nucl.us concentrations d9n ’t exceed a few tens p er liter (v S 3 s/c). With nucleua concen-
trations of more than 100 l a supercooled cloud glaciates rapidly and snowflak e aggregation
becomes the dominant growth mechanism (Jiusto 1971).

Summsrizing, we can conclud e that — except the time f actor — there is no significant change in
the formation end nature of precipitation elements. Only very high concentrations of seeding
agents will lead to preferred snowflake development at subzero—temperatures.

2.2 HAIL
In the case of hail suppression the aim is to eliminate the possibility for the growth of
iz~dividual large hailstone. causing damage on the ground. So far thie has been done by the
inject ion of a number of crystallizing reagents (AgI) into the accumulation zone of liquid
supercooled eater (temperatures 0 — —20°C) of a thundercloud, where we assume the basic growth
of large hailstone, to occur. The introduction of many potential hailstone. all competing for
the same finite supply of eupercooled water should be associated with a decrease in their
ul timate diameter as theoretical calculations show (Sulakvelidze 1967).

2.3 7O~
Dissipation of fog or low stratiform clouds in order to improve the visibility in certain ar eas
is based ‘bn an influence on cloud microphysics similar to that exerted in precipitation en-
hancement. From the equation of meteorological visibility

v 3,912 ( K • Scattering efficiency
~ of a fog particle)

it may be seen that fog dispersal can be attained either by decreasing the number concent-~’a—
tion Ni of fog particles or by decreasing their radius ri, or both. Decreasing the radii cf
fog droplets by their evaporation is the moat promising approach to fog dissipation. This c~n
be achieved either by the introduction of hygroscopic material and in the case of supercooled
fog of crystallizing agents, or by increasing the water vapor capacity of t: ~ foggy air through
heating the fog or mixing the fog with drier air from aloft. Although there are no distinctions
in the physical properties of warm (t t 000) and mupercooled fog modification, attempts with
the latter have been most successful.

3. ARTIFICIALLY MODIFIED PRECIPITATION AND TOG CHARACTERI STICS

3.1 PRECIPITATION (RAIN AND SNOW)
Those precipitation characteristics which should be known in order to determine the propagation
of e. m. waves, such am intensity, horizontal and temporal extent, drop size distribution 1 and
shape of the drops are of a great natural variability, as already mentioned in the introduction ,
and present the greatest obstacle in the evaluation of a modification success. For example unmo-
dified convective rainfall commonly varies by factors of 10 to 1000, while the largest seeding
effects have never exceeded a factor of 2 to 3 (Simpson 1975). Changes of these characteristics
due to an artificial influence on the modifiable clouds are therefore in general within these
limits of the natural occurrence.

a) The precipitation rate for modified Convective shoue~s is in the range of naturally occuringrainfall—rates. Reported values are up to 100 mm hr ’. Simpson and Wiggert (1971) found in
Florida no significant difference in rainfall—rate between seeded and unseeded mingle tropi-
cal cumulus clouds, while Stantchev at al. (1973) in agreement with several Russian authors
report a 5% increase on the average (i.e. 0.8 mm hr 1) am the result of dynamic seeding in
Eastern Europe, which seems to be of no great importance for the propagation of e. m, waves.

In general the meteorological conditions typical for the occurrence of maximum precipitation
intensities of convective origin rather suggest suppression than enhancement experiments.
The results of the modification or orographic clouds are similar. There i. a statistically
.igni.’icant increase in the amount of precipitation by 10—20% on the average in nearly all
experiment s with orographic clouds, if seeding is performed in the effective temperature
range. This increase is always due to a longer life time of the precipitating clouds than
to an increase in intensity as Fig. 1 shows for the Colorado experiment. (Chappell at al.
1971).

Experiments in the USSR with frontal type clouds (Leskov 1973) indicate that rainfall rates
of artificial and natural precipitation are of the same order of magnitude, normally only
a few ma hr 1, end increasing natural intensity is correlated with increasing artificial
intensity.

b) Data on changes of the horizontal , vertical and temporal extent of precipitating clouds due
to artificial modification are sparse. In the already mentioned “Florida dynamic seeding
•zperis.nts ” randomized seeding of single convective cells r .sult .d in an excess of 117% in
area for the seeded echoes compared with the unseeded control echoes (Simpson and Wiggert
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1971). This corresponds to an increase of roughly 20% in diameter. Th. duration of the
seeded echoes exceeded those of the unseeded echoes by 39%, and in the vertical growth an
increase of 3.5 km on the averag, of the seeded clouds was observed . Simpson and Wiggert
stated that the longer life and greater extent of the clouds caused the increased precipi-
tation amount by a factor of 2 — 3. Further investigations by other authors (Dennis .t al.
1975 ) showed similar results of horizontal and vertical increase of seeded clouds although
no quantitative data have been reported.

With respect to changes in the horizontal extent of precipitation areas of orographic ori-
gin we have to differentiate between a pure enhancement of naturally occurring precipitation
and the release of precipitation by artificial modification. The latter happens especially
in the higher temperature range, where seeding disrupts the stable cloud microstructure and
initiates the precipitation process. In the former case no significant changes in precipi-
tation areas are reported , while in the latter a remarkable increase will occur depending
mainly on the size of the seeded cloud area. However, exact data cannot be given.

Changes in the duration of precipitation of orographic origin by a factor of 2 — 3 hav e
already been mentioned in connection with Fig. 1.

o) Only a few measurements of drop size distributions for seeded convective clouds in compari-
son with unseeded control clouds have bean reported. According to the theory of cloud modi-
fication the introduction of a seeding agent into a cloud leads to the formation of more
precipitation particles with a shift to smaller drops. Some drop size distributions so far
measured are in agreement with this seeding hypothesis while others are contradictory.

Measurements in Switzerland (Roesli et al. 19711) and Arizona (Jones et al. 1968) showed
higher drop concentrations with smaller drop. for seeded rainfall than for unseeded. The
following size distributions given in a Marshall—Palmer form ?J(D) • N,, exp C— A D) by Roesli
et al, confirm this result.

Seeded N(D) • 20 000 exp (—3. 16 D) R • 10,2 mm hrl
Unseeded MC D ) — 3 000 exp (~ 2.1O D) R • 10.2 mm hr

The high value of No and a steep slope indicate high concentrations of smaller drops for
the seeded cases compared with the unseeded cases, where the distribution function shows a
broad spectrum with few but rather large drops.

In contrast to this Miller and Eden (1972) found a number of larger drops falling out of
seeded clouds than of unseeded clouds. Some of their results are shown in Fig. 2 end 3.

The mean drop size spectra in Fig. 2 show a small shift to larger drops for seeded air—
mass showers. While in Pig. 3, obtained by summarizing the data for different depth of
penetration through seeded and unseeded clouds , the increase of larger drops in the seeded
cases is obvious.

The different modification mechanism — the microphysical and dynamic one — may offer an
explanation of the differences.

Although in individual cases small differences in drop size distribution between seeded
and unseeded rainfalls have been found , these iii-fferences are well within the limits of
natural occurrences (Danielson and Huggins 19711).

No data concerning the shape of artificially influenced drops are available. It is assumed
that there is no substantial difference between artificial and natural raindrops in their
shape and canting angle.

The sparse quantitative information regarding changes of precipitation parameters by
artificial modification which are important for the propagation of e. m. waves is not
sufficient yet to provide any statistical data on the frequency of the occurrence of speci-
fic rainfall rates — even in areas with a large number of modification experiments — in
comparison with their natural occurrence.

3.2 HAIL
Hail suppression is orientated to change the size distribution of hailstones, mainly to prevent
the formation of the larger sizes. Size distributions of naturally occurring hailstone. obey
an exponential law ma Douglas (196k) has shown (Fig. 11) or may be expressed by more complicated
distribution functions (Sulakvelidze 1969, Rozenberg 1972). So far it has been impossible to
meet the requirement for propagation calculations — that the size distribution of hailstones
must be known — as measurements in artificially influenced hailstorme are lacking. Only theore-
tical advances have been made showing a considerable diminution of the diameters of hailetones
after adding seeding agents in or beneath the accumulation zone of supercooled liquid water in
the cloud. After calculations of Sulakvelidz. (1969) the f~nal rootmean—oubic radius Ps obtained
as a result of the artificial seeding can be expressed by

where 
~~ 

is the root—mean—cubic radius of hailstonee without seeding, 1~i and N, are the corr e—
spending concentrations of hailetones. A concentr~tio~ of 102 — 10’ m - ~ introduced hail embryos
of 1 mm size against a natural amount of 100 - 10 m~~ would therefore be sufficient to reduce
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the final hailstone size by a factor o~ 11 — 5. With a decrease in diameter by a factor of 11 — 5
and an increas, in concentration by 10 there may be a possibility of calculating changes in
the propagation parameters.

The shift to smaller hailstone sizes on seed days compared with no—seed days, as shown in Fig.5,
points in the direction postulated by theory as do the model calculations by Young and Atlas
(19711).

However the limited number of adequate experiments and their statistical evaluation, and a
modification theory which is far from being conclusiv, and in agreement with observation, made
in hailstorus show that hail suppression is at present only at a beginning stage.

The theoretical approaches offer  only a possible way of the modification of propagation para-
meters by artificial influencing of hail growth in clouds.

3.3 FOG

The physical properties of natural fog are given in Table I with the distinction of the various
modes of formation and constitution. Warm and supercooled fog have the same physical properties.
Radiation fogs tend to have high concentrations of smaller droplets, while advection fogs have
lower concentrations of relatively large droplets, due to the origin of the aerosol particles
on which they mainly form-maritime or continental. Vertical thickness and horizontal extent of
fog vary apprec~ably, the depth between a few m and several 100 m, the area between 1 km2 and
several 1000 km dependent on meteorological and geographical conditions. The afore—mentioned
characteristics of fog are mean values, variability due to natur e, age and density of fog is
great in time and space. Therefore modification efforts have to take this fac t into consideration.

Dissipation of fog means increasing the visibility in a certain area. Since ~ Ni ri
2 is

inversely propor tional to the visibility, the size distribution of fog droplets has to be
changed in much a manner that ri, Nj  or both are reduced. Introduction of hygromcopic or
crystallizing agents of a proper concentration and size (between 20 —5O~L) will lead to evapora-
tion of the fog droplets below their critical radii and is followed by absorption and conden-
sation or sublimation of the water vapor by the seeding particles, which grow to large parti-
cles and fall out. The result is fewer and larger drops and increased visibility. Side—effects
are rain— or snow-out of the clouds, amount and intensity of precipitation are very small. By
supplying sufficient thermal energy will also help to evaporate the fog droplets, thus
continuously diminishing their size until they reach their critical radii. A typical example
of the change in drop size distribution due to hygroscopic seeding is shown in Fig. 6.

The increase in diameter in connection with a marked decrease in concentration and liquid
water content due to fall—out of the largest particles is obvious.

Since most of the fog dispersal efforts were made at airports, the horizontal and vertical
extent of the region to be cleared is dependent on the needs of aviat l,on. In most cases areas
of less than 1 km2 with a volume of fog approximately 50 — 100 Mill a2 have to be dissipated.
By more extensive seeding actions with respect to area even larger areas of fog or low stratus
may be cleared.

Changes of the physical properties as well as of horizontal and vertical extent of fog due to
artificial modification are generally known or may be calculated by an increasing number of
fog dispersal models (Koenig 1971, Weinstein and Silverman 19711) at various stages of develop—
sent.

With these data, possible alterations of propagation parameters by the artificial dissipation
of fog have to be calculable.

11. CONCLUSIONS

Though large afforts have been made in the last ten years in the evaluation of weather modifi-
cation experiments with an increasing number of modification models and highly sophisticated
statistics we are in many fi elds in an early stage. But precipitation modification may offer
some indications of promising applications with respect to the propagation of e. m. waves.
An attempt in pointing out theme should be made.

11.1 PRECIPITATION

Changes in precipitation intensity achievable with present technological means seems to be
not significant for practical applications in wave propagation. On the othei hand , the pommi-.
bility of influencing the release or even a temporal shift of the precipitation process under
certain conditionm , a redistribution of precipitation by artifical influences , a diminu tion or
prevention (Neiburger 1969) by overmeeding of definite clouds, may become important in areas
where communication links would not be affected at all or to a lesser extent by precipitation.

With the steady expansion of the frequency spectrum towards 50 and 100 0Hz, and with the
appropriate increasing susceptibility to precipitation, much applications will have an essen-
tial effect upon link reliability. This would also be of great importance f or the optimizat ion
of link diversity conditions in satellite communications.

11.2 HAIL
The verification of the theoretical approaches by means of experimental results would be a
positive development in this field. As a result, the unpredictable propagation effects of hail
could in certain cases be “watered down” to rain which is better understood.
Summarizing , there is a large amount of research work still to be done. It seems, in some
f ields, to be promising but difficult to solve.
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TABLE I

E~g Characteristics
( a. Silverman ~ Weinstein ~74)

Ice Fog Water Fogs Valley Fog s~~&
d~tion fo~

~~ iatson M~ ction a.Kocmon4~~ .~~~ )

Average particle diameter ~ 8 10 20 17

Typical particle size range (
~~ 2-30 5-35 7-65 4-50

Equivalent water content g/m’ 0.10 0.11 0.17 0.15

Particte concentration cm~ 150 200 40 55

Horizontal visibility ( m )  200 100 300 100 300

Depth of fog ( m )
mean 100 200 100-200
severe 300 600

I
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MA24-MADE MODIFICATION OF CLEAR-AIR PROPAGATION CONDITIONS (VHF to EHF )

H. Jeske

Meteorologisches Institut

Universität Hamburg, Germany

Summary

In contrast to weather modification experiments in the hydrometeor—filled atmosphere
(fog, clouds , precipation) there is only little experience in the clear atmosphere.
Possible are dispersions of man—made media in the atmosphere (radar chaff, gases,aerosols)
or direct modifications of the refractive-index field, especially characterized by its
vertical gradiant, duct— , and reflecting layers.The use of radar chaff is well defined ,
other admixtures are less studied under operational conditions. As typical examples for
an alteration of the environmental conditions the meteorological situation during large
forest—fires and the suppression of evaporation by monomolecular f i lms on water surfaces
may be considered. Above a forest (or other) fire a subnormal refraction layer will be
formed. The reduction of evaporation diminishes the thickness of the permanent—existing
evaporation duct over sea and so its extensive influence on microwave propagation.

1. Introduction

Aerosol— , cloud— , fog— , precipitation — generally referred to as weather modifica-
tion experiments are well known and successfully applied for practical use. The benefit
or app licability for telecommunication or radar problems are almost insignificant — at
least for wavelengths greater than some mm. For IR— and optical waves , f og modification
has doubtlessly a certain importance (e.g. dissipation of fog on a regular basis at air-
ports or fog production for masking effects). The modification possibilities in the clear
atmosphere (without hydrometeors or effective aerosols) seems to be even more rare, es-
pecially if we are looking for modification under operational conditions. As with the
general weather modification programs the decision wether to undertake such strains must
be made in any specific situation on the basis of weighting the probabilities of benefit
against the cost and the risk. In the following a rough sketch of this f ield will  be
given.

2. Parameters for describing propagation effects

At first let us briefly summarize the influence of the clear , non—ionized , atmosphere
on radio wave propagation below some 100 GHz and introduce the relevant propagation pa-
rameters.

2. 1 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The essential parameters we need are the c o n c e n t r a t i o n (g/m 3) and the
a b s o r p t i o n c 0 e f I i c I e n t over the interest ing spectra (at tenuation!
length) under various physical or meteorological conditions. The major atmospheric gases
that need to be discussed as absorbers in the frequency range under discussion are oxygen
and water vapour . We know sufficiently well their natural concentration (also water vapour
statistics could be made available) and the main features of their absorption spectra,
although some characteristics within the minima of the absorption spectra of water vapour
are under discussion (e.g. influence of dimere and polymerenDlecules).

In addition to oxygen and water vapour , there are a number of trace constituents or pol-
lutants which have absorption lines in the microwave region as SO3, C02, CO, N30 or 03.
These ~ppm—gases ” normally constitute a negligible portion of the general composition of
the atmosphere - also under unfavorable environmental conditions attenuation effects are
negligible. Nevertheless , absorption In the microwave region ascribed to pollutants in
the atmosphere is a field of research up to now.

2.2 2~! c_ 22 12a_ ~~ g~ 2~!

The field of the real radio refractive—index of the atmosphere Is the central point
of all theories of radio propagation mechanisms through the lower atmosphere . Indeed , it
depends on the structure of the refractive-index field in space and time which propaga-
tion mechanism (refraction , ducting, reflect ion , scattering) is dominating . For wave
lengths >1.5 cm (outside the absorption region also for shorter radio—wave lengths) the
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lower atmosphere may be considered as a diamagnetical dielectric. The refractive index n
or the refractivity N is a well known function of the meteorological parameters p (total
pressure of the air), T (air temperature), e (water vapour pressure). With adequate accu-
racy is:

N — (n_t ).IOe — 77~6p 
+ 

3.73.lOae (p.e In mb , T in K) (1)

The relation for small changes or gradients in N and small changes in temperature, pres-
sure, and water vapour may be derived for mean ground conditions as:

~
N dI — O.27~ p - 1.2ThT + 4.5~e (2a)

There exists a large influence of water vapour contrary to optical waves which can be
learned from the correspondent relation:

— 0.27 Ap - 0.95AT - O . O~ tIe (2b)

If we know the distribution of the meteorological parameters we may deduce relevant re-
fractive-index models of the atmosphere. This has been done and we are well informed
about the mean refractive—index field and its variation on a world—wide basis (Bean and
Dutton, 1966). For the height dependence of n holds an exponentia law. For Middle-Europe
one gets as a reference atmosphere from meteorological radio sondes the formula (GroB—
kopf, 1970):

N - 325.e 0 136Z (3)

with 325 as the mean ground value of N and 0.136 as exponent. This yields a linear depen-
dence within the lowest kilometer of the atmosphere

N 325 - 40z (z In km)

The gradients within the lowest kilometer vary between 0 and 105 N—units/km(95%—5%—value)
with a median value of 40 N-units/km. In addition to this relation of a more or less well
mixed atmosphere we can make available detailed inversion—statistics (important for pro-
pagation by reflection) and duct statistics in the stratified atmosphere.

The parameters to estimate the propagation effects on radio/radar systems (which must be
modified artificially if required) are:
1 ) absolute value of refractivity N especially to determine the radio path length (phase,

delay time) ,
2) vertical N—gradient for evaluating all refractive effects as, for example, elevation

angel error , ray curvature, diffraction field strength beyond the horizon ,
3) duct height statistics (gradient <—0.157/in) to predict super—refraction effects on

amplitude and phase of a rad io signal ,
4) inversion—statistics (height, thickness, refractivity decrease within the inversion)

to evaluate multipath effects connected with reflected fields,
5) spectra of refractive—index variations to estimate the transmission loss or u8uable

bandwidth of troposcatter links.

Generally, we may say that we control the dielectrical propagation mechanisms and are fre-
quently in a position to predict the propagation effects under natural conditions.

3. Artificial modification

The possibilities are divided into two categories
a) artificial admixtures to the atmosphere, that means dispersion of man—made media
b) changing of the propagation parameters of the atmosphere itself.

3. 1 
~~~~~~~~~~~~~~~~~~~~

3.1.1 R a d a r C h a f f

Chaff has been used during war time as a mean of establishing a large reflecting
area to radar waves in order to mask airplanes . The chaff was made from thin aluminium
foil strips approximately one-half-wave lengths long (X/2—di pol). Unquestionably , the use
of radar chaff under operational conditions also today will be an effective tool for
camouflage or jamming purposes .

During the last decade the possibility using chaff clouds for transhorizon communicatIons
for short time intervals (chaff scatter channels) was investigated with good theoretical
and experimental success. In use are metallic dipole or aluminium coated glass chaff s
(short or A/2—dipols), placed at a modest altitude somewhere between transmitter and re-
ceiver. The dispersion may be carried through by aircraft or small rocket systems . Models
of the scattering cross section of clouds of chaff dipols for different distribution of 

. .~~~ --_
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dipol orientation (uniform, horizontal or vertical) are available now (s.Lampert 1976).
The agreement between predicted and measured values of transmission loss,coherent band
width, fading spectra among other thiogs is promising (see e.g. Langeller et al.,1967),
that means a temporal limited communication — independent of weather conditions - would
be guaranteed .

3.1.2 S p e c I a 1 g a s e s, 1 a r g e r ae r o s o 1 p a r t i c 1 e s, f 0 g

The propagation effects of such additional admixtures are attenuation or refraction
phenomena. The effective influence is mainly a function of the concentration and the phy-
sical and chemical properties of the material used, the size of the clouds or fog areas
produced and the wave length under operation. Camonflage by smoke - or fog Bcreens is well
known for optical waves and could be of interest for mm- or submin-waves, too. The result-
ing propagation effects are evaluable if the details of the artificial cloud are known.

It should be mentioned that also biological matter may be an imaginable material as
we learned from the discussion of the radar angle problem which was partly solved by con-
sidering the back scatter of insects and birds.

3 . 1 . 2 O bs t a c l e s  w i t h i n  t h e  r a d i o  t r a n s m i s s i o n  p a t h

Shadowing effects for short line—of—sight links crossing a shipping route are well
known. A very deep interference fading is possible, so that the operational security of
a radio connection may be endangered for short time intervals.

3.2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

3 . 2 . lC h a n g i n g  o f  t h e  m e a n  e n v i r o n m e n t a l  c o n d i t i o n s

If the mean meteorological condition will be changed we have a correspondent reac—
tion in the refractive-index (s.equ . 1 to 3). The whole problem is very close connected
with the question of weather modification or climatic changes in consequence of environ-
mental pollution (Neiburger, 1969). Within weather modification research in the first
place the interest is concentrated to increase or decrease the precipitation rate, to
suppress hail, to reduce lightning, to decrease destructive winds accompanying thunder-
storms, tornadoes, or hurricans.

Modifications of the clear atmosphere on their different scales are widely unknown.
For example, proposals to change on a global scale the radiational budget of the earth
by the introduction of clouds of soot or ice crystals into the atmosphere at particular
latitudes and heights, and coating with carbon black the snow and ice surface at high
altitudes have remained the subject of vague speculation on climate modification . In the
range of the microclimate of plants there have been attempts to alter the local radiation-
al balance and improve crop growth by covering the ground with carbon black or by other
means. Part of standard agricultural practice are — among other things - the protection
of crops from wind damage through the use of rows of trees as wind breaks, and the pro-
tection of orchards and kitchen-gardens from frost by means of wind machines , heaters
and sprinkling systems.

But also if there would exist such modification experiments the influence on the propa-
gation of microwaves would be very limited and an operational application seems to be out
of the question, because the natural variations of propagation conditions will overlap
these effects .

In this connection the continuous changes of the climate by civilization should be
mentioned,for example the local climate in and near larger cities or cooling towers ur the
well known problems connected with the enhancement of CO3-concentration in the atmosphere.
Also here the influence on the tropospheric propagation is only of academic interest.

3 . 2 . 2 C o n d i t i o n s  d u r i n g  f o r e s t - o r  w i l d — f i r e s

Almost all forest fires are direct or indirect the consequence of human act ivi t ies .
Often large areas are burning .In connection with such fires a special instable (convective)
meteorological field develops with very strong subnormal refractive—index gradients above
the fire. That means the ray curvature (proportional to the vertical N-gradient) has a
negative sign- - curvature against the sense of the earth curvature as under the conditions
for a mirage over a heated asphalt street. Within the surface layer a total internal re-
flection with strong multipath effects is possible , a rad io connect ion crossing the f ire
may break down. Within the surface layer of the fire temperatures of 500°C and more have
been measured (MiBbach,  1 9 7 3 ) .  Typ ical values in a height of 500 m in the surroundings of
the fire are 20 to 250C as we know from aircraft ascents during large scale control fires
in West Auøtralia (R.J.Taylor et al., 1971). Above the 500 m level we have approximate
near adiabatic gradients. No information is available about the humidity conditions —

apart from the known facts that on days with forest fires typical values of the relative
humidity are 30% (Geiger 1 1948). But the temperature gradient alone is sufficient to form
a strong subnormal refraction layer. Within the smoke plume a strong turbulence is ob-
served. For effective ionization effects the temperatures are to low.

3 . 2 . 3 R e t a r d a t i o n  o f  e v a p o r a t i o n  b y  m o n o l a y e r s

In the recent decade there were above all two reasons to intensify the research on
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the problem of evaporation suppression, a) In order to conserve water to meet the ever-
increasing demand, it was tried to suppress the rate of evaporation Iron lakes and lar-
ger water reservoirs by the application of mono-molecular chemical films on the water
surface (oil or fatty alcohol). b) From numerical studies about developing and main-
taining of tropical storms it was found out (Rosenthal 1971) that the exchange of
moisture is a crucial factor, so evaporation suppression research with regard to hurri-
cane abatement was initiated Cs. Mallinger et al.1973).

Evaporation also has an essential influence on microwave porpagation over sea. As a con-
sequence of evaporation a permanent existing surface duct, the so—called evaporation
duct, is formed. This duct controls the propagation over sea for wave lengths smaller
some centimeters Cs. Jeske,1973).

The results of detailed experiments on the suppression of evaporation, for example, at
Lake Hefner (Bean et al, 1969; Grossman et al,1969) show that monomolecular films (a
mixture of a 40 percent hexadecanol and 60 percent octadecanol, or ethoxylated alcohol),
when spread on a water surface, reduce the evaporation by about 50-60%. The wind speed
during these experiments was below 6 rn/s. Higher wind speeds tend to break up the film
cover. The reduction of evaporation has been attributed on the one hand to the chemical
structure of the film that acts as a molecular barrier to evaporation . On the other
hand the film on the water surface also suppresses ripples generated by wind and changes
so the roughness parameter z0 which is related with the turbulent fluxes (Mallinger et
al,1973). For the evaporation E (flux of moisture) we may write the so-called bulk-
formula:

E — —
~~~ k ~~ , ~~~i / ( I n  z , / z 0) 2 ( 4 )

j: density of wet air; ~~ mean difference of the specific humidity between a reference
level z,(say lOin) and immediately above the surface; U , :  mean wind velocity at z~~;
Z o :  roughness parameter; k: Karman constant — 0.4.

The last mentioned effect may be the major mecha n ism responsible for evaporation retar-
dation by monolayers under wind (Wu , 1971) .  Furthermore , the wave suppression acts to di-
minish the area of the water surface in contact with the air. This mechanism will be ef-
fective also at greater wind velocities (Garrett, 1971).

The reduction of evaporation has of course an correspondent effect on the refractive-in-
dex gradient or the thickness of the evaporation duct. Under neutral stability condi-
tions the thickness of the evaporation duct is direct proportional to the evaporation
rate E. (Otherwise we get a smaller modification of this relation by consideration of the
sensible heat flux and some stability functions.) So, for example, the annual median
value of the evaporation duct thickness in the German Bight would be reduced from 7 m to

in or in the Mediteranien from 14 in to 7 m ~f we take into account a 50% suppression
of evaporation. This would have essential effects on amplitude and phase of the electro-
magnetic field of radio or radar links. But — examine closely — also in th is case an
operational applicat-l.on has to be doubted.

3 . 2 . 4 O t h e r  p o s s i b i l i t i e s

For completeness also two other subjects should be mentioned which were discussed
recently and are partly under research. This is firstly an atmospheric modification by
high—power microwave beams. So in the absorption line of water vapour an energy transfer
into the atmosphere (for example inside clouds) may be of practical interest .  Secondly
the generation of shock waves by supersonic aircrafts should be enumerated . These may
create inhomogeneities in the refractive—index field and so give rise to reflection or
scattering of radio waves.

4. Conclusion

For most of the enumerated possibilities of an artificial modification of the clear-
air propagation conditions of microwaves a practical application for communication or
radar problems cannot be seen today. An exception is the use of radar chaff clouds for
camouflage or jamming purposes and also as scatter-communication channel. Under extreme
conditions the influence of large forest—(or other) fires on propagation should be noticed .
Generally,the variation of propagation parameters due to normal weather changes will
overlap artificial modification attemps. Merely for nun- or submm—waves within a locally
limited area some operational applications may be imaginable in future.
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REVIEW ON COMMUNICATION ASPECTS OF CHAFF-PRODUCED SCATTER PROPAGATION

E. Lampert
Siemens AG , Zentrallaboratorium fUr Nachrichtentechnik Lab 710

Hofmannstr. 51
8000 MUnchen 70

SUMMARY

With chaff- a cloud of many dipoles released into the air - communication
channels especially for over—the—horizon links can be established. This review paper
attempts to summarize the means to describe such a channel with emphasis on the aver-
age scatter cross section of the cloud with respect to the length of the dipoles and
their distribution in space. The lifetime, fading frequency and coherence bandwidth
of this channel are estimated using aerodynamic data from literature. On this basis a
comparison of the path loss of the chaff channel with that of a troposcatter channel
leads to an advantage of at least 10 dB over the latter channel , however the mean
lifetime of the chaff channel is restricted to less than one hour.

1. INTRODUCTION

Chaff was used for the first time in World War II to produce large reflecting
areas for electromagnetic (EM ) waves. So in a certain angle region the common range
radars were saturated and the own combat aircraft could be masked by this chaff
clouds. — Chaff consists of clouds of thin aluminum foil or metallized glass strips
of approximately half a wave length. Packages of these dipoles — at least several
hundred thousands - are released from aircrafts or rockets producing large dipole
clouds floating slowly downward.

Now modern radars are equipped with doppler detection (MTI-radar) so the tir—
gets can be separated because of their different speed. However chaff is still an
effective electronic counter measure as the apparent radar cross section of a target
behind the cloud can be reduced. This results from the shielding effect of a thick
chaff cloud ri_i.
In communications chaff can also be applied effectively. It can be used to generate
a reliable propagation path for Dl waves when transmitter and receiver don’t have
mutual visibility. This path can then be used for cOmmunication or to jam a radio re-
lay link.

As each chaff dipole receives EM power and reradiatea it according to its own
radiation pattern the plane wave radiated from a transmitter is scattered by the chaff
cloud to the receiver. The scattered power however varies randomly in amplitude and
phase, so in a first step one has to deal with the methods of

CHANNEL CHARACTERIZATION -

These considerations lead to the major problem in evaluating the transmission loss:
the determination of the

MEAN BISTATIC SCATTER CROSS-SECTION

of the chaff cloud. The calculation has to be done with regard to the different sta-
tistical distributions of dipole axis in the atmosphere. The moat common are:

a equally random in a vertical cone
b equally random in a horizontal plane
c totally random

In the moment of chaff release from a airplane or rocket the dipoles are very
close to one another so the question of

MUTUAL COUPLING

of chaff dipoles arises. As there is a decrease in scatter cross section when mutual
coupling occurs, limits can be given on both the maximum density of the dipoles in
space and the scatter cross—section.

As very long dipoles (k/2 - 1,5 a for f • 100 MHz) behave differently from an
aerodynamic point of view compared to short ones (< 10 cm) the cross-section of short
dipoles has to be considered as well.

_ _ _ _ _ _ _ _ _ _ _  
_  -
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Regarding the important EM parameters of the channel

DOPPLER SPECTRUM and
COMMUN ICATION CHANNEL CORRELATION BANDWIDTH

their behaviour can only be determined, if the

Descent Modes of Particular Dipoles
are known.

With all these data kept in mind and checked against experimental results re-
ported in literature the effectivity of the artificially produced “Chaff Channel” can
be compared with the always present natural “Tropospheric Scatter Channel” .

2. CHANNEL CHARACTERIZATION

In a chaff scatter channel the incident power from a transmitter is scattered
at a multitude of individual dipoles. These dipoles are more or less randomly orien-
ted in the cloud and apart from a common descent velocity their motion can be consid-
ered random. So the signal at the receiver is the sum of many sinusoidal signals with
mutually independent amplitude and phase. Because of the high number of scatterers
this random process tends to become a wide sense stationary complex gaussian random
process with time when the incident signal is a sinusoid. The amplitude of the re-
ceived signal has a rayleigh—distribution the Power P2 is exponentially distributed:(cP2,. is the time average of F2) [2, 3 ’

p(P2) — exp (— ~~~~~.) ( 1)

Although the transmission channel is linear, the output signal has a nonzero spectral
distribution when a sinusoidal signal is transmitted. This results from the time va-
riability of the channel which originates from the random motion of the dipoles there—
by causing signal fading. The statistical behaviour of the channel can be described
by the time-frequency autocorrelation function r2 7. As we deal with broad band
systems and channels it is possible to calculate t~e effects at low modulation fre-quencies, resp. the time dependance, independently from those occuring at high fre-
quencies, resp. the frequency selective fading or vice versa.
From the time-frequency autocorrelation function therefore usually two one dimensional
correlation functions are derived:
The frequency correlation function which describes the frequency coherence of the
channel and from which the coher.~nce or correlation bandwidth of the channel is de-rived, i.e. the bandwidth up to which information transmission is reasonable. The
time correlation function is a measure of the fading velocity at a fixed frequency.
Frequently the Fourier transform of these two expressions are better understood or
measurable.

Alternatively the channel may be described by the scattering function , see e.g.
Kennedy [4 7, which is the fourier-transform of the time-frequency autocorrelation
function. So all parameters can easily be related to the scattering function.

The frequency correlation function corresponds to the time delay distribution
(delay scattering function) and the time correlation function to the doppler spectrum
(frequency scattering function). From radar back scatter experiments there is quite
a good knowledge of the different types of doppler spectra. As almost no measured
values on the frequency correlation function of time-variable channels and chaff
channels especially are known it is usually assumed as being gaussian with the corre-
lation bandwidth as single parameter. This parameter is usually estimated in its or-
der of magnitude from the path geometry.

The theory of information transmission over such a type of time—variable
channel is rather developped because the chaff channel behaves rather similar to a
troposcatter channel [5, 2_7. Bello and Nelin considered analogue and digital
systems ~~6. 7_7. — To get an acceptable availability of a certain signal level at
the receiver amplitude fading baa to be countered by introducing enough system margin
into the power balance. If the bandwidth of the modulated RF-signal comes into the
order of the correlation bandwidth signal distortion occurs. In FDM/FM system this
leads to excessive intermodulation in the baseband. In digital FSK and PSK transmis-
sion systems irreducible errors occur because of intersymbol interference. So usually
the bit-rate should be kept below 0.1 of the correlation bandwidth, otherwise modula-
tion methods comparatively insensitive to multipath have to be applied, e.g. fast
frequency hopping [4, 8_i.

So far it has been shown that the most important parameters of the chaff
channel are its mean value of the received power, the doppler spectrum, reap. mean
fading frequency and the path delay distribution, reap. the correlation bandwidth.
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3. MEAN BISTATIC SCATTER CROSS-SECTION

To determine the average received power P2 the transmission equations of a
bistatic radar system is used [9_7. The chaff cloud is illuminated by the transmit-
ter with a flux density 

~2
~ P1 G1 p transmitter power
“2 • ~~~ I

4n r1 G1 gain of transmitter
antenna

r1 distance from transmitter
to chaff cloud

To get to the receiver the transmitted signal is scattered by the chaff cloud
which can be characterized by its average cross section a!. At the receiver the antenna
with an effective area A3 collects the mean power P3 from the scattered field:

— • A  (3)
‘
~ 2

As gain G
3 

and effective area A
3 are related via

2
A3 -— ~~~ . G 3 (4)

this results in the transmission equation

P3 G1 G2 a X 2 A1.A 2 ~ 1
~~ ~ 

. 
~ 

_
~~~~~ • 4n 1~ (r 1.i’2 )2

The mean cross section ~ is naturally dependent on the direction to both the
transmitter and the receiver compared with the location of the dipole cloud and the
kind of statistical distribution of the dipoles in the cloud. If these values are
known, the average cross section can be calculated from the transmission equation when
a single dipole is used as a scatterer. In a fixed spherical coordinate system G (~~ O)
is the gain of the particular dipole in the direction ~~9. As the dipole is short cir-cuited all the power collected from the incident field has to be reradiated and none
will be dissipated in a matched load, Under this condition the dipole will collect the
power 

~d 
out of the incident field. The value of P,~ is proportional to the effective

area A (p.0) of the dipole in this particular direction:

- 4~ A•Ø - 4 . G((f,~,O~ . 0 (6)

(1P?, c4 polar coordinates of the
transmitter with respect to
dipole axis)

The power P,~ is reradiated again according to the antenna pattern of the dipole,so the power collected by the receiver has the value:

p
3 - 

. G3 
G(
~°R,~~~) ~~ 4nR~~ 

(7)

~~~~ polar coordinates of the re-
ceiver with respect to dipole
axis)

)
For an individual scatter—dipole we get the cross-section

a • C ~~~~ G (~~,Q~) (8)

4. AVERAGE SCATTER CROSS SECTION OF THE CHAFF CLOUD

It is assumed that the distance between two dipoles is large (~ p- X/2 )  so no
mutual coupling occurs and_the dipoles are considered as mutually independent. To get
the average cross~.section a of the chaff cloud, Equ. (3) ,  we have to calculate the
average on all a values, Equ. (8), over a given distribution of dipole axis in apace.

Palermo and Bauer [io_7 calculated the average cross-section ~ for X/2 dipolesfor uniform, horizontal and vertical distributions, Fig. 1. Hessemer [9 7 published
also results for the average cross-section for a vertical cone distribution. His re-
suits differ slightly from the first mentioned as he used for reasons of simplifica-
tion the gain pattern of a short dipole instead of that of a X/2-dipole.

_ _ _ _



Fig. I shows the values computed by Palerno and Bauer. The assumption that
only at one terminal azimuth and elevation angles differ considerably from zero ori-
ginates from the.,discussion of Equ. (5) .  As th . received power is Inversely proportio-
nal to (r1 ~~~~ small values of attenuation are only reached when the chaff cloud
is disperóed above one terminal. /

When using purely random distributed chaff the bean scatter cross section has
its maximum value :

amax — O.I5~X2 • N (9a )

when the azimuth and elevation angle is approximately zero. The scatter cross section
however decreases to about:

~min 
- 0.038.X 2.N  (9b )

!hen both azimuth and elevation angle approach ~~. When using horizontal polarization
a is independent on the elevation with vertical polarization a in independent on the
azimuth. This effect is easily understood when looking at the gain pattern of a single
dipole.

If one succeeds in distributing the dipoles in a way th~t all axis are in a ho-
rizontal plane, values of ~ ranging from O,3K’N down to 0.O66~ N may be attained.

Fig. I shows that chaff reacts differently on horizontally and vertically pola-
rized waves. — As a dipole is an omnidirectional antenna in the plane perpendicular to
its axis the polarization of the scattered wave differs from that of the incident wave.
Therefère with uniformely distributed dipoles and high values of azimuth and elevation
angle circular polarization yields better results compared to linear polarization. Mack
and Reiffen [II_7 showed that in this case an improvement of about 2.5 dB is achieved.
Better results can be attained if polarization tracking is used at the receiver. - (As
the planning of radio relay networks usually relies on at least 20 dB of polarization
decoupling the effect of altering polarization by chaff scatter can produce degrada-
tions.)

5. EFFECTIVITY OF SHORT DIPOLES

The discussion of the mean scatter cross section has shown that it is advanta-
geous to distribute the chaff dipoles only in a horizontal plane. To achieve this dis-
tribution the dipoles have to be cut into pieces. The short dipoles however are less
efficient in reradiating Dl power than 7./2 dipoles. Therefore one has to look for an
optimum between the dipole length and the possibility of horizontal chaff dispersion.
This optimum is dependent on the diameter of the dipoles as the dipole can extract more
power from the primary field when its reactance is low. A cloud consisting of thick
wires however would fall down like a stone. For thin wires (diameter less than 1% of
wave length ) Hessemer [9_7 calculated the loss in average scatter cross section com-
pared to X/2—dipoles on the basis of equal total length. If this diagram , Fig. 2, is
compared with the average cross section Fig. I it can be recognized that only under
very unfavourable conditions, e.g. very high elevation angles short dipoles yield bet-
ter results than k/2—dipoles.
(A dipole with a length of 0.1 X has already a loss of 41 dB.) To overcome this dis-
advantages there have been attempts to produce broadband chaff [12, 1 3_7.

6. MUTUAL COUPLING

As the average scatter cross section of the cloud is proportional to the number
of particles N , it seems that the received power can be increased indefinitely. This
however has limits because all dipoles have to be within the antenna beam of receiver
and transmitter otherwise the familiar troposcatter phenomenon of antenna to medium
coupling loss will occur [i4_7. If under this constraint N is increased, the density
of dipoles in space will increase to a point where mutual coupling occurs. Wickliff
and Garbacz [15, 16 7 have shown that this phenomenon decreases the average scatter
cross section when t~e medium space between the elements is below 2 k. When approaching
X/2 the decrease is about 3 lB.

Further it has to be appreciated that thick chaff clouds (corridore chaff) pro-
duce a considerable amount of shielding of the primary field and the scattered field[i_7. Therefore in both directions to transmitter and receiver the cloud should look
Ilk. a thin layer.

7. AERODYNAMIC PROPERTIES

For a complete description of the chaff channel under the aspect of the time
available for useful wave propagation aerodynamic data are needed. Puskar et al [17_7

~ 
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have made extensive drop tests , Fig. 3, and found that for 2.5 cm dipoles the prefer-
red descent mode is the spiral mode which actually does not produce a purely horizon-
tal dipole axis. As it can be assumed that the rotation takes place with almost con-
stant velocity the doppler spectrum of the received signal has distinct lines accor-
ding to this rotation.

Usually the point of release of the dipoles is on the great circle between
transmitter and receiver in the vicinity of one location. As long as the cloud is in
between transmitter and receiver , the parameters of the link are only slightly altered
when there is a horizontal drift. This drift however can cause the cloud to move off
the great circle line and behind one of the stations. Even if  the cloud is tracked by
both antennas the attenuation can rise noticably as the distance to the nearby termi-
nal will vary significanty. For estimation of this effect one has to take into account
horizontal drift velocities of about 3 rn/s to 25 m/s.

Several experiments show that in calm air the average descent speed ~ is bet-ween ~~ 5 and 1.5 m/s depending on the orientation of the dipoles in space [2, 3J .
Katz L 18_7 also calculated the descent velocity and the spread of the cloud using
Reynold’ s number. -

It seems feasible to disperse up to 30 x 106 dipoles (a t 4.5 GHz) into a single
cloud in starting heights of about 9000 m to 10000 m.

Considering a link of 150 km over smooth earth mutual visibility is achieved at
a height of 440 m when the cloud is positioned at the middle in between the two sta-
tions and about 1800 m when the cloud is above one station. This leads to usable cloud
life times of about 1 hour. These values can be shorter if there are downwinds and
longer if there is an appropriate updrift .

8. FADING FREQUENCY AND COHERENCE BANDWIDTH

If we assume that the distribution of vertical speed among the individual dipo-
les ranges from zero to vm with v as average (v - 0.5 to 1.5 m/s) and the cloud si-tuated above one term~nal , we get the following equation for the medium fading fre-
quency !~ (c — 3 • 10 m/s) : 

—

f~~~ X . (10)

So at radio frequencies of about f - 4.5 GRz f5 will reach values of about25 Hz. This value can be diminished when ~he chaff cloud is situated in the middle
between the two terminals. With common values of the antenna beamwidths ( 2 0) the
fading frequency can be reduced by a factor of 10. This choice however will produce
the highest value of attenuation.

The order of magnitude of the coherence bandwidth can also be determined as the
power flow is restricted to the cones under which the terminals see the cloud. If 0~and 0 are the angles subtended by the cloud at the antennas the coherence bandwidth
is gi~en by [18J:

B — —  (fla)
° cot(~ ).(r1Ø1+r2Ø2)

9 being the crossing angle of the antenna beams. Equ. (h a) reduces to

B
~ 

— (lib)

when the cloud is positioned above one terminal (r1~~~r,) and ala the spread of thecloud in the direction of the far terminal. With a clout spread of 300 a this results
in a coherence bandwidth B~ — 1 MHz. So with basic modulation schemes [ 7_7 the infor-
mation bandwidth is limited to about 100 kHz.

9 • ATTENUATION OF CHAFF- AND TROPOSPHERIC-SCATTER CHANNELS

As both effects chaff-scatter and troposcatter are used to produce over-the-
horizon communication links their path loss should be compared. For a troposcatter
link working at 4.5 GHz over a distance of about 150 km and with antennas with about
37 dB gain (2° beamwidth) there will be only 4 dB antenna-to-medium coupling loss.
With an optimally situated scatter volume the path attenuation will be less than
164 dB in 99% of the time in the worst month ç19_7.

When using chaff scatter with a chaff cloud of about io6 dipoles released over
one terminal at 10000 a above ground the mean path loss will be 137 dB. At shorter dis-
tances, e.g. 100 km the difference in path loss between the two transmission media re-
duces from 27 dB to 22 dE. However when looking at chaff experiments [2, 3 the mea-
sured loss was about 3 to 10 dB higher than theoretically predicted. On the other hand
troposcatter behaves much better during longer periods of the year as illustrated by
the high availability of that link. 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —— 
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In the present stage of technology it therefore seems to be advantageous to
use chaff when there is only a short—time need for a communication channel and the
geographical or meteorological situation is unfavourable for troposcatter.

This conclusion is almost independent on frequency (( 10 GHz) . If the antenna
areas are kept constant and also the total weight of the chaff the received power P
increases proportional to frequency in the chaff channel as well as in the troposca~-ter link.
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DISCUSSION OF ARTIFICIAL FOG MODIFICATION

Gott fr i.d Hinel
In st itut fU r Met •or ologi.
Johann.. Outenb.rg-Univ .rsitMt
Mains , O.rmany

SUMMARY

The importance or fog comes from its attenuation of electromagnetic radiation and it.
influence on the radiation budge t of the atmosphere . Doing a first step into artificial
tog modification it is necessary to discuss on the base of appropriate budget equation.
loca l changes with ti.. of the extinction and absorption coefficients of fog particles.
It comes out that small fog pa rticles can be altered by small particles , and large fog
particles can be influenced by large particle..

1. BASIC CONSIDERATIONS

In this discussion on artificial fog modification we regard
microphysical effects alone on the basis of budget considerations . For this purpose
we divide the fog particles into classes of particles of almos t equal size in dry state
*s well aa equal chemical composition and structure in dry state. The total e*tinction
coefficient (additional subscript “E” ) or absorption coefficien t (additiona l •ub—
script “A” ) is given as the sum of the extinction or absorption coefficients of the
clasaee

- ( ‘)
For each class of particles a budge t consideration is necessary. Thus we have to
regard a set of budget equations when we look on the total extinction Os- absorption
coefficient. This increases largely the difficulties inherent in our problem.

Each budget equation f o r  d~ includes the fol lowing processes :
A Atmospheric motion.
B Sedimention of particles .
C Brownian diffue ion of particle..
D Inf luence of relat ive humid i ty .
E Sources and sinks by coagulation , coalescence , disintegration , and

change of chemical composition and structure .
For evaluation of the inf luence of the relative humidity (D) it is assumed that the
ti.ø of adaption of a par t ic le  to a new relative humidity is small compared to the
period of humid i ty  change . Thus with respect to relative humidity it can be assumed
thermodynamic equilibrium . Therefore the resu lt a cannot applied to cloud.. The budget
equation reads

~~~~ V - ( N WJ ,~~~~~~L~~ , 
V.(D, VP4 ) 

~~~~~~~~ ~~ -‘-1- ~ . (2 )

(A) (B) CC) Cn ) (5)
4~i. N ~r 2 a~~ ~ e x t i n c t i o n  or absorption coe f f i c i en t  of c lass  i
4~ pArt!c~e number per unit volume of class i
rj= equivalent radius radius of a sphere with the same volume like the particle
Xi— efficiency factor of extinction or absorption of a particle

• sett l ing velocity of a part icle
Si. . diffusion coefficient of a particle
V — (.iicroscale) barycentric velo city of the particle loaded air• — re la t ive  humi dit y

• t ime
* — height
V .  nabla operator -Q j .  term describing sourc es and sink s

I n this paper we cannot discuss the whole problem , therefore
we will restrict to the following particles parameter., the settling velocity, the
diffusion coefficient and the term (D) describing the influence of relative humidit y
on the ex tinc t ion coeff icient ~~~~~ of the single particle. The effect of’ at-
mospheric motion on the particles concentration (A), the change with height I l..iN~ Iat
of the logarithm of the particles concentration and the local change wi th time of
r.lative humidity ~4/~ t are known by solving the appertainin g budget equation
for a large atmospheric volume and by a quantitative humidity forecast.

4 
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L RESULTS

The se t t l ing veloci ty , the diffusion coeff icient , and the change wi th relative
humidity of the logarithm 1s(t.25X4) of the ex t inc t ion  and absorption coeffi-
c ient  of a single par t i c le  are given for d i f f e r en t  sizes  in dry state and different
relative humidit ies . Two aerosol types , a mari t ime aerosol (model 3) and a cont i -
nental  aerosol from an “ unpoll uted” area (model 6) are regarded . The experimental
data on the particles and basic theoretic considerations regarding the humidity in-
fluence on the particles properties are given in an earlier paper (HANEL 1976).
The set t l ing velocities and d i f fus ion coeff ic ients  of the particles

Table 1: Settl ing velocity w~ , dif fus ion coeff ic ient  D~ and 2 (aMç /af)
the twofold change wi th  re la t ive  humid i ty  of the logari thm of the equivalent
radius ( equal to the change with relative humidi ty  of the logarithm ~‘~(“t~

)
of the particle ’s geometric croce section) for maritime aerosol (Model 3)
and continental clean air aerosol (Model 6) for various equivalent  radii r0,~in dry state and relat ive humidi t ies  f .

Model rot. (cm ) lo
_6 

1o~~ ~~~~ lo ’

f Settl ing veloci ty t.’~ (cm/eec) at 200 C and 1013.25 mb

3 o 5.6~ lo~~ 5.6-lo 14 o.o32 2.9

o.8 3.2.1o~~ 6.5.l o 4 o.o45
0.995 4.o~ lo 5 o.oo2~e o.26 23

6 o 2.7.lo 5 4.3•lo~~ o.o24 2.2
o.8 2 .7~ lo~~ ~~~~~~~~~ o.o29 2 .7
o.995 2 .9 - lo s o.ool 4 0.16 l~4

f Diffusion coeffic ient D~ (cm 2/sec) at 20 0 C and 1o15.25 mb

o 1.5.1o ’
~ 2.3.1o 6 

~~~~~~~~~~~~~~~~~ 1.2 1o 8

3 fo.R 7.5.ief5 1.1.10 6 7.6.lol 7.2 lollo.995 3.o.l o~~ 3.5.1o~~ 2 .6 . 1o 2 .5 .l o

6 Jo.8 1.2~~1o~~ l.6.lo 6 i .o~ io1 9. 14 .lol
10.995 6.o.1o 5 5.1 1~~~~ 3.4.io ).3.1o

f Change with relative humidity of the logarithm of equivalent radius

J o o.o7 o.o7 0.07 o.o7

~ 1°~ 
4. 0  3.2 3 1

o.995 13 13o 22o 24o

fo o.o ’I o.o4 o .o 14 o.o4i
6 ~o.8 2 .2 3.9 3.9 3.9

to.995 ~4. 9 12o 23o 25o

have been computed with the formulae given by FUCHS (19614) assuming spherical shape .
Results are compiled in Table 1 offering the following pecularities:

a. Settling velocity w4 :
Remains nearly cons tant wi th  changing relat ive humidi ty ,  when the par t i c les  are
small. Increases with relative humidity when the particle. are large . Is different
for d i f f e r e n t  aerosol types .

b. Dif fusion coe f f i c i en t  I)
Decreases wi th  increaei lg size in dry s ta te  and wi th  increasing r e l a t ive  h u m i d i t y .
Differenc es at large relative humidities for different aerosol types.

c. Twofold change wi th  re la t ive  h u m i d i t y  of the logari thm of the equ iva l en t  radius

It. change with relative humidity i. large , when th e rel a t ive ~umidity iteelf is
near unity. There are differences for different aerosol typee. ‘he computations are
performed considering the vapor pressure increase over a curved surface . Thus smaller
particles have a smaller  radius increase with re la t ive  humid i ty  than larger ones
owing the same chemical composition and structure . In Table 2 the logarithmic changes
with relative humidity aa~ it.i/8f and ais acM/34 of the efficiency factors

X~~ of e x t i n c t i o n  and Z~~ of absorption are discussed quali tatively.

~ 
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?gbl. 2: Discussion of the changes with relativs humidity of the logarithm , of the
efficiency factors ~~~ 

of ex t inc t ion  and XM of absorption. A ii the
wavelength of radiation. ~~~ and ~~ are computed with the theory
of MI! (1908) for homogeneous spheres.

r01(om) 
f A (Um) ai.,x,1loc omd dt,  x~ /34

lo
_ 6 

to lo~~ 0 0.3 to 12 NegligibLe like 2/r •?a~(d-F
Exception Model 6 at A — 12 um

10 6 o.8 to o.99 5 o.3 to 12 Both relative changes of X5~and a . ~~ are almost equal. Their
amount is of the same order like
the relative change of t,~ ’
Positive for increasing or constant
imaginary part of refractive index .
when the size increases. Negative
in all the other cases . Humidi ty
inf luence can be made sma ll wi th
specific materials.

10
_ S 

o.8 o.3 to 12 Amoun t usually of the same order
like 2/re .

to lo~~ o,8 o.3 to 12 Uaually small or negligible com-
pared to 2/ç d~j /DF
Exoeption Mod.~ 6 at A — 12 ~m
and r~ , • lo cm.

1o~~ to lo 3 o.995 0.3 to 12 Small compared to 2/r~ .
Exception for visible and near i n-
frared : Strong negative value s for
a ia,j c,~ l *f .

I~. 
DISCUSSION

Pro, the present results combined with the knowledge on
coagulation due to Brownian motion (e.g. FUCHS 1964 ) and coalescence of drops due
to different velocities ( e .g .  MASON 1963) the following inferences can be drawn
abouC ar t i f ic ia l  modification of exti .~ction and absorption coefficients.

1. Small particles (1~~~6 
— lo 5cui ) :  Using appropriate materials , the influence of

relative hu.idity on the •zt inct ion or on the absorption coeff ic ient  can be made
negligible. Sincø their diffusion coeff ic ient, i.e. their mobili ty i, large ,
the composition of emaI l pa rticles can be changed by coagulation . Doing this ,
small pa rticles of another composition must be introduced into the a ir .  Alter-
natively small particles can be formed in the air by condensation or chemical
reactions. 14 —2. Larg. particle. (10 — lo ‘ cm)t When a large inf luence of re lat ive humid i ty
on the extinction or absorption coefficient is needed , large par t ic les  mus t  be
in troduced into the atmo.phere. However due to their large set t l ing veloci ty
the largest pa rticles are removed fastest  from the atmosphere . Moreover they
can be gathered by large , rapidly falling drops er particles .

It comes out that the small particles can be changed by small
particles, and the large particles can be influenced by large particles. Final con-
clusions including technical aspects cannot be given until detailed model computations
are perfo rm ed.
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ARTIFICIAL MODIP’I CATIOI OF THE AIR MI CROSTRUCTUR E
INSIDE CLOUDY OR SIMPLY HOIST STRATIFIED LAYERS

by

R. Serpolay N . An dro
Observ atoire du Puy de D6me Un ivers i t~ de Bret ag ne Occidenta le

Cl erm ont— P er rand , France I .U . T .  de Los-lent , France
and

S. Godard
Ob servatoire du Puy de D6me

Cle rm ont— F errand , France

SUMMARY

In laboratory conditions , the transparency of a fog can be artificially
increased by dispersing an aerosol of sodium alginate (mean particulate s ize  :
30 pm ) with a result comparable to that obtained with an aerosol of sodium chlo-
ride (mean part iculate size 5 UI).

By me an s of a ground—based device of in—line sources blowing the chemi-
cal. inside natural fogs the above result has been confirmed only in part , sodium
alginste acting more moderately and less quickly than sodium chloride.

II The same device has bee n used for seeding with sodium chloride particle.
clear but moist air layers , t he re la t ive  humidity of which being above the en-
tical hygroscopicity of the salt. Thu. precipitation. of briny drizzle have b een
induced , the droplet sizes of which reaching 100 to 300 pa.

On the basis of t hese resul ts , the  e f f e c t s  of such modifications upon
the propagation of microwaves in the media are theoretically examined.

I — In t roduct ion

At the joint Conference on Aeronautical Meteorology (Paris , 21— 25 mai
1971), one of the authors of this paper presented a project for new attempts in
the field of warm fog modification (SERPOLAY , R. 1971). The method proposed for
this research combined two means

1 0)  as seeding agen t , a polyelectrolyt e chemically extracted and prepa-
red from seaweed s : sodium a lginate

2 0)  for dispersing adequately th is  chemical finely grinded (mean parti-
cu late size : 30 ui), a ground b ased device about wh ich  no more detail will be
given than in the  previous paper of 197).

In the course of three campaigns carried out in the  197 1 , 1972 and 1973
summer t imes , it seeme d suitable to have to compare the  efficiency of t h is chemi-
cal to that of more known one : sodium chloride.

The aim of this paper is to let know all the results obtained in this
work. 

-

Several seedin g experiments with sodium chloride were conducted not only
in cloudy but also in clear —but moist— air layers : they led to induc e drizzles.

M 
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Then , the resul ts  were  examine d not only wi t h respect to th e ar tific ia l
modification of the visual range but also from the point of v iew of the artifi-
cial  mod i f i c at ion of the propagation media for microwaves.

II — Seeding agents

Alginates —the salts of the ag inic acid extracted from s e a w e e da  — exhi—
bit an unquestionable affinity for water , particularly for liquid wat er . Among - -

them , sodium alginate has been recognized as the most efficient under this s-es—
pect (MAGUET, N . and SERPOLAY , R . 1973).

Finely grinded particles of such a chemical  are Suspended on spider ’s
thread . and observed under  a m i c r o s c o p e .  If cloudy air is sucked in through the
network , cloud droplets are picked up by the threads as well as by the  a lg inate
par t ic les .  L iqu id  water spreads over the surface of the latter and is soon absor-
bed in their mass this process results in a swelling of the particles.

On the following set of picture. (Fig. 1) we can see the  growth  of a
single particle of sodium alg ina t e  by such a coalescence—absorption process until
it reache. t h e  s ize  of a drizzle drop. But for the viscosity forces exerted insi-
de the drop and on its surface —forces which would have failed in the case of a
drop of pure water or saline solution— it would have been extremely difficult to
reach such a size because the drop would have been blown away from the thread.
by the air stream at the very early stage or its growth.

For comparing the efficiency of the chemical to that of sodium chloride ,
we chose for the latter a powdered material (mean particulate size 5 pm) mixed
with 5 % of an anti-notant powder , the  purpose of which being to separate the
particles from each others under storage conditions and to ensure a better diaper—
sion in the  a tmosphere .

III — Cloud chamber experiments

On the base of these observations , we came to wonder if it would be
possible to modify locally the structure of clouds and fogs by spraying sodium
alginate powder inside them.

3. 1. g E e

A t8 cubic meter cloud chamber was e~uiped in such a way that theva r i a t i ons  of the  li ght i n t e n s i t y  t r a n s m i t t e d  through the  a r t i f i c i a l  cloud could
be recorded.

In a first series of tests , a given quantity of alginate powder was
sprayed inside the chamber at the time when the cloudy air source was interrupted
for  a given level of opt ical  d e n s i t y .

In a second se r ies  of t e s ts , the cloud source was maintained in opera-
tion after the powder was dispersed , this operative way providing , in addition ,
a slight turbulence within the chamber .

Although hygro scopic sodium ch lo r ide  par t ic les  d i sp lay  a d i f f e r e n t  s ize
distribution in the experiments carried out and beha~ e differently from sodiuma l g i n a t e  par t ic les  since their action results essentially in vapour transfer —by
vapour pressure lowering on their surface— they were the subject of a similar
study for comparison purposes.

3.2. Results

In the first series of tests (Fig. 2, a), curves 1 , 2 and 3 are corres-
ponding to growing masses of alginate : they are all above curve 4 which corres-
ponds to sodium chloride,

In the second series of tests (Fig. 2, b and c), the curves relative to
alginate evolve parallel with those relative to sodium chloride ; however , their
effect on visibility is less marked and we can note that the quantities of algi—
nate which are dispersed are markedly higher for a less i m p o r t a n t  r e s u l t .  This
may be due not only to the fact that the vapor pressure does not drop, or only
slightly , in t h e  v i c i n i t y  of the  alg i n a t e  p a r t i c l e s  —for which only the coales-
cence— absorption process take. place— but also to the fact that , because of
technical difficulties , it proved impossible to use alginate particles with a
s i z e  si m ilar to that of sodium chloride particles. This involves a smaller speci—
f i c  su r f ace , on the one hand , an d a shorter residence-time in the cloudy air , on
the other hand.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -—~~~~~~~~~~~~~~~~~~~~~ --~~~~~~~~~~~~— ~~~~~~~~---— - rn-- - -
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IV — Fiel d exner iment s

Sodium alginate powder being a substance less corrosive than sodium
chloride , we t hought it interesting to investigate whether the above laboratory
results could be applied to natural fogs for improving the visibility on the
runways.

4.1. For this purpose , field trials were undertaken on the Brest— Guipavas
airport where a device for dispersing powdered substances in the atmosphere was
developped and installed. An application to patent the  p r inc ip le  on which this
device is based in association with the use of sodium alginate to modify the
structure of fogs was made in Prance in 1912 (French patent a° 72—32-687). Let us
recall briefly the main features of this device.

On a portion of the airfield five dispensers of powder were arranged
in—line over a distance of 220 a. Each dispenser is associated with a blowing
device inducing  an air stream which  can raise the powder up to a height of
6 — 20 m above the ground , assuming that the wind velocity does not exceed 4 mIs.

4.2. To complete this presentation of the trials we carried out , we ought to
mention that the choice of the test site was dictated by a frequent occurence of
advect ion fogs in that area during the summer time.

The Guipavas airport is located inside the Brittany peninsula , approxi—
mately 25 km from the West and North coasts at an altitude of 90 a a. s. 1. The
presence of fogs on this area usually coincides with an anticyclonie situation
associated wi th  winds  blowing from directions ranging from N—W to N-!. Due to
the  tempera ture  lowering , the fogs which hang over the sea during the day are
invading the inland during the night . However , while their thickness , off the
shore , can be approximately 100 m , it decreases to 10 m or a few scores of meters
at Guipavas , according to a diabatie rather t han  adiabat ic  process .

4.3. Results

As in the case of the cloud chamber experiments , the field trials were
conducted with sodium chloride powder as a reference , the two chemicals being
able to be used successively, after a break period , in the same fog conditions.

The results of these trials are outlined in the following table
(Table 1). They are based on measurements generally made by night , in several
locations of the air field , by visual means and by visibility recorders such as
the S.A.P.E. —Used by the French Meteorological Office- and the “Videograph ”-
built by Impuls Physik.

Date and number Na tu re  : Resul t
of the t r ia l  of the seeding agent

9. 9. 197 1 Sodium a lg ina te  +
h e .  9. 197 1 ( 1 )  : +

- 
(2) ,‘ : +

15. 9. 197 1 (1) 0
t 2 )  Sodium ch lo r ide  +

20. 9. 1971 Ci )  : “ + ( ? )
(2) “ 

• +
29. 9. 1971 ( 1 )  : “ : + ( dr i z : l e )

(2) Sodium alginate + ( ? )

18. 7. 1972 ( 1 )  : “ 0

(2)~~~ :
6. 9. 1972 0

7. 9. 1972 “ +
7. 9. 1973 ( 1)  Sodium chlor ide  : 0 ( d r i z z l e )

(2) : “ 0 ( d r i z z l e )
( 3 )  Sod ium al ginat e 0

10. 9. 1973 (1) “ 0

( 2 )  Sodium c h l o r i d e  : 0 ( d r i zz l e )
7. 10. 1973 (1) Sodium alginate : +
8. 10. 1973 ( 1 )  : Sodium ch lo r ide  + (drizzle)

Table 1 - Summing up of the resul ts
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In t h e  resu l t  co lumn , t h e  s ign  + i n d i c a t e s  tha t  the  expe r imen t  led to

a positive result as far as the improvement of visibility is concerned .

The sign + ( ? )  indicates that the visibility improvement cannot be
unques t ionab ly  a sc r ibed  to the  seeding , but that the presumption is in favour of
a correlation.

The sign 0 indicates  that  the r esu l t s  of the experiment are  not signi-
ficant , that is , did not enable us to conclude that the seeding has improved the
visibility.

If we consider  on1y the  pos i t ive  resul t s  obtained w i t h  sodium a l g in a t e ,
we can conclude that the technique used is likely to improve the visibility from
initial levels of the order of 150 m or be low.  Th i s  way , the visual rangei
could be increased  to approximately twice the value of the initial, visibility
(Fig. 3). This  i n c r e m e n t  f ac to r  migh t  even exceed 2 in the case of an initial
visibility ranging from 50 to 100 m . Although we are not in a position to con-firm
it , it appears that this result is also valid in the case of an initial visibili-
ty of the order of 300 m.

The visibility increasing effects are felt at d i s t a n c e s  r a n g i n g  be tween
300 and 1 000 a, leeward of the device.

The v i s i b i l i t y  improvements  achieved th rough  sodium ch lor ide  seedings
are still more spectacular from an initial level of 300 i s . ,  the visual r ange
can be increased up to over 1 000 m (Fig. Ii). This improvement factor , which is
s l ight ly  above 3, is also found  for  an i n i t i a l  v i s i b i l i t y  below 100 m.

These r e s u l t s  are  e s sen t i a l ly  valid in those  areas where brine precipi—
tat ions caused by the  sodium c h l o r i d e  ae roso l  occur .

4 .4 .  D i s c u s s i o n

There again , the divergences observed between the results obtained res-
pec t ive ly  w i t h  the  two k i n d s  of subs t ance  can eas i ly  be accoun ted  for  by t h e i r
d i f f e r e n t  granu lomet ry  and p h y s i c o — c h e m i c a l  behav iou r . In pa r t i cu l a r , the  ac t ion
of sodium ch lor ide  is qu icke r  t h a n  tha t  of sodium a l g i n a t e .

R e f e r r i n g  again  to the  table 1 , we should point out tha t , a l though  t h e
two k inds  of subs tance  used d i f f e r  by t h e i r  phys i co—chemica l  ac t iv i ty , a s imi la r
percentage of operations not followed by visibility improvement is obtained (40%).
Therefore , the na ture  and granulometry  of the  s u b s t a n c e s  used  are  not the  c n l y
f ac to r s  involved , and we should t r y  to t race  o the r  c ause s .  A t ho rough  a n a l y s i s  of
the exper imental  c o n d i t i o n s  revealed two main  causes

a) the poor thickness of the fog layer above the airfield ; as a result ,
only a po r t i on  of the  aerosol  (p lume)  can remain in contac t  w i t h  t he  f o g ,  w h i l e
the upper part spreads into clear air

b) the  presence  of an area planted w i t h  ~—6 m h igh t rees , windward  of
the device , between the North—West and North—East directions ; this tree—planted
area makes up a sh ie ld  a g a i n s t  t h e  mot ion  of any cloudy air mass coming from
these directions. The influence of this shield effect on the airflow was verified
in conditions of clear weather. It is such that the wind velocities at a height
of 10—12 m are markedly higher than those recorded at a height of 3 is. , the cor-
responding directions being sometimes appreciably different .

The latter remark accounts for the fact that mobile observers &nd con-
trol devices may have been inadequately located by night and in foggy weather.

V — The change of the mierostructure in the seeded air layers.

5.1. ~~~~~~~~~~~~~~~~~~~~~~~~~

The interest of fog and cloud modification by means of sodium alg inate
or sodium chloride aerosols does not seem to relate only to the transparency of
t hese  na tu ra l  media  to visible radiations.

As a mat te r  of fact , if we t ry  to t r a c e  t h e  phys ica l  c a u s e  to w h i c h  t h e
isprovemen t of v i s ibility duri ng thes e opera t ions ca n be attr i b u t ed , we note that
due e i t h e r  to a c o n d e n s a t i o n — c o a l e s c e n c e  process  or to a coalescence—absorption
pr ocess , a large number of cloud droplets are  replaced by a small number of large
drops.

This was observed , pr ecisely ,  on several occasions , in the course of
the  f i e l d  e x p e r i m e n t s  conduc t ed  w i t h  sod ium c h l o r i d e  : the  a rea,  w h e r e  visibility
improvements were the greatest coincided with those where brine preci pitation ,
occured. Brine drops collected on a Formvar solution film , as we l l  as their dry
residue., were examined a posteriori from the size distribution point of view .

_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _
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The following histograms were obtained (F ig .  5 ) .  We notice that , as far  as the
29 September 197 1 exp eriment is concerned , the drop sizes range between 100 and
300 um in diameter (A) while those of the dry residues range between leo and
150 urn (B ) .  It is noteworthy to compare the la t ter  wi th  the  par t ic le  size distri-
bution of the seeding chemical (C).

There is not doubt that larger precipitation elements would have b een
obtained if their time of residence within the cloud had exceeded 3 minutes , the $
time which elapse d from the moment the sodium chloride injection started to the
moment the drops were collected.

There is not doubt either that large precipitation elements could be
formed from sodium siginate particles staying a long while within cloudy layers.

Now , while clouds and fogs are transparent media for the micro—waves
which travel through them , they may behave differently vhen the water which
forms them is re—distributed by seeding in the shape of particles whose sizes
exceed 300 or 400 Urn.

This question will be considered in the end of the paper from a theore-
tical standpoint ; but it would also require to be studied further from an expe—
rimental standpoint .

5. 2.

The presence of cloud droplets does not seem to be absolutely necessa-
ry to the artificial inducement of aqueous precipitation elements in the atmos—
phere.

As a matter  of fact , br ine  precipitat ions were a r t i f i c i ally in i t iat ed
by means of the device set up at Guipsvas by dispersing a sodium chloride aerosol
inside air layers whose relative humidity ranged between 80 and 95 %.

Fig. 6 shows the size, of the drops induced by this method are sim ilar
to those of the brine drops generated in the fogs with the same substance. This
is all t he more veri fiable as the relative humi dity of the air layer is clos er
to saturation.

VI — Microwaves propagation in the seeded air layers

The eff ect on electro—magnetic wave propagation of a population of
spheres with a refractive index d i f f e r en t  from the  medium (a i r)  where they are
located , is in fact twofold one part of the inci den t electromagne t i c  en er gy is
absorbed , while the other part is scattered. The resul tant  of these  two phenome-
na represents the propagation loss (signal a t t e n u a t i o n) .  The energy scattered in
the opposite direction to the  incident  energy is sometimes non—negligible ; it
is th i s  “backscat ter ing” which  makes it possible to observe radar echoes on cer-
ta in  clouds or precipitation, .

This physical character is t ics  of dielectric spheres have been calcula-
ted in the  case of water (Her man , Browning and Bat tan , 1961).  Their calculat ion.
give us directly the attenuation 

~~~ 
and backucatterin g (g ) cross-sections for

various drop diameters in relation to the considered wavel’kgths . Besides , we
know that  whe n tht drops are small enough with respect to the wavelength

A ~ 0.15, where “a” is the radius of the drop and “A” t he wave lengt h ) ,
the calculations of 4.,, and 4~, according to tUe ’s complete theory are iimplified
(Rayleigh’s approximation) s~d we can write : -

,

(0 
- 

- 

• _ 61e H’ m2 — i a~

(2 )  4T • 8 n IN [ [ a’ - I lla
A 

~~L m ’ + 2  JJ
where a • n — ik , is the complex water index for the wavelength considered.

The results presented previously show that the radius of the drops
obtained does not exceed 0.02 cm and that Rayleigh’ s approximation is applicable
to the various usual radar wavelengths (0.86 cm ; 3.2 cm ; 10 cm) currently used.

The propagsti~~. attenua tion is usually expressed in decibels/k.. It  is
easi ly de.onstrated (Rattan , 1973 ; Godard , 1965 ; Waldteufel , 1 973) that this 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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expression assumes the following form

• A (db:ka) • 0,143143 n
~ 4Ti

vol

As 4,,, is p!oportionnal to a~~, the expression ~~~n. Q~~ is proport ion—
nal to the liqdid water content , whatever the granulometry ~f the drop. may
be. In other words , if a fog or a cloud is modified by the inducement of large
elements (a — 200 pm) to the detriment of smaller ones , propagation Is not
affected. It may be improved if the large elements precipitate , thus reducing
the water percentage.  On the other hand , the genera t ion  of a population of drops
in initially clear air may bring about a propagation loss which , anyw ay ,  will
only be perceptible in the case of short wavelengths (A < 1 cm).

For the sake of example , the production of a population of 7 000
drops/rn ’ with a radius of 0.02 cm (which cbr res~ponds approximately to the  same
water contents as a rain of 1 nm.h ’) will induce an attenuation of about
0.3 db/km (A • 0,86 cm).

As regards radar reflectivity, which characterizes the intensity of
the echo received and corresponds to the sun per volume unit of the drop backs-
cattering cross—section (4,,~) ,  the impact of the size of the drops is quite dif-
ferent , because reflectivit~y increases as the sixth power of the radius (formu—
la (1)).

It is easy to show ( Battan , 1973 ; Godard , 1970 and Waldteufel , 1973)
that r ef lectivity 1%, expressed in cm~~ is written in the following for m

• ~ 4B ~

where 11. is the number of drops per m ’ wi th a cross sec tion 4B (cm ’).

In the exampl e given above , it is easy to calculate that the popula-
tion considered corresponds to a liquid water content of 0.234 g/m ’ and that
the reflectivities are respectively given by the following table for different
vavelenght considered (Table II). :

A (cm) 0,86 3,2 5,5 10

~P%~ (ca’’) 7,0 .10
_ s - 8 ,14 .1O~ ’’ 7 ~~~~~~ 1 ,1 ~~~~~~

Table II

It appears from these  f igures  that  such a population will be detected
by a medium performance radar from distances up to 10 km . whatever the wave—
length may be.

If the same liquid water content results from a population of ten
times smaller drops (radius : 20 pm), the reflectivities will be one thousand
times lover and only a radar operating on short wavelength (0.86 cm) can detect
such fog from a distance of 2—3 km.

These examples show that the modifications induced in rather thin fog
or clouds can be detected by radioelectric means. In our calculations however ,
we did not take into account a possible salt solution effect on the refractive
index of the drops.

Final ly , the  predic ted  r e f l e c t i v i t i e s  show tha t  one should not expect
to achieve a considerable “jamming ” effect on eventual radar targets by using
simp le small size water drops.
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Fig. 1 — Different growth stages of a single sodium alginate particle of about
leO pm in s i z e  suspended  on a web ’s thread (a) in a stream of cloudy
air. The growth  p r o c e e d s  by direct capture of cloud droplets or by
coalescence with other clou d drops captured by web’ s threads in its
vicinity (b to e). Let us note the opacity of the particle during the
growth process and the final size reached (about 160 um).
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3h 3h10 3h20 m;o ~~ ne

Fig. 3 - Visual range variations versus t ime dur ing  a f ie ld experiment
(15 September 1971) in a nttural fog seeded with sodium alginate.
Meteo and SAPE meas urements are recorded in sites located out of the
seeded area. Let us note the low and constant level of these values. 

~~~~~~~~~~~ _ - -  -- -----~~~— .- — -~~~~~~~~~~~~~~~ •• -~~~~~~~~~~-.•- -~~ • - - - •_• - —-~~~~- - 

j



• -‘--— ••,:•-:•---—-‘—--~
- • - -  —_-- 

- - • -

5•II

visibility Cu)

1000

vid.oqraph

- metso

SAPE

500

seeding

—
—

1h20 1h30 1h40 lhSO time

• F ig.  I. — Visual range variations versus time durin g a field experiment
(29 September 197 1) in a natural fog seeded with sodium ch lo r ide .  The
improwement resulting from the seeding has been recorded by the
“Videograp h” in an area corresponding to a briny dri zzle.
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SESSION I, ROUND-TABLE DISCUSSION

MODIFICATION OF NON-IONIZED MEDIA

Participants at Round Table: H.J.Albrecht (Chairman)
G,Hänel,
1I.Jeske ,
E.Xleinjung,
E.Lainpert ,
B. Serpolay.

By way of introduction, H.J.Albrecht referred to the present initial state of research
in modifying non—ionized media for purposes of affecting wave propagation and to the
degree of difficulty thus encounte~red, also in reviewing achievements up to the present.He pointed out that, in some areas of the topic being dealt with, it is yet unknown in
which way the technological development may improve the capability of intentionally
modifying the propagation environment and there1~y extend usefulness and reliability of
communication links. It was also mentioned that, at this early stage, the entire field
1. definitely a challenging one, and that its progress should certainly be watched.As
a general procedure, it was agreed to adhere to a sequence of discussion topics in ac-
cordance with the order of paper presentations; the audience was invited to fully par-
ticipate.

As an initial comment, reference was made to one of the conclusions of the first paper,
namely the possibility of redistribution and dissolution of precipitation in such a way
that communication links would not be affected. E. Kleinjung pointed out that this may
perhaps be achieved by what is called “overseeding” clouds; in certain cases, th is
process might lead to the dissolution of precipitation inasmuch as a complete ice-cry-
stalization would occur. He emphasized , however , that this is only possible in very few
cases as the dynamics of the cloud are not involved. Another consequence of “overseedin~
supercooled clouds may be the redistribution of precipitation. Examples were reported
by Weickiuann for the “Great Lakes winter snowstorms” where an increase in the number of
ice crystals by seeding resulted in a decrease in intensity and a spreading over larger
areas of the snowstOrms. Redistribution may sometimes be connected with orographic see-
ding and seeding of frontal clouds. Also, redistribution may refer to seeding with a
delayed action upon precipitation . R.Serpolay supported these comments and added that
appropriate experiments had been done; he also referred to the subject of fog dispersal.
He mentioned that supercooled fog seeding by liquid propane never led to overseeding ,
but , on the contrary, produced sometimes snowflakes which had diameters of the order of
one or a few centimetres.

Referring to the production of snow from precipitation , and possibly dry snow with mini-
mum effects upon the larger part of the electromagnetic wave spectrum, II.J.Albrecht
again drew attention to the difference between the aims of present—day weather modif i-
cation and the modification objectives for propagation purposes, lie mentioned that, in
this case, the criterion is a minimum effect of precipitation on propagation and not
necessarily the complete disappearance of rain clouds. In other words, the importance
of considering this criterion was emphasized as the actual aim, lie was supported by
L~~Boithias (France) whose comments enlarged upon this difference in criteria and also
included remarks on the more meteorological character of some of the contributions of
this session. In a reply, R.Serpolay unterlined the significance of knowing the inter-
face area between meteorology and propagation research and that meteorological condi-
tions have to be considered when initiating a modification process. It was pointed out
that appropriate investigations are essential. P.llalley (France) supported the views
just presented and also referred to some work or intentionally changing thunderstorm
effects in connection with electrical power lines.

Some additional comments again referred to the subject of dissolving or redistributing
rain clouds for the benefit of communication purposes and also *0 fog dispersal.
G. HMnel supported the importance of taking meteorological conditions into account;
as an example, the presence of strong winds would prevPnt the use of modifying materials.
In addition, he emphasized that our present knowledge does not allow us to fully under-
stand the simultaneous action of the processes which modify particles , such as coagu-
lation , coalescence and sedimentation . Especially the consequences of coagulation or
coalescence of particles of different chemical compositions are not known exactly enough
lie added that , for a controlled modification, calm conditions are essential and that
only effects restricted in time and location can be expected . W.Attmannspacher (Germany)
also emphasized that, today, it is only possible to modify precipTtation~ in special
cases and with local effect; a thunderstorm cannot be destroyed or moved away. Thus
only in special cases there may be an improvement of propagation conditions. G.Tacconi
(Italy) then discussed statistical aspects of modifying propagation media; information
available at this very early stage of research is not adequate.—Calculation of propa-
gation behaviour may be possible with rainfal l  of known intensity and drop-size distri-
bution; as an opposite example , e f fnc t s  of ha i l  cannot be estimated easily, depending,
for instance , on a wa ter f i lm  around an ice nucleus .

As a new item, H.J.Albrecht referred to P.Iialley ’s comments on lightning modification
or on the artificial initiation of lightning by a wire connection with ground . Apart
from supporting P.IIalley in the view that it was unfortunate not to have a contri I~u tion
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describing recent and detailed results obtained in this field in France, he pointed out
that basic experiments were first performed several years ago in the United States. He
then suggested what he described as a possible speculation at this juncture, namely that
under certain conditions the capability of initiating lightning arøficially could have
an extremely important bearing on communications and that one of the conditions would
be of more meteorological nature inasmuch as the question whether or how reproducible
such modification could be. If the artificial initiation of lightning out of a thunder-
cloud would mean that the same thunder-cloud would not be able to produce lightning
for a certaLr~ period to follow this initiation , this capability might well mean that arelatively Lightning—free period would follow and that this period would be under rela-
tive control. This, however, would then lead to relatively low noise levels in that
period which could yield a higher signal—to-noise ratio on communication links. He em-
phasized that such a development would certainly be of interest in communication work
and could be considered a great advance. Meteorologists present were invited to parti-
cularly comment on this possibility. E. Xleinlung remarked that the seeding of volumes
below thunder-clouds by means of chaff material had led to corona discharges at the ends
of chaff f ibres — followed by marked decrease in lightning activity - and that this was
in fa~t similar to the experiments of rockets with a wire connection to ground . It wasmentioned that present knowledge cannot be considered adequate and that investigations
have not been made with this possibility in mind.W.Attmannspacher drew attention to
experiments planned to take place at Hohenpeissenberg in Germany with an artificial
initiation of lightning by the Hochspannungslaboratorium of the Technical University
of Munich, .7. Beirose (Canada) mentioned that the only objective of lightning initiation
which , in his opinion , was first achieved some fifteen years ago in the United States
(by Williamson ?) , was, in the past, a measurement of the resulting waveform at the
bottom end of the wire, in conflection with propagation studies on these VLF waves.

J. Belrose then went on to mention two aspects which had not been covered in this
session so far. In particular , he referred to a possible contamination of the environ—
ment and to experiments of influencing a tropospheric volume by sound waves and thus
causing pressure—perturbation modification. No contamination is connected to the latter
changes; the modification is effective when the modifying equipment is switched on and
disappears when the modifying transmitter is switched of f .  G. HItnel replied that con-
tamination by cloud seeding does not present any problem whatsoever , because of the
minute amount of material used. With reference to J. Belrose’s second comment, meteoro-
logists were asked to comment on this rather important top[c and on such experiments.
H. Jeske described briefly methods of measuring tropospheric parameters by means of
acoustic radar and also by a combination of this with electromagnetic radar equipment
(radio-acoustic—sounding-system) ; he said that this work is continuing . H.J.Albrecht
expressed hope that details of modification experiments by acoustic means would come
forward at an appropriate time .

The discussion was then led to chaff-produced scatter propagation and appropriate models.
G.Tacconi referred to the usefulness of a detailed mathematical description of the corn-
munication behaviour of such links. E. Lampert commented on appropriate possibilities
existing in principle .

In conclusion , the discussion may be summarized as a very successful exchange of re-
sults presently available in the various disciplines connected with the subject of
artificially modifying non—ionized media, here mainly represented by the earth ’s tropo-
sphere. Scientific research in this field being in the beginning stage and this meeting
being the first one actually addressing anthropogenesii changes to the troposphere as a
propagation medium, the round—table discussio~i contributed considerably to the recogni-
tion of the state of the art as well as of the predominant direction of progress. This,
and the relevant suggestions for the most promising areas of research , as well as the
establishment of interdisciplinary contact are the general results, actual stimulation
of projects, such as propagation—oriented modification of precipitation characteristics ,
fog dispersal, etc., the more detailed ones.
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IONOSPHERIC MODIFICATION INDUCED BY HIGH—POWE R H F TRANSMITTERS -

POTENTIAL FOR COMMUNICATION AND PLASMA PHYSICS RESEARCH

W. F. Utlaut
Office of Telecommunications

Institute for Telecommunication Sciences
Boulder, Colorado 80302

U.S.k.

SUMMARY

High—power , HF, ground—based radio transmitters have been used to intentionally
modify the electron temperature and density in the ionosphere since l9~ 0. Transmit-
ting facilities having power—aperture products of the order of 10 MWm have been
used, and they provide a power density in the F region of a few tens of microwatts per
square meter. One transmitter facility , known as Platteville, is located near
Boulder , Colorado. The observations reported here were obtained using this facility
which used an 18 dBi gain ring array antenna fed with as much as 2 MW, average power,
to produce the ionospheric modification. Many unanticipated physical phenomena have
been observed and new understanding has been gained in plasma physics because of this
ability to carry out experiments on the ionosphere. Perhaps more importantly,
however, it has been shown that the modified region acts as a significant radio
scatterer to radio frequencies at least as high as UHF. Thus, it has been possible to - -
demonstrate a potential usefulness of ionospheric modification for telecommunication
purposes. Voice, teletype, and facsimile transmissions have been sent, via the
scattering region above the modifier, between ground terminals separated by several
thousands of kilometers and using frequencies which would not otherwise have been
usef ul for those paths . Surprisingly, it has also been shown that ionospheric
modification and a significantly large scatterer in the ionosphere can be produced
with relatively low power and simple antennas —— a few hundred kilowatts and dipole
antennas, for example.

The basis for heating and modifying the F region of the ionosphere is that very
strong absorption of a radio wave occurs in a region in which the radio frequency is
near the local electron plasma frequency. The plasma frequency 

~~~~~ 
given by

a Ne2 1
4~? ç., n-i 

(

where N, e, and m are, respectively, the number density, charge, and mass of the
electrons, and €0 is the permittivity of free space. The absorption occurs when the
electron collides with a heavy particle; energy is extracted from the radio wave and
added to the random thermal energy of the electron. The rate at which energy is
absorbed by electrons, in the F region where the plasma and operating frequencies are
much greater than the collision frequency, is, approximately,

~~ 
~~~ E~,

2 (2)

In equqtion (2), a is the angular frequency of the radio wave, ‘~ is the collision
I req~ez~cy of the electrons and E 0 is the maximum value of the radio wave electric
field.

As the electrons become hotter, they lose only a small part of their excess
energy to ions upon collision because the electron mass is so much smaller than the
ion mass. The rate at which electrons lose energy to heavy particles by collisions is
given by

L = N Ô V K ( T e - T0) (3)

where Te and T 0 are the temperatures of electrons and heavy particles and K is
Boltzmann ’s constant. The quantity 6 is the mean fractional loss of excess energy per
collision , and for elastic collisions it is equal to 2me/m~, assuming that most ofthe collisions are wish ions. If the collision frequency in the F region is taken to
be of the order of 10 , and the ions are assumed to be 0+, the relaxation time (4~ )
is of the order of 10 seconds. Thus, because the heating radio wave spends a
relatively long time in the region when a is near as a result of its lowered group
velocity, and because of the relatively long time—constant of 10 a for electron
cooling, appreciable heating of electrons is possible. Such heating is described as
being caused by ohmic dissipation , or as deviative absorption. As electron
temperature increases, the plasma pressure increases, and the plasma expands along the
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earth’s magnetic field lines. Electrons are constrained to spiral along magnetic
field lines and thus can diffuse; and heat can be conducted more readily along these
lines than across them.

Two other factors have important bearing upon the amount of heat the radio wave
emanating from the earth’ s surface will deposit in the F region. One is the effect
the lower ionosphere has on a wave as it passes through; the other is the effect the
earth’s magnetic field has upon wave propagation. The major loss of heating wave
energy in the underlying ionosphere occurs in the daytime in the D region, between 60
and 90 km. Although in this region electron densities are relatively low, collision
frequencies are high, and a significant amount of nondeviative absorption occurs. In
the normal daytime ionosphere, radio frequencies used for ionospheric modification
might be expected to suffer  of the order bf 3 dB attenuation in passing through the
lower ionosphere. Additional attenuation in the D region of a few decibels is also
caused by the high power heating wave itsetf, because of the heating and subsequent
increase in collision frequency it causes. One consequence of this modification of the
D region is that strong cross-modulation m~y be imposed upon other radio waves passingthrough that region. The second factor is the influence of the earth’s magnetic
field. Because of the existence of the geomagnetic field, the ionosphere is a doubly
refractive magnetoionic medium. When a radio wave enters the ionosphere there are two
modes by which it propagates, one in which the electric vector rotates clockwise
(ordinary, or 0—mode) and the other counter-clockwise (extraordinary, or x—mode). The
two modes have different velocities of propagation, traverse different paths in the
ionosphere, and cause quite different modification effects in the ionosphere. Our
experience has shown that the o-mode produced the more significant effects for
telecommunication purposes, and the major results of scattering discussed below were
obtained with the heating transmitter producing 0—mode excitation.

Radio waves intense enough to appreciably modify the energy balance through ohmic
heating can, in addition, set off parametric decay instabilities. A parametric
instability is a periodic modulation of some parameter of an oscillating system at
such a frequency and with sufficient amplitude that the oscillations become unstable.
In the ionosphere, the additional absorptioe- gf energy due to excitation of parametric
instabilities, termed “anomolous” because of the nonlinear dependence of dissipation
on RF power density, creates an intense turbulent plasma wave spectrum. One important
consequence of this is the production of short—scale (-~ 3 meter) field-aligned plasmadensity fluctuations, which is a source of some of the higher frequency scattering
that is observed.

Much of the impetus for improving theoretical understanding of )die basis of
ionospheric modification came from several completely unanticipated experimental
results. The first salient unexpected result, when experimer.tation began near
Boulder , Colorado , was the production of spread F. This suggested the possibility
that field—aligned structure in the ionosphere would exist. Thus, HF through UHF
monostatic and bistatic radio observations, at different ground locations and from
aircraft, and spaced receiver measurements of satellite signals which passed through
the modified region were made. The results from these observations showed that J~h~modified region provided a large radar cross section, ranging from as high as 10 m at
HF to lO4m 2 at UHF.

Three different kinds of scattering are observed from the F region. One, in
which the received signal is virtually unchanged from that transmitted, is believed to
result from specular scatter from electron density structure aligned with the earth’s
magnetic field. This scatter has been termed field-aligned scatter (FAS). The second
kind results in two received signals, one being shifted upward and the other downward
from that transmitted by an amount nearly equal to the frequency used for modif ying
the ionosphere (a frequency ranging from about 0.5 to 1.0 of the maximum plasma
frequency in the ionosphere). These shifted signals are believed to result from
plasma oscillations propagating very nearly along the earth’s magnetic field lines.
The scattering phenomenon resulting in the shifted frequency signals has been termed
plasma—line scatter (PLS). The two scattering modes are observed to have dissimilar
characteristics. Field—aligned scattering is highly aspect sensitive with respect to
the direction of the geomagnetic field; PLS is found to be much les8 aspect sensitive.
The region of strongest scatter for the FAS mode is found to occur in the modified
region where the radar line—of—sight is perpendicular to the geomagnetic field, and is
independent of the height at which the modifier frequency matches the plasma frequency
in the ionosphere. However , the scattered signal intensity is maximized when the
perpendicularity locus and the frequency matching height nearly correspond and becomes
smaller as the distance between them increases. For the PLS the maximwn back—
scattering signal occurs at the altitude of maximum heating, which occurs at the
height where the ionospheric plasma frequency equals the heater frequency. Variation
in scattering cross—section with probing frequency also differs for the two scatt ering
modes; the FAS cross—section is greater at VHF than at UHF , whereas the PLS cross—
section is greater at UHF than at VHF. The third kind of scattering is believed to be
Bragg scattering from ion-acoustic waves, which propagate n.arly along the earth’s
magnetic field lines, and has be~n termed ion—acoustic scatter (lAS). The received
signal in this case is very nearly’ equal to that transmitted , differing only by a few
kilohertz in accordance with ion—acoustic frequencies. Fewer observations have been
made of the lAS and less is known about iti characteristics than for FAS and PLS. 
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Strong FAS has also been observed to come from the E region of the ionosphere, at
about 110 km altitude, when frequencies appropriate to the lower plasma frequencies
existing there are used for modification. From a limited amount of data , the E—region
FAS seems to have a large radar cross section over a greater range of frequencies than
that found for F—region LAS. The degree of aspect sensitivity of the E—region FAS has
not been measured. It is possible that it is less aspect sensitive than the F—region
LAS since it is likely that irregularities are produced in a limited—height region .
Thus the irregularities should not be as elongated as in the F region , where the great
length along the field contributes to the high degree of aspect sensitivity.

A theoretical model to describe the modified ionosphere above Platteville , and
the LAS which it makes possible, has been developed based on the radar and
transmission measurements discussed above. The physical model of the disturbance
generated above Piatteville is a volume containing small electron density fluctuations
in a diffuse region centered above the heater at a height where the heater frequency
equals the local ionospheric plasma frequency. The strength of irregularities falls
off above and below this altitude with a Gaussian scale length of 7.5 km (15 km
between lie points). The horizontal dimensions of the volume are set by the width of
the heater beam which is of the order of 1/3 radian, or 100 km in diameter near the
altitude of 300 km. In essence, the volume is a pancake—shaped region with diffuse
boundaries , located at the reflection height defined by the heater frequency and
filled with field—ali gned electro’ density irregularities. The rms intensity of the
electron density fluctuations at the center of the disturbed volume is 1 to 1.5
percent , when ful l  heater power is used.

Using the information gained from the various diagnostic experiments and the
scattering model , communication experiments were planned and executed. Signal
transmission statistics were collected and various communication messages were relayed
by the scattering region created over Colorado , at all hours throughout a day. The
observations demonstrated that it is possible to operate VHF communication circuits,
using conventional modulation techniques, antennas and transmitters, over paths
several thousand kilometers in length by way of scattering from the field-aligned ,
heater—induced irregularities at any time of day. The circuit must have the proper
geometry , because of the scattering aspect sensitivity, and the f requency of the
heating transmitter must be adjusted to produce intense electron density
irregularities at the al t i tude appropriate for the geometry of the path . The
communication zones at the earth’ s surface that might be established by this
phenomenon extend several thousand kilometers in a magnetic east—west direction , but
only a few hundred kilometers in north—south directions. Their exact shape depends
upon geomagnetic latitude and altitude at which the heating is done , but , typically
communications appear to be possible over several million square kilometers of the
earth’s surface by this phenomena. One problem is that while additional paths for - ‘

communication ci rcuits may be established using this technique, it is also possible
that increased interference, resulting from scattering of VHF or UHF signals into
areas where they would not normally be expected to propagate may result from
intentional or unintentional ionospheric modification. During the experimental
program such interference effects did not cause complaints.

Many e f fec t s  are produced when the ionosphere is illuminated with sufficient
energy and with frequencies matching the plasma frequencies there. Most of the
phenome na associated with these effects  are ~ot well understood and both theoretical
and experimental e f for ts  are required to place these in better perspective. This is
particularly true for the changes which are caused in the D and E regions. There are
some very pronounced changes observed to occur in the D region when i l luminated by the
Platteville t ransmitter , but only preliminary measurements have been made. They do
suggest that changes in both electron collision frequency and density occur over an
extended height range and , in addition, the chemistry and reaction rates in the D and
E region may be modified from what normally exists.

Scattering cross sections at various frequencies have only been measured at the
one geomagnetic latitude above Colorado. It is desirable to determine the variation
of ionospheric modification with geographic location , altitude , radiated power , and
elevation angle; and what are the adverse or constructive consequences to other
te lecommunication signals encountering the modified reqions.

For those desiring greater details about the various phenomena mentioned above
two publications , and the references contained therein , may be useful .  These are :
(a) Radio Science, Vol. 9, No. 11, Nov. 1974 (special issue on ionospheric modifica-
tion) and (b) Proceedings of the IEEE, Vol. 63, No. 7, 1022—1043 , July 1975.

--
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DISCUSSION

H. Soicher: It was mentioned that the ionospheric effects after transmitter turn-on
are instantaneous. How long after transmitter turn—off do the various ionospheric
effects disappear 7

W. F. Utlaut: The phenomena leading to the large radar cross-sections , parametric
instabilities and plasma waves which are produced, disappear promptly with heater
turn-off at VHF and UHF and within tens of seconds at HF. However , spread—F exists
for varying amounts of time after turn-off .During the day, spread-F in the F2-region
disappears within several minutes while that in the Fl-region disappears within a
minute. During the evening hours, spread—F persists for tens of minutes after turn-
off and has been observed to last for hours when created during the middle of the
night , sometimes remaining until sunrise in the ionosphere.

F. Thrane: Which frequencies were you using for your measurements of cross-modulation
as a function of heating power 7

W. F. Utlaut: In the slide shown the heater frequency was 7.4 MHz and the cross—modula-
tlon was observed on a 60 kHz signal. Cross—modulation measurements have been made of
frequencies of 20 and 60 kHz and 2.5 MHz using various heater frequencies.

L.W. Barclay: 1) What heating frequencies were used in the observations of F-region
scatter 7 2) How does the rcs, or some other similar parameter, vary with the
ratio of heating frequency to f0F2 7

N. F. (Jtlaut: I) Heater frequencies used for E—region scatter ranged from about 2.7 to
3.5 MHz , frequencies below the F—region maximum plasma frequency.
2) The radar cross—section of the scattering volume in the F—region does not appear to
be dependent upon heater frequency as long as that frequency is r~ropcrly chosen so as
to maximize heating at the proper altitude corresponding to that giving specular ref lec-
tion for the monostatic or bistatic radar path. 
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ThE HEATING EXPERIMENT AT AP.ECIBO

W. E. Gordon
Rice University
Houston , Texas

H. C. Carlson
Institute for Physical Sciences
University of Texas at Dallas

Richardson , Texas

SUMMARY

The ionized atmosphere over the Arecibo Observatory can be illuminated by HF
waves in the frequency range 5—12 MHz with an incident power density of i~—~ watts per
square meter at the bottom of the ionosphere , resulting in

(a) normal absorption producing fractional changes in electron temperature of
a few l O s  percent near and just below reflection height for 0 and X modes, and

(b) anomalous absorption with plasma waves enhanced by a few orders of magni-
tude when the frequency of the incident wave matches the local plasma frequency. This
condition can be achieved for ordinary mode polarization, but the extraordinary wave is
reflected in the ionosphere before the matching is achieved. Thus, plasma wave insta-
bilities are excited by 0-mode waves only.

This paper describes the Arecibo Observatory experiments and summarizes the
results. Muldrew and Showen detail some special features of the results, Minkoff
applies the results to communications, and Stubbe and Kopka outline plans for experiments
in a new facility.

1. INTRODUCTION

The experimental arrangement includes the “heater ” and the diagnostics illus-
trated in Figure 1. The heater is an United States Department of Commerce 100 kilowatt
transmitter connected to the PCI (Technology for Communications International) log
periodic feed in the 1000—foot dish . The diagnostics consist of the incoherent scatter
radar ionosondes and photometers. The incoherent scatter radar yields electron tempera-
ture, ion temperature, electron density and plasma wave intensity in a sample volume as
small as 1 km on a side. The ionosondes are located at the Observatory and at Los Cafto s
10 km north of the Observatory. The photometers are located at the Observatory and ob-
serve the airglow at 6300L.

The current interest in the modification experiments goes back to Platteville
where, under the direction of W. F. Utlaut with the support of the Department of Defense,
the spectacular observations were begun in 1969. The heating experiments began at Arecibo
in 1970 under the direction of the authors with the participation of a large number of
scientists from many institutions and with the support of the Department of Defense and
more recently the National Science Foundation .

The heating experiments at Arecibo have y ielded a number of interesting results
derived from the normal absorption of radio waves in the ionosphere (Showen, 1972 ; Kantor ,
1971; Gordon , Showen and Carlson , 1971; Gordon and Carlson , 1974 ) and from the anomalous
absorption of the high frequency (5— 10 MHz) waves and the excitation of plasma instabili-
ties (Carlson , Gordon and Showen, 1972; Fejer, 1972; Kantor, 1972; Sipler and Biondi ,
1972; Dies and Gordon , 1973; Haslett and Mcgill, 1974; Kantor , 1974 ; Gordon and Carison,
1976). The experiments at Arecibo and at Boulder have stimulated the developsent of
plasma theory (Perkins and Kaw, 1971; Kruer and Valeo, 197 3; Kuo and Fejer , 1972: DuBois
and Goldman , 1972 ; Valeo, Oberman and perkins, 1972; Weinstock and Bezzerides, 1972 ;
Arnush , Fried and Kennel, 1974; Fejer and Graham, 1974; Perkins, Oberman and Valeo, 1974;
Weinstock , 1974). Eight theses have been produced on this subject at Rice (Showen , 1969;
Kantor, 1971; Dias , 1971; Kantor , 1972; Dias, 1973; Misener , 1974 ; Showen , 1975; Duncan ,
1976) and four theses are planned (Duncan , Ph.D. ;  Fleisch , M .S . ,  Ph.D.; Djuth, Ph.D.).

2. CONCLUSIONS

Although the anomalous absorption results are more interesting to communicators ,
note in passing that 0-mode heating of the ambient electron temperature is easily measured
(Figure 2). Deviative absorption , ray tracing and heat balance calculations are consistent
with (1) the magnitude of the increase of electron temperatu re , typically peaking at 400 °K
with higher values at nigh t , (2)  the location of the heating , typically 4° to 9° north of
the Observatory in accord with the refraction of the HF wave , (3) the volume , matched to
the HF beam when mapped in two or three dimensions, and (4) the thermal relaxation times
of a few tens of seconds. The ion temperature is unchanged within error bars of tens of
degrees K.

The anomalous absorption of the HF wave excites plasma lines exhibiting spectral
features (decay mode line , growing mode line , image of decay mode l ine)  (Figure 3 ) ,  which
in general can be explained by linear parametric theory. Observation of an additional
broad spectral feature  has led to an extension of the theory, although the predictions of
Perkins that energy would cascade through the spectrum as one excited line acts as a 
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source for its neighbor has been disproved by Showen who finds that the broad feature
forms first and then breaks into a series of spikes (the reverse in time of the predic-
tion). The decay times are consistent with the wave damping theory and offer a new tool
for collision frequency and photoelectron studies. The cascading of energy from the
enhanced plasma line into neighboring lines was predicted by Perkins. Showen observed
with a 2 ma time resolution the development of the enhanced spectral features following
the sudden turn—on of the HF transmitter (Figure 4). Earlier observations by Showen with
a 20 ins resolution did not resolve the structural development. The present observations
provide the detail with which to test Perkins’ predictions and Showen (1975) finds that
the broad feature forms in the first 2 ins after HF excitation and that it subsequently
breaks up into lines contrary to the time sequence predicted. Fluctuations of the plasma
line intensities over two orders of magnitude show distribution functions suggesting
upper threshold saturation in the ionospheric plasma for higher HP’ transmitted power
levels (Figure 5). Ion component spectra have been measured with frequency resolution
that needs to be improved substantially before they contribute significantly to the
results (Figure 6 shows the thin slab in which the enhanced ion line is observed.)

Enhanced plasma lines excited by a powerful HF radio wave originate in the
sporadic—E layer (Figure 7) when the blanketing frequency exceeds the exciting frequency
confirming that the plasma is overdense for the exciting frequency. Around the time when
the blanketing frequency falls through the exciting frequency large fluctuations in the
plasma line intensities are observed suggesting the possibility of overdense patches
drifting through the sampled volume (Figure 8) (Gordon and Carlson, 1976).

An HF enhanced plasma line was observed for the first time on the topside of
the ionosphere by Kantor. The enhanced plasma line on the bottomside (200 km altitude)
was simultaneously observed. The topside line at about 270 km may have been excited,
according to Muldrew, by coupling of the transmitted 0-mode into a z—mode near 180 km.
and propagation of the Z—mode from 180 to 270 km where it would be strongly absorbed.

Muldrew (1976) finds enhanced plasma lines simultaneously with and at heights
just below the regularly observed enhanced plasma lines. The characteristics of the
new lines are quite different from those regularly observed and Muidrew is developing
an explanation for them.

Meriwether, Sipler and Wickwar were surprised by the observation of transient
suppression of A6300 airglow when the ionosphere was illuminated by an 0-mode HF wave.
The usual observation with this illumination is an enhancement in the airglow attributed
to the impact excitation by additional electrons above 2 ev generated by the HF wave.
The transient suppressions are typical of X—mode illumination of the ionosphere and are
attributed to a temperature dependent change in the dissociative recombination coeffi-
cient. These processes compete and apparently the conditions of the experiment were
sufficiently unusual that the suppression process dominated. This deserves careful
examination~ sipler believes that the same thing may have been observed once at Platte-
ville, but it does not seem to have been reported anywhere.

Given the photometer and radar data (and present understanding), there is a
separate problem to be examined. It is to gain an understanding of what affects the
0—mode enhancements. We have obtained enhancements in May and October 1972, and for the
first time this April good cases of little or no enhancement. Radar data is available
for electron temperature, ion temperature , electron density and plasma line intensities
(both on and of f the HF frequency). Additionally , there are two competing theories
available to describe the energization of electrons by the HF.

Duncan has observations of the asymmetry in the powers of the upshif ted and
• downshifted plasma lines that he believes will refute Fejer ’s explanation of this dif-

ference being due to the lines originating in different parts of the Airy distribution .
The frequency asymmetry in the upahifted and downahifted lines, first observed by Kantor,
has been reobserved by Duncan (1976) (Figure 9) who associates it with a hi gh , local
d i f fus ion  velocity. It appears that the ionosphere is always descending when plasma
lines are observed —— rising energetic electrons are being replaced by thermal electrons
from above .

3. FUTURE PLANS

The scientif ic questions to be examined in the future arise from ongoing work
and are in two areas , aeronomy and plasma physics. In the area of aeronomy. the obser-
vations provide for studies of (1) collisional and other damping mechanisms at various
heights and times, (2) thermal processes associated with the loss of the energy given
to the electrons by the HF waves , and (3) the temperature dependent reaction rates
associated with the airgiow in the manner of Biondi , Sipler and Carlson.

In the area of plasma physics the spectral details of the HF excited lines
continue to provide challenges. Basic questions of excitation and quenching mechanisms
pose d i f f i cu lties for the experimenters and clues for the theoreticians. The large
fluctuations of the line intensities on a wide range of time scales tackled by Showen
awaits a full explanation. The critical observations of the enhanced ion line and the
enhanced plasma line are yet to be made . The weak, elusive lines ten tatively found a t
a number of frequencies in the spectrum , or at the same frequency but at different
heights in the F region , await confirmation and explanation. The enhanced plasma lines
observed in blanketing sporadic E open a path for studying the structure of the medium 
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(electron density gradients) and its response to HF waves by comparing the results in
the E region with those in the F region .

We propose to mount one heating experiment this summer using the current
arrangements at Arecibo and adding a second frequency of observation in the HF band .
It should yield information on scatterers that will be of interest to communicators.
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Fig.l. A schematic of the exper imental configuration. The incoherent backscatter radar is
directed 40 north of vertical, intersecting the center of the modified volume corres-
ponding to an 0-mode HF pump. The height below reflection for the observed insta-
bilities is determined by the radar wavelength and the parametric instability fre-
quency matching condition.
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the caine peak value. The enhanced ion line is seen to have about twice the power
of the unenhanced (thermal) ion line. The actual ratio is much greater than two
because the thermal power is received over the complete altitude resolution •~ell of
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Fig.4 . The rice and decay of the plasma line are presented . The time resolution for the
rise is 4 milliseconds: for the fall measurement it is 7 usec. Four milliseconds
after HF turn—on the decay peak is seen to be well developed and very narrow. At
its side is a broad noise bump. As time progresses through to the last measurement
at 24 milliseconds , this broad bump sharpens into a peak. This peak is displaced
by about three times the ion acoustic frequency .
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A REVIEW OF VHF/UHF SCATFERING FROM

A HEAPED IONOSPHERIC VOLUME

J. Minkoff and I. Weissnan
80 West End Avenue. New York, New York 10023, USA

ABSTRACT

It is observed that an ionospheric volume in the F-layer subjected to high-power HF
illumination becomes an effective scattering medium for radio signals in the VHF/UHF-fre-
quency range. The experimental results are representative of a field-aligned scattering
geometry for which the first such observations of VHF/UHF scattering from a heated ion-
ospheric volume are presented. Two distinct and markedly dissimilar scattering modes are
observed : center—line and plasma—line scattering. Center—line scattering is observed at
the transmitted radar frequency f; plasma—line scattering is observed as a pair of side—
bands at f ± where is the heater frequency. Center—line scattering is highly as-
pect sensitive with respedt to the direction of the geomagnetic field, ii plasma—line
scattering is found to be much less aspect sensitive, if at all. By means of bistatic
measurements it is determined that center—line scattering takes place from field-aligned
irregularities. The longitudinal scale size of the irregularities, L, is found to be
greater than the maximum antenna diameter, 85’ • Because of fundamental limitations im-
posed by the spatical-resolution capability of the measurement system no more exact esti-
mate for L is possible. A striking reversal in frequency—dependence is found between
the center-line and plasma-line modes. The per—unit-vo lume center—line backacatter cross—
section is found to be -.7 dB greater at VHF than at UHF; the per-unit-volume plasma-line
backscatter cross section is found to be at least 11 dB less at VHF than at UHF. For both
modes the scattering cross section is found to be effectively turned on and of f very rap- —

idly in response to the heater excitation. The spectra of the scattered signals, for both - j

modes, are found to be quite complex, consisting of both narrow-band and wide—band compo-
nents. Narrow spectral peaks having 3—dB widths of the order of tens of Hertz are often
ob~erved superimposed on a wide-band component essentially flat over the 100-Hz unainbigous
frequency interval corresponding to the 0.01—sec interpulse spacing. The spatial config-
uration of the heated volume is investigated: significant differences are observed depend—
ing on whether fh/fOF2 is greater or less than unity.

INTRODUCTION

This paper presents a review of results of VHF/UHF scattering from a heated ionospheric
volume in the F-layer over Platteville, Colorado. The ionospheric heating, by means of a
high-power HF illumination was carried out by the Institute of Telecommunications Sciences
under the direction of Dr. W. F. Utlaut. These results, as well as a large number of other
results at optical as well as radio frequencies, are contained in a special issue of Radio
Science, Vol. 11, November 1974. The reader is referred to this issue for details not cov-
ered below.

SCATTERING MODES

All experimental results presented here were obtained using radars located at the
White Sands Misgile Range (WSMR ) for which the relevant radar parameters are presented in
Fig . 1. The experimental geometry was ideal for field—aligned scattering measurements.
For these results, with a 15—deg elevation angle , the radar line-of—sight intersected the
magnetic field at perpendicular incidence at an altitude of —290 km directly above the
heater. As shown in Table I, the experiments were carried out over a period of two years
covering all seasons. A—scope presentations of radar echoes under optimum backscatter con-
ditions are presented in Fig. 2. Two very different scattering modes were observed which
were denoted as Center—Line Scattering (cLs) and Plasma-Line Scattering (PL5). For CLS
the transmitted and received frequencies were the same, aside from small Doppler shif ts due
to ionospheric drift. For PLS the scattering was observed as a pair of sidebands at fi
where 

~h 
was the heating frequency. In Fig. 2, it is seen that the received PLS power

at VHF was approximately 28 dB greater than the CLS power. At UHF’ it is seen that the back-
scattered CLS and PLS power are nominally equal. When the relative sizes of the scatter-
ing volumes are taken into account, it is found that for CLS the per-unit-volume VHF scat-
tering cross section exceeds the per—unit—volume UHF scattering cross section by approx-
imately 7 dB. For PLS, however, the per-unit—volume UHF cross section exceeds the per-unit-
volume VHF scattering cross section by at least 1]. dB. Thus, it was determined that, in
this frequency range, the scattering properties of heated volume exhibit a reversal in fre-
quency dependence between CLS and PLS. That is, in this frequency range the CLS cross sec-
tion decreases with increasing frequency, whereas the PLS cross section increases with in-
creasing frequency (Minkoff et al., 1974a).

_
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ASPECT SENSITIVITY

VHF/UHF CLS was first observed in June 1971 with the RAM radar. One of the first
things we wanted to determine was the location of the scattering region. Originally it
was expected that, because of Landau damping considerations, the scattering region would
be a very narrow horizontal layer located at the altitude where 

~h 
was equal to the lo-

cal plasma frequency f1~,. To determine the location of the scattering region an elevation
scan experiment was car~ied out. In this experiment, for a fixed azimu th, the scattering
location was determined as a function of range and elevation angle. The result of such an
experiment at UHF is shown in Fig. 3 in a Range Time Intensity (RTI) presentation. It is
seen that the locus of maximum scattering does not fall along the line which defines the
horizontal scattering layer. Instead it is coincident with the locus of points where the
radar line-of-sight intersects the magnetic field at perpendicular incidence, which is re-
ferred to here as the perpendicularity contou~~C.This was determined by plotting the locusof maximum scattering as shown in Fig. 4 and, un~er the crude assumption that the magnetic
dip angle was constant across the heated volume, calculating the angles between the line-
of-sight and the magnetic field over the locus of maximum scattering . It is seen th~t the
difference from perpendicularity between the line-of—sight and the magnetic field, B, is
very small across the entire scattering region, with the small differences easily wi thin
the error made by the assumption of a constant dip angle. This experiment was carried out
numerous times always with the same results. It was further determined that this is a spe-
cial case of a more general situation in which the CLS signals are effectively specularly
reflected off the magnetic field lines. Thus, for CLS, it was determined that maximum
scattering was always determined by the geometry relative to B independent of the heat-
ing altitude hf. Although maximum backscatter was observed when the heating took place
at the point where perpendicularity to the magnetic field was achieved (where hf~~29O kin),for heating below the perpendicular point (say hf 260 km) the backscatter was neverthe-
less maximized when the radar line-of-sight satisfied the perpendicularity criterion, and
not when the line-of—sight was directed at the altitude hf. Backscatter was observed for
h~ values as small as 255 km. Thus, the heating effects were found to be spread ou t over
aE least 50 or 60 km, and not confined to a narrow layer as originally believed.

PLS was first observed at RAN in January 1972, and similar experiments were carried
out. Results of sequential elevation scans between upper and lower PLS and CLS are shown
in Fig. 5 in an RTI presentation. Although the regions are similar in appearance they have
different slopes. The locations of maximum scattering corresponding to the RTIs are shown
in Fig. 6. The CLS region is coincident with the perpendicularity contour, as before, but
PLS is not. The PLS, in fact , is maximum where the maximum heating takes place, in this
case at 290 km. The droop of the scattering region to the north for PLS was observed con-
sistently. A more extreme case is shown in Fig. 7. For hf -.200 kin, PLS is observed at
approximately 200 kin; for hf 240 kin the scattering is observed at 24O km. In both cases
the northward droop is observed. It is seen that for these large angles-of—incidence to

~ 
( — 5—6 deg) no CLS is observed. For PLS, it was found that maximum backscatter was al-

ways determined by the altitude of maximum heating effects independent of the geometry rel-
ative to ~~~. Thus, PLS was determined to be much less aspect-sensitive than CLS. Whether
or not PLS is in fact aspect-sensitive at all, and if so to what extent, was not determined
by these experiments. We note that since PLS was always nominally at the altitude where the
heating frequency was equal to the local plasma frequency, PLS can be equivalently described
as a pair of sidebands at f ± f~ .

TIME-DEPENDENT BEHAVIOR

The only significant similarity observed between PLS and CLS was in their time-de-
pendent behavior. In both cases the scattering was found to be turned on and off very
rapidl y in response to turn-on and turn-off of the heater . A qualitative result is pre-
sented in Fig. 8. This f igure shows a CLS RTI in response to various square-wave modula-
tions of the heater power. A more quantitative result of a measurement of decay and rise
time of the scattering in response to sudden heater turn-off  and turn-on is shown in
Fig. 9. Prior to turn-off the heater was operating CW for a time period of the order of
minutes during which strong backscatter (i.e.,-.40 ds sHE) was being received . The data
consisted of digital samples, and the reduction procedure employed a form of spatial av-
eraging in which, for each received echo, the largest value of signal amplitude over five
range cells located in the center of the echo was selected . The results were plotted vs
time , and a least-square fit was made which is presented in the figure.

The overall response is seen to be complicated, especially in the regions immediately
after turn-off and at turn-on. For a rather long period of 27.5 sec, however , the least-
square estimate of the rate of change of received power is seen to be a perfect fit to an
exponential in time. Because of this it is of interest to interpret this decay in terms
of a diffusion model, since a function of the form n(x,t) Ae

_t/’
~ sin k x satisfies the

diff usion equation: 8

~n ~
2n

(1)

where ‘r = l/k52D. The interpretation in this case is that, for backecatter, the radar
signal selects that spatial Fourier component of the electron-density fluctuations whose
wavelength is one-half the transmitted radar wavelength. The amplitude , A , in the well-
known analogy to Bragg scattering, is proportional to the spatial frequency spectrum of 

-~~~~- - - - - - -~~~~~ - - ‘-- ——- -~~~~~~~~~~~~ -—~~~~~- —~~~-— - -~~~~ - - “  - - - - _ _
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electron-density fluctuations in a plane perpendicular to B evaluated at k5 2k 47r/)~,
where A = radar wavelength. Under this interpretation of the data, the signal decays
as if this Fourier component of the electron-density fluctuations smoothed out by proc-
ess of diffusion in planes normal to ~ with a diffusion constant, D, equal to
3 cm2/sec, where D is determined from the straight-line portion of the curve as shown.
We also note that this model predicts a decay time constant which goes as A 2. This in-
terpretation is in qualitative agreement with the trend which has been observed through-
out these experiments. That is , it has been found consistently that the observed rate of
decay is greater for scattering at greater radar wavelengths .

The CLS and PLS spectra were also observed to be quite similar. As discussed in de-
tail in Minkoff and Kreppel (1976), for both modes there were essentially three catego-
ries: (1) narrow band (—10 HZ spectral width); (2~ wideband (at least as wide as the
100-Hz unambiguous interval corresponding to the lO sec interpulse spacing in the trans-
mitted waveform); (3) composite structure, consisting of a narrow-band peak superimposed
on a flat wideband component. As discussed in the above quoted reference, these spectral
characteristics and the scattering geometry indicate that the mechanism responsible for
these PLS results are different from that responsible for the plasma—line scattering ob-
served at the Aerocibo Ionospheric Observatory (Gordon and Carlson, 1974).

Examples of spectra at VHF only are presented in Figs. 10 and 11. These figures show
average periodograms representing a total observation time of 2.5 sec each . The spectra
are representative of the scattering from separate independent range cells separated by
--4.5 km (corresponding to the 3O-~eec transmitted VHF pulse). A spectral broadening
with range is seen in Fig. lOa. In general, it was found that the scattering was most
narrow band at the southern periphery of the heated volume, although not to the same
marked degree as that shown in lOa.

PRO PERTIES OF THE HEATED VOLUME

Because of the narrow beamwidths, the WSMR radars were useful for studying the char-
acteristics of the heated volume. Significant differences were observed depending on
whether f~/f0F2 was greater than or less than unity. For fh/fOF2 less than one, the
heated volume was confined essentially to the heater beamwidth. However, for fb~

/f0F2greater than one many differences were observed. In particular, when the heater frequency
exceeded f0F2 penetration effects were observed. An example is shown in Fig. 12. This
figure presents an RTI during an azimuth scan with fixed elevation angle. The time inter-
mittencjes shown are the result of an on-off heater modulation and do not bear on this
discussion. The heated volume is observed to resemble a doughnut with penetration, and
therefore reduced heating effects, taking place in the center directly over the heater.
At this time the heater frequency just exceeded f 0 F’2 ,  the penetration took place di-
rectly above the heater, and the scattering was very weak. At the periphery of the heated
volume, however, because of the secant factor, penetration did not take place and back-
scatter was observed. In addition, for 

~h> 
fQF2 the heated volume was observed to be-

come significantly spread out in an east—west direction. An example is shown in Fig. 13.
It is interesting to note that, in addition to the maximum which takes place at the loca-
tion of the heater, an additional maximum during the spreading was observed at an angle of

— 13 deg, which is exactly in the plane of the magnetic meridian . This effect can probably
be explained by detailed ray-tracing calculations.

SCATTERING MORPHOLOGY

In order to develop a scattering model of the heated volume, it was necessary to de-
termine whether or not the scattering was taking place from field-aligned irregularities.
For this purpose and experiment employing a mobile aircraft—based bistatic receiver was
carried out . The basic concept of this experiment is as diagrammed in Fig. 14. For a
field—aligned irregularity of length L the scattering in a plane containing B is con-

fined to an angle on the order of ~. However, in the perpendicular (east-west) direction

the scattering would be greatly spread out in comparison. In this experiment, the air-
craft flew on a north-south flight path and measured the extent of the scattering region
over the ground , Having located the region, the aircraft then flew to the west to deter-
mine the westward extent of the scattering , one such experiment employed 15 and 30 MHz
radars operated by the Raytheon Company in addition to the RAM VHF/UHF radar. Figure 15
presents a result at 15 MHz. It is seen that the north-south extent of the scattering re-
gion is of the order of 150 km. In the orthogonal direction, however, it is seen that
scattering was observed as much as 600 km to the west of the north-south path, at which
point the aircraft wag forced to turn back because of fuel considerations. A similar
result to the east would presumably also have been observed. Thus it was determined that
the scattering was taking place from field-aligned irregularities. Good agreement has been
obtained between the observed north-south location of the scattering zone and that obtained
via ray-tracing calculation (Minkoff et al., l974b).

SCATTERING CROSS SECTION (cLs)

The per-unit-volume scattering cross section is an interesting quantity both for coni-
munications applications as well as for describing the physics of the phenomena . For an
underdense plasma, under the Born approximation, Booker (1956) has derived the per-unit-
volume differential cross section ,

- ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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a = r52I
~ nI2 S(k

~ ik~~
k1) (2)

where re is the classical electron radius, IAn i2 is the variance of the electron-den-
sity fluctuations and S(k~,k~,k2) 

is the wave-number spectrum of the electron-density
fluctuations. For aspect-sen*itlve scattering we visualize long, thin columns of ioniza-
tion aligned with ~~~. In this case, the spectrum can be written separably (Minkoff, 1973)
as: S SLST where the longitudinal and transverse spectra SL and ST describe the
spatial—frequency content of the electron-density fluctuations parallel and perpendicular
to 1, respectively. SL and S~ are characterized by the longitudinal and transverse
coherence lengths, L and I, W~iich are measures of the dimensions parallel and perpen—
dicular to P over which collective scattering effects take place. For reasonably small
angles-of-incidence , a, to the magnetic field the longitudinal spectrum, which has an
angular width A/L and describes the aspect sensitivity of the scattering, takes the form:
SL(2ka).

The remaining quantities we denote collectively as the backscatter coefficient which,
for statistical fluctuations in the electron density axially symmetric with respect to
~, takes the form:

b(k) re
2 1~nI2 s

T(2k
) (3)

b(k) is thus a per-unit-volume measure of the magnitude of the Fourier component at X/2
of the electron-density fluctuations .

Measurement of SL is, in general, difficult since it requires excessively high
angle resolution (Mirtkoff, 1973). For these experiments it was only possible to deter-
mine that L was greater than the diameter of the RAN antenna, 26 m . Thus, complete
specification of the scattering cross section is not possible. It is, however, possible
to calculate the received power in terms of b(k ) alone , independently of precise knowl-
edge concerning the aspect sensitivity. It can be shown (Minkoff , 1974) that:

ITPTD 3b(k )A
R BR~

where and 
~R 

are the transmitted and received power, D the effective antenna di-
ameter, t~ the range resolution cell, and R the range; in this expression beam filling
in azimuth is assumed.

A calculation of b(f) (f = ~~~~~, c = speed-of-light) representative of maximum CLS
backacatter for these experiments ~s presented in Fig. 16. (Insufficient data were ob-
tam ed for similar PLS calculations .) No scattering was ever observed at 1.300 MHz. The
symbol Q denotes the ANR.AD minimum detectable signal which falls just above the extra-
polated tail of the curve, In addition to backscatter measurements, b(k) is also use-
ful for calculating received power in bistatic geometries since, for an axial bistatic
ang le ~~~, (=ir in backscatter ) b(k) takes the form (Minkoff, 1973):

b(k sin = re2IA nt 2 sT(2k 
sin 41.) (5)

Thus, the bistatic power for an angle ~ can be predicted from backscatter measurements

by considering an equivalent frequency f~~ = f sin From the shape of the curve ir
Fig. 16, it is seen that, for fixed f, tEe bistatic cross section is larger than the
backscatter cross section. This was verified experimentally (Minkoff, 1974).

In addition to calculating scattered power levels, b(k) is also useful for calcu-
lating the ring fractional electron-density deviation. This is obtained by making use of
the normalization:

f f  ST(kylkz)dkydkz = (27l~)2

which for axial symmetry of S
T becomes :

kS~1~(k)dJc 2ir

Hence if ,

m f kb(k)dk (7)

then 0

2m/nre
2 (8)

The calculation of in from Fig. 16 is discussed in Minkoff (1974). A value

in — 2,52 X lO 2 is obtained from which t~n I2 = 2 X 1019 (el/m 3)2 . The fractional

I- ~~~JA ---—-— --- -- - —-~ ----~~~~~~
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deviation (Icnhz/n 3)1/2 is also of interest. This is dependent on the value chosen for
n which, however, can be related to the heater frequency 

~h since maximum heating takes
place where 

~h 
is equal to the local plasma frequency f~. Taking 6 MHz as a represen-

tativ, value, for which in 4.5 X l0’~ el m 3, we obtain 1~nW — iO~~ for an risefractional deviation of 1%. Since for all the experimental results presented here the
mini.ia value of 

~h 
was about 5 MHz we obtain the maximum fractional deviation by choos-

ing the corresponding value of n, 3.1 )‘ 1012 el m 3, for which the m s  fractional de-
viation i. 1.5%.

Now we note that variations in I~nI 2 result in an upward or downward shift in the
curve of b(f).__the shape presumably remaining the same . This enables upper and lower
bounds on f A n I 2  for these experiments to be easily estimated since a shift by x dBresults simply in a change in iAn (2 by a factor of 10O~X• Choosing for x the val-
ues ± 5 and + 10 we obtain the dashed curves shown in Fig. 16. The results of this anal-
ysis are summarized in Table II. It is seen that, unless ST takes a sudden unexpected
increase below 40 MHz , for these experiments a reasonable upper bound on the mine frac-
tional electron density deviation under the maximum heating conditions is 2.6%, and thatvalues as large as 4% or 5% were probably never achieved.
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TABLE I. EFFECTS OF VERTICAL DISPLACEMENT OP b(f) ON VALUES OF

( J A n ~ 2 )1/~ and (JAn I 2/n2)i/2

( ]7,~n~ 2/n2) 1/2 (~~ r_ c;~~~

x (dB ) (IAnI2)1/2 (ci m 3) 
~h 

6 MHz (max , values)

10 1.4 )( lO’° 3.2 4.6 Too large
5 8.0 )( 10° 1,8 2.6 Upper bound

0 4.5 X i09 1.0 1.5 Average value

—5 2.5 ~< 10° 0.6 0.8 Lower bound

TABLE II , LIST OF EXPERIMENTS

EXPERIMENT TRANSMI TTING RECEIVING SITES AND
DATES SITES FREQUENCIES

June 1971 RAM RAM - VHF/UHF
DUCK (HF )* AC - VHF/HF

July 1971 RAM RAM - vHF/UHF
October 1971 RAN RAM - VHF/UHF

January 1972 RAN RAN - VHF (f ± fh)/1JHF
(includes X-mode observations at VHF)

February 1972 RAM RAM — VHF (f ± fh)AflIF (f ± fh)
AC - V HF

April — May 1972 RAM RAM — VHF (f ± 
~h

)/
~~~ 

(f ± 
~h)Santa Fe Site — VHF

El Centro Site-VHF
AC - - - VHF

August 1972 RTMS RTMS - VHF/UHF

December 1972 RTMS RTMS - VHF
February 1972 RTMS RUMS - VHF/UHF
September 1973 RTMS RUMS - VHF/UHF

* DUCK Site 10 miles east of RAN

f ± 
~h 

denotes plasma-line observation, AC denotes aircraft-based bistatic
receivers.
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TEST DATE : 7 FEBRUARY ‘72
APPROXIMATE TIME : 18:30 MST

~T~~
29db$m

GROUND - -

CLUTTER -

~~ 

- - - 157.5 MHz

~ 8 dbsm
435 MHz

GROUND
CLUTTER

SWEEP SPEED • I muc/cm
VERTICAL DEFLECTION 25 db/cm
ELEVATION ANGLE • IS dig

dbsm

UPPER 
157.5 MHz+f H

PLASMA — a’1~~8dbsm
L I N E  

~~~~~~~~~~~~~~~~~ 435 M H z + f H

Fig. 2. A—scope presentations of typical large center-line and plasma-line radar
echoes from the heated volume under optimum scattering conditions (150 ~~~
elevation angle, hf~~290 kin, heater power~~2 MW). The thicker base-line trace
in the vicinity of the echo is due to an image intensifier in the oscilloscope.
Note the absence of ground clutter in the plasma—line A-scope trace r the
spikes shown on the ends of the trace represent leakage of the transmitted
pulse into the receiver, ap is the ordinary radar cross section calculated
from peak values of received power (not properly normalized with respect to
per—pulse scattering volume).
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DATE : 13 OCTOBER 71

TIME : I9:I2—1 9:15:45 MDT
RADAR : RAM—UHF
PULSE WIDTH : IO~i.sec
EVENT : ELEVATION SCAN FROM 8° TO 23°

AT A CONSTANT AZIMUTH ANGLE OF 80

ELEVATION RAT E O.5Odeg/sec

SLOPE FOR HOR I ZONTAL —
~~~~ ~~~
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Fig. 3. Results of UHF elevation-scan experiment indicating a planar sacttering regionaligned with C~ .
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rig. 4. Reuulsts of analysis of experimental measurement shown in Fig. 4, determining
the orientation of the locus of points of maxtmum scattering in relation to
the direction of the geomagnetic field, B. From these results it was first
determined that the locus of points of maximum backscatter for the center-
line iicde coincides with
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1 350 ~• LOWER PLASMA L I N E
0 UPPER PLASMA LINE
X CENTER LINE

(435 MHz)
PERPENDICULARITY CONTOUR

300

~ 250 -
UI
0

I-

ti
4

200 I

750 800 850 900 950

Fig. 6. Locations of Loci of maximum scattering for experimental results of Fig. 5.
The perpendicularity contour, C~, shown in this figure was calculated from
a 99-term spherical-harmonic expansion of the geomagnetic field (Thome and
Blood , 1974). The locus of points of maximum scattering for the plasma-line
measurements intersects Cj, at an altitude of 290 km but i~ otherwise com-
pletely distinct from C1. This indicates that (a) plasma -line scattering
is much less aspect sensitive than center—line scattering, and (b) the loca-
tion of the scattering region from the center line is determined by hf,
independently of the geometry relative to B. At this time hfo~290 km.

350 25 APRIL ’72
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10’16 MST, HEATING ALTITUDE’ 208km
TOP NUMBERS INDICATE APPROXIMATE SNR IN db FOR UHF
BOTTOM NUMBERS INDICAT E APPROXIMAT E SNR IN db FOR VHF

300 

~~~~~~~~~~~~~~~~~~~~~ PER PEND ICU LAR I T Y
CONTOUR

THE ABSENCE OF THE NUMBERS INDICATESTHAT THE VHF PLASMA
L I N E  WAS NOT OBSERV ED

250
4
A 5
‘

~~ A ~ 3.5 TO 4.8 deg. OFF
~ 1 PERPENDICULAR
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5.3TO6.2deg OFF
PERPENDICULAR I - .

200 
CONTOUR o ’  6 1

750 800 850 900 950

Fig , 7. Location of VHF and UHF plasma-line scattering regions as functions of hf. :~No center-line scattering was observed at this time Note that the scat-
tering at UHF is stronger than at VHF. Triangles are data points for
h~~m220 km. Circles are data points for hf~~208 km.
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HEATER OPERATING WITh VARIOUS MODULATIONS
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Fig. 8, VHF RTI showing time—response of scattering cross section to various on—off
square—wave ncdulations of heater power.
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Fig. 9. Result of least—square fit to RAM VHF backscatter, in response to step—func-
tion heater—power variation , Experiment date: 5 May 1972 (GMT). 
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VHF AZIMUTH SCANS
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Fig, 13. Illustrationof observed east-west spreading of heated volume for f~.,/f0F2 > 1,Note the second peak at 13° in the lower figure, for which radar line—of-sight
wa~ exactly in the plane of the magnetic meridian.
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Fig, 14. Diagram of experiment using aircraft-borne, bistatic receivers.
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ON THE IONOSPHERIC MODIFICATION EXPERIMENT PROJECTED AT MPI LINDAU :
SCIENTIFIC OBJECTIVES

P, Stubbe and H. Kopka
Max-Planck-Institut für Aer&,nomie, 3411 Katlenburg—Lindau 3,

F,R, Germany

SUMMARY

An ionospheric modification experiment is planned by the Max-Planck--Institut für Aeronomie to be carried
out near Troms~, Norway. The scientific objectives include (a) the study of parametric instabilities , for
which the EISCAT incoherent scatter system will be a highly flexible diagnostic instrument. (b) of non-
linear electromagnetic wave propagation effects, especially in relation to the polar electrojet, (c) de- -

termination of certain parameters of aerononiic interest, (d) modification of natural polar electrojet
Instabilities , and (e) extension of the diagnostic capabilities of the EISCAT incoherent scatter facility.

I. IN TRODUCTION

An ionospheric modification experiment is planned by the Max-Planck-Institut für Aeronomie to be carried
out near TromsØ, Norway. This exper imen t, which would be the third of its kind , derives its motivation
from (a) the special ionospheric conditions in the auroral zone and (b) the extraordinary accumulation of

-• highly valuable diagnostic equipment in the TromsØ area, the most important being the tristatic two-fre-
quency steerable EISCAT incoherent scatter facility .

Some basic data on the site and on the experiment are listed in the fol l owing table:

LOCATION Troms$, Norway
0G = 69.6°N, AG = 19.0

0E
67.1°N, I — 78°, 1 = 6.2

EXPERIMENT Frequency 2.75 - 8.00 MHz
Power 1 M W
Antenna gain > 22 dBi
ERP > 150 MW
Construction period 1976 — 1978

2. AVAILABLE DIAGNOSTIC EQUIPMENT

Before outlining the scientific goals , it may be appropriate to briefly describe the available main dia-
gnostic equipment. It should be mentioned that most of this equipment has been or wil l be bu ilt indepen-
dent of our experiment, but that In all cases a close cooperation has been agreed upon .

a) EI SCAT Europea n Scatter Fac ility

The EISCAT Incoherent scatter facility will consist of two Independent systems, a tristatic UHF system

• (933 MHz) with the transmitter at TromsO and receivers at TromsO, Kiruna (Sweden) and Sodankyl~ (Finland),
and a monostatic VHF system (224 MHz) at Tromsø. The UHF transmitting antenna w il l (most likel y) be fully
steera ble , the VHF antenna will (probably) be steerable in the magnetic N-S-meridian. The basic data are
sunznarlzed in the fol lowing table: •

~~~~~~~~~ •~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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UHF VHF
Frequency 933 MHz 224 MHz
Wave length 0,32 m 1.34 m
Average power 250 kW 300 kId

Peak power 2 M W  5 M W
Pulse length 2Ous — 1~as 20u.s — lms
Antenna ga in 48 dB 44 dB

b) Partial Reflection System (A. Haug, University of Tromsø)

The partial reflection system presently in operation has a frequency of 2.75 MHz. An extension to one or
two higher frequencies is planned in order to expand the height coverage and to achieve an overlap with
the EISCAT measurements.

c) VHF—Pulse-Rada r (R. Greenwald, MPI Llndau)

This radar consists of two independent monostatic systems, operating at 140 t’Ilz, located at Trondhelm
(Norway) and Sauvamaki (Finland). The azimuthal range covered is 28° with an angular resolution of 3,50, —
The radial resolution Is 7.5 — 15 km. corresponding to a pulse length of 50 - 100 1.&sec. The radar alms at
polar electrojet instabilities.

d) VHF—CW-Radar (P. Czechowsky, MPI L indau )

This system operates at 145 MHz. The transmitter is located at Borl~nge (Sweden), the receiver at Lycksele
(Sweden). The receiving antenna covers an azimuthal range of 90° with a resolution of 100. The two radar
systems are complementary with the pulsed system giving distance information and the CW system affording
a better frequency resolution.

e) Airglow Photometer (G. Lange-Hesse and H. Lauche, MPI L indau)

• The photometer will be designed to scan a circular area with a radius of 300 km in the F region and a re-
2 °solution of 8 x 8 km - The main purpose will be to measure the 6300 A and 5577 A intensities , but searches

for other lines are also intended .

f) Narrow-Beam—Riometer (E. Niel son, MPI L ind au)

This riometer works at a frequency of 51.4 MHz. Its antenna has a beam width of 160 which agrees closely
with the beam width of the heating antenna. Thus, the riometer sees the same area in the D region which
is modified by the heater.

g) Dynasonde

The dynasonde will be part of the heating facility . It will be used for real time monitoring of the iono-
spheric state during a modification experiment and for determining electron density profiles , ionospheric
absorpt ion , echoloca ti ons , ionospheric response times , echo spreading and scintillatlons .

The locations of the diagnostic instruments specified above are shown In FIg. 1.

3. SCIENTIFIC OBJECTIVES

Two of the scientific objectives will be described In some detail , while the others will only be briefly
sketched.

a) Study of parametric Instabilities

The electromagnetic heating wave (w0. ~~,
), if above a certain threshold and In the ordinary mode, feeds

part of Its energy Into an electron plasma wave (w1. k1) and an Ion acoustic wave (we, ~2~
’ This process,
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the so called decay instability , is subject to the frequency and wave number matching conditions

~~~
= w~ +~~ ( la)

~ ~~~~~ 
(ib)

A radar is abl e to detect these enhanced electron and ion fluctuations, if the Bragg condition

(2)

is satisfied with k belonging to the plasma wave under consideration and k~, ~~ 
denot ing the wave vectors

of the transmitted and received radar signals, respectively. For monostatic operation we have !. = —

so that k — 2kt. Thus , the radar sees , out of the full angular and frequency spectrum of the enhanced
plasma waves, just one spectral component. Its direction of propagation is determined by the radar geo-
metry, its wavelength is determined by the radar frequency.

It is desirable, therefore, to have a radar system which allows observations at different frequencies and
under different angles. The EISCAT system offers this flexibility . Let us first discuss the possibilities
provided by the monostatic VHF system and by the UHF system in monostatic operation:

Since both the radar and the heating beams will be steerable, it appears that one can study parametric
-

• 
instabilities in the full available angular range. This is not necessarily so, however. If we insert into
(1) the dispersion relations w(k) for electromagnetic, electron pl asma , and ion acoustic waves and further-
more assume a l inear Ne(z) profile, we find that the altitude at which the radar sees the plasma fluctua-
tions is given by

• T f2
Z

R 
— - H • 2 io-6 e R (3)

1000
H

with H the linear electron density scale height (Ne Nmo (l + 
~~~~~ 

z0 the height at which the heating
wave is reflected for vertical incidence, 

~R 
the radar frequency , and 

~H 
the heating frequency. Some typi—

cal val ues for z0 — ZR are given in the following table (Te = 2000 K):

fH(MHz1 2.75 4,00 6.00 8.00

— 224 MHZ H 25 km Zo
_Z

R(km l 0.66 0.31 0.14 0.08
(VHF) H - 50 km zO

_Z
RIkm j 1.33 0.63 0.28 0.16

H =100 km ZO~
ZR(kI5] 2.65 1.25 0.56 0.31

= 933 MHz H = 25 km ZO -Z R [kmj 11.5 5.4 2.4 1.4
(UHF) H = 50 km Z O—Z R [ km]  23.0 10.9 4.8 2.7

H =100 km ZO-ZR(km ] 46.0 21.8 9.7 5.4

One has to make sure that the heating wave Is reflected at an altitude z > Z p which prohibits propagation

at la rge ang les i~~ with respect to the vertical . This Is illustrated In Fig. 2.

In the VHF case ZO
_Z

R Is very small. Consequently, the maximum allowed 
p is roughly given by the Spltze-

angle *~ -it~f ‘~H

L 

— arc Sin {
~ 

~ cos I} (4)

~

‘

~~~~

L’

~~

H

- Ä  _ 
- - 

_
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with 
~L 
• 1.4 MHz the gyro-frequency and I = 78° the dip angle. For in the range 2.75 to 8.00 MHz,

ranges from 6.90 to 4,6°, a typical value being 6°. Thus, the angular range ~* with respect to the meg-
netic field is approximately

VHF: 6° < ~~ < 18° (5)

Thi s Is, however, a very careful estimate. In reality the angular range may be a few degrees wider, par-
ticularly for lower heating frequencies.

In the UHF case, the maximum allowed cp exceeds p~ considerably. For a rough estimate we enploy the sec-law of obl ique propagation, again in conjunction with a linea r Ne(Z) profile. Thereby, we obtain the
following relation between the propagation angle p and the reflection height Z

2 Z0 Z
si n p  = —

~~~~~~~ - (6)

Inserting (3), the max imum allowed 
~ 

follows to be

T f 2

UHF : sIn 2q0 — 2.10
-6 

~~~~~~~ ...
~~~~ (7)
H

With Te = 2000 K, = 933 MHz and 
~H 

ranging from 2.75 to 8.00 MHz, ~~ ranges from 43° to 14°. Thus,
with respect to the magnetic field, we have

- 31° < w* < 550 for 
~H 

2.75 MHz
UHF: (8)

- 2 < p’I’ < 26° for 
~H 

= 8.00 MHz

The accessible p- r ange in the monostatic VHF and UHF cases is illustrated in Fig. 3.

Next let us look Into the case of UHF operation using the remote receivers. The height ZR at which the
radar sees the enhanced plasma waves is now given by

—6 2 T f 2
Z
R 

= Z0 - H 2.10 cos e ~~~ —~~ (3a)
H

where e is half the angle between kt and ~~~~. Thus, the maximum allowed propagation angle of the heating
wave is

2 -6 2 1 
~Rsin = 2.10 cos e -i

~tgy 
~~ 

(7a)

Evaluating (7a) together with the geometric conditions of the transmitter-receiver-setup (see FIg. 4), we
arrive at the following maximum allowed values of 

~~ ~~max ’ which , by accident, are approximately equal
for Xl runa and Sodankyl~:

‘~ max 62° for 
~H 

= 2.75 MHz

UHF: (9)
‘~ max ~ 41 for 

~H 
= 8.00 MHz

These values relate to a backscatter altitude of 250 km.

SallnarIzing, we may say that the EISCAT facility Is a very well suited Instrument for Studying parametric
instabilities. The angular spectrum with respect to the magnetic field ~nay be scanned up to angles of at

_ _ _ _ _ _ _ _ _ _  - -
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least 41°, at best 62°. EspecIally important, smell angles down to q
~= 0 are inc~uded , so that extremely

strong lines in the backscatter spectrum are to be expected. According to Perkins, Oberman and Valeo (1974),

this small angle scattering should exceed the level observed at Arecibo by a factor ~~~

b) Study of nonl inear wave propaga tion effects

In addition to those nonlinearities which generally occur in a sufficiently strong D region (Ginzburg and

Gurev ich , 1960), there is a special electrojet nonl inear ity that deserves particular attenti on . Suppose
we heat the ionospheric region which carries the polar electrojet (PEJ). A change in the electron tem-

perature Te causes a change in the Pedersen and Hall conduct iv i t ies and , thus , in the PEJ current density

~,. If we now switch the heating wave in an on—off—cycle, we periodically change Te and j (see Fig. 5).Thereby, the dc current obtains an ac component, so that the heated ionospheric area is turned into a
huge antenna radiating at a frequency corresponding to the pulse repetition rate and its harmonics . We
want to roughly estimate the power radiated by this D region antenna” .

First, we ca lcu late the full  electron temperature increase 
~
Te which relates to heating times long com-

• pared with the characteristic time ‘r. Heat production is determined by the absorption rate of the heating

wave, heat loss is mainly governed by rotational and vibrational excitation of N2 and 02. With the corre-

sponding loss rates taken from Stubbe and Varnum (1972), the resulting non—linear energy equation is nu-
merically solved .

Second, we calcula te the Pedersen and Ha l l conduct iv iti es , o~, and °‘d’ for the electron temperatures Te = Tn
(before heating) and Te T~ + 

~
Te (saturated heating). This gives us the full overhead current density

change (again relating to heating times long compared with t)

= (OP,H(I n+~Ie) - 0P,H(mn)l E (10)

with E the horizontal electric field. For the radial dependence of ~j we ass ume

= ~i0 exp (-  !_ ~ ) (11)

(see Fig. 5) with r0 = z tga (z = altitude , a = half width of heating beam). The subscripts P, H have now
been dropped for convenience.

Third, we calculate the amplitude of the periodic current density variation , ~
j1. The maximum possible &j1

is -
~~ ~J, but for a pulse repetition rate f not small compared with l/t Aj1 i s smal ler:

&11 =~~ &J (1- exp(-~~4~)J (12)

Fourth, we calculate the current ampl itude AZ . With x and y the coordinates perpendicular and parallel to
8j~, respectively, we easily find

AI (y) = 

~ 
JJ  dx dz &j0(z) exp(- 

~~~ 2 
~ - exp(- 4fT~Z)~~ 

(13)

or, af ter replac ing r0 by z tgo and carrying out the Integration over x:

AI(y) = ~~~tgci Jdz z &J0(z) exp(- ~~~~~~ 
(1 - exp(- 4~4(Z)~ 

(13a)

Fifth , we calcula te the average of hI(y) over the length 2r , XT. For r we ta ke the va lue at z - z

~~~~~~~

A l t

mex t
hTltude

~~~
rTo

(zi.

has its rnaxirnurn. We therebY obtaln 

•

~~~

. •

~~~

•

~~

•. 



~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ r- -

~ _L~ 
dy ~ tga J dz z &j0(z) (1-exp(- 4f~(z)~~ 

(14)

Sixth , we assume that XI constitutes a line current flowing at altitude Zmax in an “antenna ” of length
2r0 = 2 Zmex tga. We treat this “antenna ” as a Hertzian dipole In free space (thereby neglecting ground
reflect ion , ducting and guiding of the radiated VLF wave), which has the radiation resistance

2 ~~ ax tga 2 Z~ax f
2 tg2a vR5 =80 n 2 — 320 it (~~~ ] ( 15)

A c

Thus , we arrive at the following expressions for the radiated power

Pv
~
4
~~

R5 XT
~ 

(16)

or 2 2 4
P 10 ~ 

Zmax f tg a 
dz z Aj0(z) (1 - exp(— 4f~(z )~’] 

(16a)

The assumption of a Hertzian dipole breaks down for f > iO~ Hz. We have based the results to be shown in
the following on equ. (16a). For f >> l/t(zmax), however, one may carry the approximation one step further.
Taking a parabolic profile for

— . r z
~
zmax 2

• 4~~(z) — 
~~~~~~~~~ ~

1 - ( V 
)

one obta ins
z4 y2 ~

2j tg4a
P~~~~~Tt

4 max 
2 z 

max (18)
t( max)

Note that the right hand sides of (16a) and (18) ha”e to be multiplied by 1V/A . P is now frequency inde-
pendent since the frequency dependencies of Rs and cancel each other out. For values of f not obeying
f >> l/t(z~~~)~ the frequency dependence of R5 predom ina tes . Therefore , for lower frequencies, P decreases
with decreasing f.

We have not yet performed a complete case study to the efficiency of the “PEJ - D region-antenna ”. The re-
sults of one particular example, however, are shown in Figs. 6 and 7. We see from FIg. 7 that for fre-
quencies above about 5~1O~ Hz a radiated VLF power of the order 100 VA can be expected. It remains to be
Investigated whether this is enough to cause secondary effects like particle precipitation due to stimu-
lated pitch angle diffusion of trapped particles.

C) Determination of aeronomic parameters

Ohmic and anomalous heating of the ionosphere lead to a number of phenomena which can be used for a deter-
mination of certain parameters of aerononiic interest (Mel tz and Perkins , 1974, and pa pers referenced there
In). Pjnong those are chemical rate coefficients, energy transfer rates, neutral wind velocities , and air-
glow quenching rates. The availability of a partial reflection system will make it possible to determine,
as a function of altitude and electron temperature, the reconibination rate in the 0 region . This appears
to be an especially attractive application.

d) Modification of natural plasma instabilIties

Both the type I (two stream) and type II (gradient drift) electrojet instabilities depend , through their

I; 

thresholds and growth rates, on the electron temperature (e.g. Sudan , Ak inr lm isi and Farley, 1973). To be

_ _ _  
LA
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more specific , the minimum required electron drift velocity across B is larger for larger electron tem-
peratures in both cases. Thus, by altering the electron temperature, one may affect the instabilities ,
the ultimate being a disruption. This possibility of having an active influence may add new prospects
to the study of PEJ instabilities.

e) Extension of the diagnostic capabilities of the incoherent scatter system
The excitation of parametric instabilities leads to a number of additional lines in the incoherent back-
scatter spectrum (e.g. Carison , Gordon and Showen, 1972) which bear some additional information on the
macroscopic ionospheric plasma parameters: The frequency difference between growing mode and decay line
contains additional temperature information , the frequency asyninetry between upshifted and downshifted
plasma lines yields the electron drift velocity , and the plasma line decay time after switch-off allows
to determine the electron collision frequency. Particularly important appears the determination of the
electron velocity. Since the ion line gives the same kind of information on the ion velocity , one can
now measure the fiel d aligned current strength, a highly valuable quantity for studying ionosphere-magne-

tosphere interactions.
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DISCUSSION

E. Thrane: When estimating the electron temperature resulting from the heating , what
assumptions did you make about the electron cooling process ?

P. Stubbe: We assumed the electron gas t~ be cooled by means of rotational and vibra-tional excitation of 02 and N2

-  -~~ -
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ON THE IONO SPHERIC MODIFICATION EXPERIMENT PROJECTED AT NP ! LINDAU :

PRACTICAL REALIZATION

H. Kopka, P. Stubbe and R. Zwlck
Max-Planck-Institut fUr Aeronomle, 3411 Katlenburg—Lindau 3,

F.R.  Germany

SIJI MARY

This paper outlines the technical design of the ionospheric modification experiment described In the pre-

ceding paper. The heating facility will consist of 10 100 kW transmitters, feeding into arrays of 5 x 6

corssed dipoles. There will be three such arrays to cover the frequency range 2.75 - 8.00 MHz .

1. INTRODUCTION

To produce the ionospheric modifications described in the preceding paper, one needs power dens iti es of
the order

2 m W/m2 at 80 km height (D—reglon)
0,1 m W/m2 at 300 km height (F-region)

These densities correspond to an effective Isotropic radiated power of about 150 MW. In practice, of course ,
the powe r is radiated upwards to the region where it is most effective, rather than isotropically. Thus the
required power densities in the region where they are needed are achieved with an upward directed beam
using high gain antenna arrays and transmitter of much l ower power.

The appropriate antenna gain is determined by the propagation conditions , by the region which can be ob-
served and by the spatial resolution of the diagnostic equipment.

For the most interesting F-layer effects, the excited plasma instabilities , only those rays are effective
which reach a level of reflection at which the ‘heating ’ frequency is equal or very near equal to the lo-
cal plasma frequency. Within the magnetic meridian plane this Is given by those rays which produce the
“spitze’ phenomena. For the geomagnetic conditions near Tromsø this leads to a beam width for the antenna
array of about + 60.

The beam width of the modifying array for effects within the 0-region is determined by the beam width of
the diagnostic equipment, which involves mainly partial reflection measurements. This implies a circle
of 25 km diameter at D-region heights or a beam width of + 100. As a compromise we decided on a beam
width of 8.5°; that Is, an antenna gain of 22—23 dB. With this gain , a total transmitter power of 1 MW is
required .

For the modification experiments one needs - depending on the type of modification - to be able to select
either of the two characteristic waves. Thus the antenna must be able to produce circularly polarized
waves with either sense of rotation. This can be done most easily by using crossed linear single antennas ,
with a phase difference of 900 between each corssed pair. An antenna gain of 22-23 dB ~an be realized with
an array of 5x5 crossed pairs of single half wave linea r antennas , including the ground reflection.

The frequency range is fixed at the lower end at twice the gyrofrequency; i.e. 2,75 74~z. At the upper end
the frequency must reach the maximum value of f0F2, which for 1978-1982 is estimated to be about 8 MHz.

- -~~ ~~•~~~~ •~~~~• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • • • • • •~~ • • ••
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2. Transmitter

The powerof 1 I’%i could be obtained from a single transmitter. But the problems of distribution with the

correct phase over the total frequency range, Including maintaining the 90° phase difference , are formi-

dable. The 90° phase difference could be obtained by using two transmitters but the distribution of high

power with correct phase over a wide frequency band to 25 single antennas still presents a major techni-

• cal problem. Further, the construction of 500 kW transmitters Is beyond our experience and because of the

high cost the purchase of comercial units is out of question. We therefore decided to use 10 transmItters

each of 100 KW. Two transmitters feed each row of 6 crossed pairs of linear antennas (a 5 x 5 array ful-
• fills the power requirements but a 6 x 5 array makes the Interconnections simpler) with one linear an-

tenna of each pair fed from one transmitter and the orthogonal linear antenna fed from the other trans-

mitter. The 90° phase shift between the two halves of each row is made at the transmitter input side of

the system.

The use of 10 transmitters has two important advantages in addition. First it makes it very easy to shift

the antenna beam in the plane perpendicular to the row direction merely by varying the phase difference

at the inputs of the transmitters connected to the 5 rows. Secondly it makes it possible to transmit two

frequencies simultaneously by dividing the transmitters and rows into two groups and using two frequency

generators. Thus the planned double frequency experiments become very easy. Fi g. 1 shows the diagram of

a transmitter. It is a linear class AB amplifier , using a solid state wide band exciter and driver (dri-

ving power 1,5 1(W), so that only the transmitter output section has to be tuned and matched . The output

n - L circuit is designed for a VSWR c 2:1, output impedance 50a and 40 dB harmonic suppression.

Due to the coupling between the antennas the antenna input impedances change for all antennas , if at one

row the matching conditions, i.e. the input current of its antennas is changed. By a computer simulation
for the antenna array (based on the Hallben integral equation (1], (21) we have found , that the process
of tuning and matching converges within ~ or 5 steps by tuning and matching the transmitters one after
another (during tuning and matching ~1 one transmitter the nine others are fixed) and repeating the whole
procedure, after tuning and matching the series of ten.

The tuning and matching are done by an automatic control . The control units are based on a conventional
technique , using a phase discriminator between grid and anode voltage and a voltage discriminator between
the output terminal and a certain part of the anode of voltage.

The tun ing elemen ts are controlle d by spec ial equ ipment, after they have been preset to approximately
correct positions for the selected frequency by a small minicomputer associated with the Dynasonde (see
basic diagnostics). The same minicomputer controls the sequence of successive transmitter tuning and
matching and its Iteration. A flow diagram of the control system for each transmitter and for the total
system is shown in Fig. 2 and 3.

3. Antenna

As useful antennas for the full frequency range of 2.75-8 MHz we first considered log, periodic antennas
arranged as crossed pairs with 25 paIrs in a 5 x 5 array. Each log, periodic antenna should radiate down-
wards and be reflected at the ground. This cequires that the radiating region of the log, periodic antenna
should always be about 0.25)’ above ground. The spacing between the antennas should be 0.4)’ at the lowest
frequency. Although it Is possible to construct a single log, periodic antenna with these properties
(
~ 0,25)’ height, radiation downwards) with a max. VSWr < 2:1 over a frequency range of 3:1 this Is no
longer true for a large log, periodic antenna array (31, (41. In an array the mutual coupling between the
different a ntennas produces strong resona nces In the frequency range , especially at frequencies at which
normally the transition from one main radiating element to the next (using a coarse structure) would
occur. In the case of an array either the VSWR would be much higher than 2:1 or the Jog, periodic struc-
ture must be made much finer by using a smaller apex ang le , which means using higher antenna towers.

• Cost estimates have shown, that it becomes cheaper to use three narrow band antennas in the form of arrays
of simple folded dipoles or parallel wire full wave dipoles. To cover the frequency range of 2.75 - 8 MHz

— •  _ _ _



the range is divided into three parts each with a relative bandwidth of 37%. A bandwidth of 37% can be
covered easily either with folded dipoles (Fig. 4) (41 or fuliwave dIpoles with frequency compensation.

Calcula tions show that the VSWR for these “narrow band” antennas is better than 1.6:1. Further the re-
quired height for the lowest frequency band is 22 m , which is considerable less than the 30 in for the
log, periodic antennas envisaged previously (and this was for an Isolated log, periodic antenna and not
for an array).

Additionally, the Inter—element spacing within each array varies by only 37% over the frequency band, so
that the spacing can be such as to give almost maximum gain over the whole band (Fig. 6). In this way
we get an ava rage addi t iona l gain of about 1,5 dB.

On the other hand, of course, we need three tImes the number of baluns , power dividers ,approximately 2.5
times the length of cable and additionally 30 coax-switches. But fortunately, due to the na rrow band
requirements of the baluns and power divider it is possible to use simple line elements and A/4 transfor-
mers, instead of the very expensive wide band ferrlt core baluns and transformers. The input impedance of
a single antenna (folded dipole or full wave) is approximately 500-6000. It is rather complicated to
make line baluns for these impedances using conventional coaxial cable for the feeder system. Instead, we
connect a pair of parallel dipoles by balanced open 6000 lines and connect the midpoint of the line by a
4:1 balun to 750 coaxial cable. To do this we need an even number of antennas in each row. However, the
new arrangement using 6 antennas per row and 5 rows requires only 3/5 the number of baluns and about 3/5
the length of cable that of the previously planned 5 x 5 array. In prices the changes nearly compensa te,
so that we have now decided on an antenna field of 6 x 5 crossed dipoles which gives a gain of approxi-
mately 24 dB or 250 I’*~ effective power. This Is more than necessary for the most F-layer modification
experiments but for the D—reglon modification we want as much power as possible.

The three 75 coax lines of each row are connected to po~er dividers consisting of simple 50Q to 250 trans-
fonners (Input 50W100 KW, output 3 x 75 In parallel). These power dividers are constructed from two X/4
transformer lines with Chebycheff behaviour for the reflection coefficient. The mismatch over the fre-
quency range is less than 1.05:1. The transformers with a total length of A/2 (corresponding to each band
midpoint frequency)are part of the feeding system and shorten the line length considerably. They are con-
structed from aluminium tubing of 100 m outer diameter. The same tubing is also used as the outer con-
ductor for the 100 KW coax lines . This coax line construction is similar to that used in the Boulder ex-
periment and originally in the Jicamarca equipment (5], (6]. However, the weather conditions at TromsØ
require additionally, that the connections of the tubes be waterproof. The total feeding system con-
sists of 9000 m line for 100 KW (100 ma outer diameter) and 9000 m for the 35 KW (60 ma outer diameter).

4. Basic diagnostic equipment

The main diagnostic instrument will be the EISCAT facility , the partial reflection equipment and photo-
meters. Additionally as an Integral part of the heating facility a digital ionosonde will be used . (Dyna-
sonde(7]) which will be constructed at Boulder, With this instrument we can measure the time delay, phase
and amplItude of a wave reflected by the modified Ionosphere. Their interpretation is partly done in real
time by usIng the avaIlable software developed by J.W. Wright et al and additional software developed for
the heatIng experiment. We shall thus be able to determine and set very quickly the optimum frequency,
power and special program of measurements by using the Dynasonde computer, which connuunicates directly with
the minicomputer that controls the transmitters. A further (and In practice very Important) use of the
Dynasonde computer lies in the automatic documentation In print and tape storage form of the various
prograemes and their parameters.

Additionally the Dynasonde will be used as probe transmitter and receiver for a complementary cross-modu-
lation experiment, in which the heating transmitters ars used as the disturbing transmitter in a comple-
mentary manner. That is, instead of using short disturbing pulses, we will use a CW heating signal which
is pulsed off with short pulses . In this way we can use the cross modulation technique for investigating
the modified 0—region.
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~UDIFICATI0N OF THE PROPAGATI&4 CHARACTERISTICS OF THE IONOSPHERE (AND THE

MAGNETOSPHERE) BY INJECTION INTO ThE MAGNETOSPHERE OF WHISTLER4~)DE WAVES

R. A. Hell iwell , J. P. Katsufrakls and P. A. Bernhardt
Radi osci ence Laboratory

Stanford University
Stanford , Ca. 94305

USA

SUMMARY

Wave—induced precipitation of energetic electrons is known to modify the Ionosphere. Natural
whIstler emissions scatter energetic electrons into the loss cone resulting in >30 keV Bremstrahltmg Xray
bursts and In temporary (_30 sec) enhancements of the electron density between 70 and 90 km. In an attempt
to bring these ionospheric perturbations under man ’s contro l , coherent whistler-mode VLF signals are being
injected I n to the magnetosphere from Sip le Station , Antarctica. Future experiments may involve transmis-
sion of VIE signal s from satellites such as the Space Shuttle.

1. INTRODUCTION

The purpose of this paper Is to descr ibe a new technique for modifying the electrIcal properties of
the lower Ionosphere. Electromagnetic waves in the whistler—mode frequency range are used to precipitate
energetic electrons into the 0 and E regions. Advantage is taken of the amplifying properties of the mag-
netosphere whIch can increase the power density of a whistler-mode wave by three orders of magnitude.
During and after the amplification process , energetic electrons are scattered in pitch angle producing an
increase in the particle flux that is absorbed by the ionosphere.

The energy of the precipitating electrons is converted Into ionization , heat, a i rglow , and
Bremsstrahlung Xrays. The absorbed energy which goes into ionization alters the electrical properties of
the earth—ionosphere wavegulde. Changes in the strength of a VIE wave propagating in this waveguide may be
as. much as 6 db.

The balance of this paper will 1) reviem the direct and Indirect evidence for wave-induced iono-
spheri c pert urbations , 2) suggest evidence of pitch—angl e scattering of energetic electrons in the magne-
tosphere by coherent wave-particle Interaction , and 3) discuss further experiments that might be perfo rmed.

2. BREMSSTRAHLUNG XRM EXPERIMENT

The first direct evidence of the control of electron precipitation by electromagnetic waves was ob-
tam ed In an experiment performed at Siple Station, Antarctica on January 2, 1971 [Rosenberg et al., 1971].
A balloon at 30 km altitude recorded Bremsstrahlung Xrays above an energy of 30 keV. Simultaneously,
ground recordings were made of natura l VLF noise in the very low frequency range. A substorm event occur-
ring at the time produced an interesting one-to—one correlation between bursts of Xrays and bursts of VIF
noise as shown in Figure 1. Analysis of conjugate point recordings showed that the bursts of VLF noise
were in fact triggered by whistlers which were excited by northern hemisphere lightning discharges.

A cross-correlation analysis was performed on the Xray count rate and the i ntegrated amplitude of
the VIE emissions between 2 and 6 kHz. It was found that the VLF wave packets arri ved earlier than the
Bremsstrahlung Xrays by 0.3 to 0.4 seconds. Using the known properti es of the whistler-mode and assuming
that the precipitation resulted from a cyclotron resonance interaction between the waves and the particles,
the Interpretation of Figure 2 was developed. In this picture energy exchange between electrons and
whistlers occurs when the electrons see a Doppler shifted wave frequency equal to thei r own gyrofrequency.
Th is i s called cyclotron resonance , the condition for which is given by n ~-kv where w = electron gy-
rofrequency , w = wave frequency, k = wave number, v — parallel velocity of electron. The waves can grow
during this process and at the same time reduce the average pitch angle of the interacting particles. Some
of the particles close to the loss cone will thereby be forced Into the loss cone and will be precipitated.

A significant point Is that the strong Xray bursts were associated only with whistler triggered
emissions. This indicates that signals injected from the ground play a dominant role In the wave-partIcle
In teractions In the magnetosphere. We conclude therefore that the use of manmade waves approximating the
characteristics of a whistler should be very effective in controlling precIpitation Into the ionosphere.

Wave-induced perturbations of the ionospheric electron density can be observed in another way.
Long distance VLF propagation In the earth-ionosphere waveguide is very sensitive to properties of the D
and the E regions as Is well known [Potemra and Rosenberg, 1973]. Observations at Eights, Antarctica have
revealed a surprising association between VLF sublonospheric propagation and whistlers . An example is
shown In Figure 3. Earth-ionosphere wavegulde propagation of Station NSS from Annapolis to Eights Station ,
Antarctica is shown In the lower panel . A strong whistler is seen In the upper panel at about the middle of
the record. At the same tIme the signal strength of NSS increases by about 6 db. The signal strength then
slowly recovers to Its previous value (the full recovery is not shown in the figure). Recovery times typi-
cally run about 10-70 seconds , the average being close to 30 seconds. Apparently each strong whIstler pro-
duces sufficient precipitation to change the electrical properties of the waveguide .

IndI rect evidence of precipItatIon is found In observations of the wave-particle interactIons that
accompany precipi tation. The mechanism for the ampl i fi cation of VIE si gnals is thought to be the same one
whIch accounts for wave-induced electron precIpitation. Consider the amplitude of varIable pul se length
signals transmitted at Siple Station and received at Roberval , Quebec as illustrated In Figure 4. AmpJIfI-

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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cation of pulses increases as the pulse length increases until saturation is reached (at 250 msec in this
case). AmplifIcation (and precipitation) grows with pulse length unti l the number of energetIc particles
remaining to be bunched (or scattered) Is exhausted. Analysis of the maximum amplification available may
indicate a limit on the maximum precipitation possible.

3. WAVE-INDUCED NOISE SUPPRESSION

In the course of observations of VLF signal amplification using the Slple transmitter a surprising
new effect was discovered. Sometimes the amplified signal Is accompan ied by a suppressIon of background
natural noise in a narrowband just below the transmitter carrier frequency. Within this band, which Is
about 50-200 Hz wide , the na tura l no i se Is at tenuate d by as much as 6 db (FI gure 5). Thus a conventional
subionospheri c signal channel at VLF could under these conditions exhibIt an increase In signal-to-noise
ratio of 6 db. This assumes of course that the VLF receiver is located In a region where the major compo-
nent of the background noise is generated In the magnetosphere.

The mechanism of wave-induced noise suppression is not fully known. We are consideri ng mechanisms
ihvolvlng the effect of a strong wave on the particle population. FIgure 6 illustrates the scattering of
resonant particles Out of a band where the sup pressed noi se l ies (Umran I nan , private cormunlcation , 1976).
The particles thus scattered may participate In ionospheric modification by corpuscular Ionization.

Another mechanism of signal suppression , which may be of interest in connection with comunicatlon
problems, is the attenuation of amplIfied waves by other signals at nearly the same frequency . For example
it is observed that Siple pulses can be amplifi ed 30 db and then attenuated by 3 db or more when the echo
of the previous signal is received. Here the mechanism is better understood . It Is known that amplifica-
tion requires relatively monochromatic wave trains. Broadband noise Is not amplified very much. If during
amplification a second signal is added to the first at a slightly different frequency then the spectrum is
broadened and the amplification is reduced. The suggested exp l ana ti on Is that the phase bunching of reso-
nant particles is not as effective when the spectrum is broad. It is necessary for the resonant electrons
to see a phase stable wave train throughout the bunching process, which may occupy a distance of about
1000 km In the magnetosphere. Wave components extending over a frequency range such that the electron sees
one or more phase reversals during its traversal of the interaction region cause reduced bunching effi-
ciency. It Is believed that this mechanism accounts for the suppression of growth by echoes of the trans-
mitted pulse . Thus any si gnal being ampl i fied in the magnetosphere and being used for comunication could
in principle be attenuated by simply adding another wave at a slightly di fferent frequency.

In some cases, an amplifi ed wave may be attenuated by its own echo. In Figure 7, a 30 second pulse
is attenuated by the echo 4.1 seconds after the signal was keyed. The value of 4.1 seconds is the round-
trip propagation time in the magnetospheric duct. A similar effect is noted when the echo of a short
pulse coincides with the reception of a later pulse.

4. MAN-MADE PRECIPITATION EVENTS

It is clear from the experiments just described that it should be possible to control the precipita-
tion of energeti c electrons. Experiments to test this idea have been performed at Siple Station. Coherent
whistler- mode signals were injected into the magnetosphere and were observed at the conjugate point at
Roberval , Quebec [Helliwell and Katsufrakis, 1974]. Amplification of 30 db was frequently observed , making
the amplified signals as strong as any natural signals observed in the magnetosphere . However precipi ta-
tion effects directly connected with these signals have not yet been seen. The reason we believe is that
the optimum frequency for amplification and triggering is close to half the gyrofrequency on the path. At
such frequencies the energy of the interacting particles is relatively low, of the order of a few key
(Figure 8). These particles when precipitated are absorbed well above the 0 region . Thus the Xray and VLF
perturbation experiments mentioned earlier do not have sufficient sensiti vi ty to detect the effects of low
energy particles . Work is in progress to look for various effects , such as auroral type emissions and
magnetic field perturbations, that may be connected with the Siple transmissions. Some interesti ng results
have already been obtained but no conclusive relationships have yet been demonstrated.

Enhancement of the E and D regions with the pr~cipitation of energetic el ectrons with a character-
istic energy of 45 keV and an energy flux of 2 ergs/cm /sec is illustrated in Figure 9 [Bell , 1976].
Fluxes of this energy may be produced by propagating high power VLF signals around a 2 kHz frequency.

Bell [1976] has suggested that high energy precipitation may be used for the generation of ULF
radiation by modi fication of the E-reglon conductivity .

5. CONCLUSION

Natural wave-induced precipitation has been observed in the form of enhanced Bremsstrahlung Xrays
and perturbation of VLF sub-ionospheric propagation. In order to duplicate these observations using the
Siple transmitter, It appears to be necessary to radiate more power at the lower frequencies ( .e., 2-4 kHz)
that Is presently available. The radiated power levels at the low end of the frequency range are not as
high as found in many whistler and VIE emissions. However it is expected that Integration techniques will
make possible a significant increase in the sensitivity of the various detection methods. The advantage of
a controlled source Is the ability to accurately time the excitation of precipi tation and thereby provide
a basis for long term Integration.

Another approach to the control of precipitation by waves is to place a transmitter In a satell i te ,
such as the Space Shuttle. Then the losses Invol ved in coupling the energy Into the magnetosphere would be
greatly reduced. In addition a much larger range of wave normal angles could be excited. It is con-
ceIvable that a large Increase In the precipitated flux could be obtained by this means , giving rise to much
larger effects in the Ionosphere than have al ready been observed.
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The probability of detecting wave-induced particle precipitation would be greatly increased If VLF
waves could be injected into a duct at a known locatIon. The release of gases (such as H2) which chemi-
cally deplete the ionosphere may be used to create arti ficial ducts in the magnetosphere [Bernhardt et al.,
1976]. At night, the ionospheric hole resulting from the release of chemical ly reactive gases will be
filled by field aligned flow of plasma out of the magnetosphere. The depleted magnetospheric flux tube
may be used as a duct to guide VIE waves. The injection of strong VLF signals from satellite into arti-
ficially created ducts may provIde for the first time the ability to produce wave—induced controlled
electron precipitation at a given location.
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Figure 1. A 30 s segment of simultaneous recordings of Xray count rate for E >30 key (top),
integrated vlf amplitude from 0.6 to 5 kftz (middle), and vlf spectrum from 0 to 5 kHz (bottom) at Siple
Station, Antarctica, on 2 January 1971 . The dashed line In the top portion of the figure refers to the
cosmic-ray background level of ca. 175/c/s. (Because of a plotting error the Xray record must be shifted
0.15 s to the right relative to the vlf records.) (figure 1, Rosenberg et al. [1971]).
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Figure 2. Sketch of interaction regIon, or emission cell, model. Ci rcularly polari zed waves
transmitted from T resonate with oppositely traveling electrons near the equator. The train of electron
sheets represents a continuous stream of resonant electrons. The resonant electrons in eac h sheet are
phase-bunched by the wave, producing a transverse stImulated current J . The change in wave amplitude
shown across each sheet results from the addItion of the wave ccmponen~ generated by J . Emissions travel
to R, and the scattered electrons are precipitated at T (fIgure 1 , Hell iwell and Crysdl [1973]).
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FIgure 3. (a) Whistler spectra; (b) whistler amplitude , 2-6 kHz; and (c) NM pulse transmissions
observed at Eights Station , Antarctica (figure 2, Helliwell , Katsufrakis and Trinpl [1973]).
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FIgure 4. Variable pulse length sequence received at Roberval. lower panel shows the spectrum ,
and upper panel shows the amplitude in a 130 Hz bandwIdth centered on 5.5 kHz. Pulse lengths vary from
50 to 400 ms In 50 ms steps as indIcated by the nunters between panels. A two-hop whistler , w ith echoes
at Ca. 3 kHz, appears at 8—10 s; its source is the sferlc at 4.2 s. A strong well defined two-hop
whistler component extending up to 5.5 kHz is seen at about 8.2 s and corresponds to the one-hop delay of
the Siple pulses ( figure 2, Hell iwell and Katsufrakis [1974]).
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Figure 5. Roberval spectrogranm illustrating “quiet bands’ imedlately below the 5 ,950- and
5,050-Hertz transmitter frequencies. The transmissions terminated at 1152 UnIversal Time (lower right).
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FIgure 6. Electron veloci ties distribution resulting from resonant i nteraction with a 5.95 kHz
wave. An Init ial ly Istotroplc distribution is strongly perturbed near the cyclotron resonance frequency
(M • 0). The scattering of electrons out of the frequency band below 1~f 0 account for the production
of noise Sl4presslon bands in Figure 5.
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Figure 7. Average of the squared amplitude of 17 successIve 30-second Siple transmItter pulses
received at Roberval .

30C

200 - 70

~~
\.
,Lh1I2.5 Neq:I800/cc

Li .

\ -8O~~
z \ 2o Li

\ \ I
I-
U
Li
-Jw L~ 4.2

Neq~
2O/CC

-90

20
2 3 4 5 6 7 8 9 1 0
FREQUENCY. kHz

FIgwe 8. RelatIon between electron energy and whistler frequency for equatorial regions of the
magnetosphere. The two curves represent an I shell of 2.5 with an equatorial electron concentration of
1800 cm 3 and an I shell of 4.2 wIth an equatorial electron concentration of 20 cm~’. The ri ght scale shows
the approximate height of penetration of the energetic electrons whose energies are given on the left
scale (FIgure 9, NellIwel l , Katsufrakis and TrI~~i [1973]).
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• SUMMARY

HF wave propagation experiments have been conducted on Mother—Daughter rockets in the polar
ionosphere. Swept—frequency transmissions from the Mother, nominally covering the range from 0.5 to 5 MHz
in both CW and pulse modes, are received by the Daughter. In the most recent rocket of the series, the
M~ither also contained an AC electric field spectrometer covering the frequency range from 10 Hz to 100 kHz
in four decade bands. This paper examines the low frequency response of the ionosphere with respect to
waves emitted from the onboard HF transmitter .

During of f periods, the low frequency data indicated the presence of background noise levels
which were in substantial agreement with previous rocket and satellite measurements of AC electric field
variations in the E— and F—regions. Marked intensity enhancements, particularly below 10 kHz, occurred
in the F—region during on periods in the CW mode . Specific features were noted at HF frequencies near
1.1 and 1.7 MHz and between approximately 2.4 and 2.9 MHz. None of these features occurred consistently
at frequencies which could clearly be identified with critical frequencies of the ionospheric plasma. It
is suggested that the observed ELF/VLF electric field variations are electrostatic oscillations associated
with field—aligned density irregularities contained in a turbulent region created by the transmitted HF
radiowaves. Calculations indicate that the size of the turbulent region extended no further than — 100 m
from the transmitter , a result which is consistent with the observations.

1. INTRODUCTION

In recent years the capacity to modify the earth’s plasma environment by artificial means has
incr eased subst ant ia l ly our knowledge of fundamental interactions occurring in the ionosphere and magneto-
sphere. The methods which have been used include electron guns, ion releases , and radiowave propagation.
Here, we will be concerned with modification techniques which inject HF wave energy into the ionosphere .

It is well known that heating experiments conducted from the ground produce plasma turbulence
in the F—region (UTLAUT , 1975; GORDON and CARLSON, 1974) .  Likewise , it has been shown that HF transmis-
sions f r om rockets (FOLKESTAD and TROIM, 1974; FOLKESTAD et al., 1976) and satellites (PALMER and
BARRINGTON, 1973) can stimulate resonances at or near certain critical frequencies associated with the
local plasma environment . Topside sounder (PALMER and BARRINGTON, 1973) and rocket (MATSUMOTO et al.,
1975; 1974; MIYATAXE Ct al., 1974) observations also have shown that the ionosphere has a low frequency
response when stimulated by HP radiowaves .

In this paper we examine the response of an AC electric field spectrometer covering the frequency
range from 10 Hz to 100 kHz during HF transmissions from a rocket launched into the polar ionosphere.

2. INSTRUMENTAT ION AND FLIGHT CONDITIONS

The electric field data were obtained by instruments on a Mother—Daughter rocket launched from
And•ya Rocket Range In northern Norway. The electric field experiment , carried by the Mother , consisted
of two independent systems connected to orthogona l antennas . Figure 1 gives a biock diagram of one
cyst em.

One of the main purposes of the launch wa, to conduct an HF wave propagation experiment between
the separated sections of the rocket payload. The tran .mitt.r , also carried by the Mother , was swept
exponentially In frequency between 0.55 and 3.3 MHz In both CW and pulse mode.. The duration of one

tPe~~~nent address: Inst itute for Fluid Dynamics and Applied Mathematics , University of Maryland ,
College Park , Nd. 20742, USA .
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Permanent address: Laboratory for Planetary Atmosphere ., Goddard Space Plight Center , Greenbe lt ,
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transmission period was 8.4 s and consisted of four 2.1 a intervals in which the transmitter was f i r s t
on in the CV mode, then off , then on in the pulse mode , and off again. Twenty-eight fixed—frequency
receivers covering the full range of transmitted frequencies were located in the Daughter section. Figure
2 aumuarizes the operating characteristics of the HP transmitter. Figure 3 illustrates the orientation
and position of the two orthogonal electric field antenna systems with respect to the HF transmitter and
antenna.

The rocket, called Polar 4, was launched shortly after 1927 UT (2027 local time) on 13 December
1974 into a disturbed ionosphere during a breakup auroral display . The rocket traversed a distinct
auroral form during the downward leg of the trajectory. The magnetometer at the launch site registered
300—500 gamuas negative disturbance in the X—component; several db of absorption were recorded by the
27.6 MHz riometer.

Figure 4 illustrates the rocket trajectory and indicates the following important events:

a) Separation of the Mother—Daughter se~tions at 50 s into the flight. The relative separation speed
was constant at approximately 1 m a . Near the end of the flight the two sections were separated
by — 350 a.

b) HP transmitter on at 56 s.

c) Electric field experiment on at 90 s.

d) HP tranSmitter of f for 25 a near apogee.

e) Passage of the rocket over an auroral arc between 285 and 350 a. Within this interval of flight
time, HP receivers on the Daughter recorded noise of natural origin in the frequency range 0.6 —

1.1 Mlix.

3. OBSERVATIONS

Figure 5 showa the typical response of the four spectrometer channels of the A antenna system
for two transmission periods. The B antenna system gave qualitatively similar results. The signal level
is enhanced above “background” in channels 1, 2, and 3 in the CW mode and in I and 2 in the pulse mode.
The largest relative enhancement occurs in spectrometer channel 1. Slight decreases in the signal level
are observed in channel 4. Several minima and maxims appear in channels 1, 2, and 3 in the CV mode, but
the response in the pulge mode is rather featureless. The return to “background” in each channel is
reached — 0.5 s after the transmitter is turned of f. This decay time is the same in both the CV and the
pulse modes and is the fall time of the spectrometer response.

Several features of the response of the spectrometer in the CW mode and most aspects of the
response in the pulse mode are attributable to instrumental effects. Post—flight testing of the electric
field experiment (on a similar unit) revealed that the spectrometer had a transient response when the trans-
mitter was turned on at the beginning of a sweep and of f at the end of a sweep. The effects were mos t
noticeable in channel 1 in the CV mode. For example, the relative maximum at 0.6 MHz , and the one follow-
ing transmitter turn—off, both of which occur almost exclusively in spectrometer channel 1, are related
to the switching transients. In particular, the decay of the 0.6 MHz peak has a slope coemensurate with
the instrumental decay time. Plasma responses in the pulse mode were influenced by the effects of con—

• tinuous switching transients.

In the remainder of this paper we consider only the responses in the CV mode. The frequency—
dependent structure in spectrometer channels 1, 2, and 3 above approximately 1 MHz is considered to be

• evidence of plasma stimulation by the HF transmitter. To place this aspect of the date in perspective,
we first examine the data obtained during the transmitter off periods to determine the signal levels that
constitute the background response.

3.1. Spectrometer response — HP transmitter off

• A measure of the background intensity in each of the four channels was obtained for each trans-
mission period by averaging the intensity levels during the last second of the of f periods iimnediately
preceding and following the operation of the transmitter in the CV mode. The results are shown as the
solid curves in Figure 6. No attempt was made to remove the rocket spin (0.31 liz) or coning (0.0036 Hz)
modulations.

These solid curves show that from 90 to 385 a the background intensity levels were larger at
the higher frequencies. This can be understood as arising from the presence of natural emissions,
primarily broadband auroral hiss, which would contribute mainly to spectrometer channels 3 and 4 (MAYNARD
and JOeNSTONE, 1974). Near the end of the flight, when the rocket fell below 130 km altitude , the back-
ground levels increased markedly in channels 1 and 2 and decreased in 3 and 4. The decrease for frequen-
cies above 1 kHz is probably related to a relatively sharp cutoff of broadband auroral hiss below 130 km
that has been observed in other rocket measurements at auroral latitudes with similar electric field
instrumentation (HOLTET, 1973). The increase for frequencies below I kHz has also been observed pre—

• viously m d  is interpreted as being mainly due to electrostatic waves with frequencies below approximately
1.5 kIla created from two—stream interactions within the auroral electrojet (HOLTET , 1973).

Note that the first three spectrometer channels show some evidence of an enhancement in the back-
ground intensity near 290 s. This enhancement occurred near the reg ion of the auroral arc and HF noise
through which th . rocket passed .
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3.2. Spectrometer response — HF transmitter on

The dashed curves in Figure 6 show the response of each channel averaged over the 2.1 s CV
intervals. These curves clearly illustrate an intensity enhancement in channels 1, 2, and 3 relative
to their respective background levels both as depicted in the solid curves and during the 25 a interval
near apogee when the transmitter was of f. The response of channel 4, however , was not influenced appre—
ciably by the operation of the transmitter. Note , as mentioned previously for the solid curves in Figure
6, that th. intensity levels increased in channels 1 and 2 and decreased in channels 3 and 4 when the
rocket fell below 130 km. Furthermore , the levels become nearly equal to the background levels determined
previously. This suggests again that below 130 km (that is , in the E—region) , the intensity levels were
mainly of natural origin and were not appreciably influenced by the operation of the transmitter.

Having illustrated the average response in the CV mode , and those aspects of the data that can
be attributed to natural or instrumental causes , we now consider specific transmitter—induced effects
in the ionospheric plasma. Based on the foregoing discussion , such effects are limited primarily to HF
frequency—dependent enhancements in the signal levels recorded in channels 1, 2, and 3.

Figure 7 shows the response of channels 1, 2, and 3 averaged over 7 transmission periods
during five intervals covering that portion of the flight which was above 130 km. Several maxima and
minima appear consistently throughout the response in a given channel and/or in different channels. In
considering the frequency structure exhibited in these records , one might expect the transmitter to be
particularly effective in stimulating the ionospheric medium as the frequency sweeps through certain
resonance frequencies associated with the local plasma environment. Such frequencies would include the
electron gyrofrequency and harmonics, the plasma frequency, and the upper hybrid resonance frequency.
The variation of these resonance frequencies along the rocket trajectory is illustrated in Figure 8.

In general, specific features of the low—frequency response in the CV mode did nor, occur consist—
ently at frequencies that can clearly be identified with any of the critical frequencies mentioned . For
example, the onset of plasma—stimulated response occurs near 1.1 MHz which is significantly below the
electron gyrofrequency. Relative maxima occur below the plasma frequency but not necessarily at the
gyrofrequency. Some of the other features at higher frequency are close to the upper hybrid resonance - -
and/or second harmonic of the gyrofrequency. An altitude dependence of some of these features is sugg-
ested in the averaged data of Figure 7, but is not easily discernible in studying the responses during
individual transmission periods. —

It is of interest to note that HF receiver data on this f l ight and from two similar Mother—
Daughter f l i ghts (FOLKESTAD and TROIM, 1974; FOLKESTAD et al., 1976) show that cone resonances occurred
below the local electron gyrofrequency and between the plasma and upper hybrid frequencies. These data,
although we do not discuss them here, also point to the occur rence of other resonance phenomena as well.

4. DISCUSSION

The absence of broadband data from the electric field experiment precludes the identification
of the frequenc y characteristics of the stimulated emissions that have contributed to the response of the
spectrometer. However, broadband data obtained in a Japanese rocket program (MATSUMOTO et al., 1975;
1974; MIYATAXE St al., 1974) have revealed a variety of frequency spectra of VLF plasma waves when the
ionospheric medium was stimulated by an onboard HP transmitter. Significant differences in the instru-
mental parameters of the Polar 4 and Japanese experiments make a detailed comparison difficult.

The general features of the Polar 4 data can perhaps be understood in terms of the following
model. HP radiowave energy absorbed by the plasma creates a turbulent region in the vicinity of the
transmitter. This turbulent region is considered to be the aite of ionospheric density irregularities.
Nonlinear mechanisms associated with the presence of the irregularities excite electrostatic oscilla-
tions in the ELP/VLP range.

No attempt will be made to justify this model on the basis of specific physical processes.
However, the following plausibility arguments are offered in support of the model.

a) The HP receiver measurements on this flight, and previous results (FOLKESTAD and TROIM, 1974; FOLKE—
STAD et al., 1976) suggest the need for a nonlinear coupling region to explain observed frequency

conversion phenomena at HF. Such a region will probably be most efficiently created in the relatively
strong field near the transmitting antenna. Most of the emitted wave energy will probably be electro-
static because the short antenna is very inefficient for electromagnetic transmission at the frequencies
employed .

b) Results of heating experiments show that artificial spread—F is produced by HF transmissions (UTLAUT ,
1975; GORDON and CARLSON , 1974). Generation mechanisms proposed to explain artificial spread—P

involve the production of field—aligned density irregularities (GEORGES , 1970; PERKINS and VALEO, 1974 ;
CRAGIN and FEJER , 1974), in agreement with previous observations (ALLEN et al., 1974 ; THOME and PERKINS ,
19’4).

c~ Low—frequency electrostatic notse has been observed in association with natural equatorial spread—F
(HOLTET et a l . ,  1976). The f frequency dependenc e of this noise and of the powe r spectra of

associated F—reg ion irregularities (DYSON et al., 1974) is consistent with the Polar 4 results showing
a much larger enhancement of noise in the lowest frequency spectrometer when the transmitter Is on.

In applying this model to the Polar 4 data it is useful to estimate the size of the turbulent
region that migh t be associated with the transmitter. Such an estimate is difficult to make with a high
degree of confidence because it is not well known just what fraction of the energy fed to the antenna
is actually emitted as electrostatic waves and what power densities are required to excite various in—
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stabilities. Nevertheless , a crude estimate has been arrived at in the following way .

Heating experiments show that power densities as low as 0.1 MV m
2 deposited in the P—region

can stimulate a turbulent condition leading to field—ali gned irregularities and spread—F (UTLAUT , 1975).
Adopting this value as a threshold we estimate the radius of a sphere , with the Polar 4 transmitter at
the center , on the surface of which the power density falls to the threshold value. The calculation is
based on a 50 0 antenna impedance, the voltages listed fog4the CV mode in Figure 2, a 12 antenna eff i
ciency , and radiated power decreasing isotropically as r for th. electrostatic case. These assump-
tions lead to a radius of approxImately 10 m. Th. radius cam_~e increased to approximately 50 m by
assuming that the radiated power decreases isotrepically as r for the electromagnetic case. A more
realistic situation would consider the fact that propagation may be strongly dependent on the orienta-
tion of the transmitting antenna with respect to the magnetic field direction.

Despite the roughness of these estimates , it would be difficult to argue strongly that the main
heating volume (or turbulent reg ion) extend s much beyond a few hundred meters from the transmitter . This
result is, in fact, consistent with the AC electric field data. It is clear from the individual trans—
mission periods that the low frequency response returns to the natural background in less than 1 a after
the transmitter is turned of f. Heating experiments have shown (UTLAIJT, 1975) that spread—P conditions
can endure for a long time after transmitter turn—off (minutes to hours, depending on the time of day).
In 1 a the rocket moves — 1 km . Consequently, if a turbulent region 1 km had been created around the
Polar 4 transmitter , it would have b.en evident even during the off period. Such does not seem to have
been the case.

5. CONCLUSIONS

Rocket observations of AC electric field variations show that the ionospheric plasma above
— 130 km altitude has a low frequency response when stimulated by HF radiowaves from an onboard trans-
mitter. Specific features of this low frequency response did not occur consistently at any HF frequency
that could clearly be identified with such ionospheric critical frequencies as the electron gyrofre—
quency and harmonica , the electron plasma frequency, or the upper hybrid resonance frequency. The
general features of the electric field data are described in terms of a model in which HP radiowave
energy is absorbed by the ionospheric plasma and creates a turbulent reg ion in the vicinity of the - —

transmitter. Using as a threshold value the power density required to stimulate artificial spread—F ,
the size of the turbulent region is estimated to extend no further than — 100 m from the transmitter.
This result is consistent with the observations.
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Fig. 1. Block diagram of one axis of the AC/DC electric field experiment
on Polar 4.
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FIg. 2. Parameters of the NP transmitter on Polar 4.
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SESSION II , ROUND—TABLE DISCUS SION

IODIFICATION OF IONIZED MEDIA BY Eli WAVES

Participants at Round Table: W.E,Gordon (Chairman)
F.1l.llibberd ,
P. 1 opka
J.:linkoff ,
P. Stubbo,
l1.r.rtlaut

E’.E.Gor’lon: ~ay I suggest that we organize the discussion around the following topics
and proceed ~,ith them in order :

1. Plans for modification experiments.

2. Observations that were not reported in today ’s sessions.

3. The communication parameters and their observed values, scattering
cross-Section , bandwidth , aspect sensitivity and aeometry.

4. Inadvertent modification of the ionosphere by powerful transmitters.

5. Interaction of the modified ionosphere with the magnetosphere.

6. The study of natural processes in the ionosphere by modification
experiments. (This topic was added at the suggestion of II. Soicher)

1. Plans for :iodifj~ation Experiments

J.Ilolrose: In Canada, ~,e have been thinking about doing the ionospheric modification
experiment for quite some time. In the early 1970’s I started thinking about it and it
seemed like a very good experiment to do, especially in conjunction with the Upper Atmo-
sphere Observatory, which was to be located in upstate New York and was proposed to be
a joint United Statc ,’C.t:&a. ian program to stu~~ t~ o upper ionosphere at a magnetic lati-
tude near L=4. The ionospheric modification facility that we were proposing was going to
cost several million dollars and was to be located due north of that facility. That fa-
cility , the Upper Atmosphere Observatory, was to he an incoherent scatter radar and was
going to be able to tilt the radar beam in a north—south plain. To date neither of
these major projects has beei funded . A year ago we decided to try to do something with
facilities that we could muster on hand without any great resources.

We have been doing tl~e partial reflection experiment at Ottawa for many years. The par-
tial reflection experiment involves generation of high power pulses so that you can ob-
serve backscatter from the n-region from the lower ionosphere. The high power amplifier
is capable of 800 kW pulses at a frequency of 2.66 11Hz , with a max imum pulse wid th of
250 ps. We have been using 50 ps or shorter pulses for the partial reflection experi-
ment. We built large antenna arrays for the partial reflection experiment at Ottawa ,
mainly to direct the beam more vertically upwards and be sure that the backscatter was
in fact  coning from overhead , and not particularly to increase the signal—to—noise
ratio. The antenna array consists of twenty-five 100-foot towers. Between each 100-f t-
tower thsre is a half—wave dipole antenna. It is a 40 dipole antenna array covering a
little over thirtee n acres of land , and the estimated gain is about 24 decibels over

• isotropic. Its fixed frequency is 2.~~6 tIIz. The transmitter has a 100 kW driver , the
ma%p ~mplifier and a pair of the largest air-cooled tubes in the world which are
capable of 200 kit of transmitted power each but we do not have the required amount of
drivs for that kind of cw power. The power supply delivers 20 kV at a quarter of an amp
and this will be replaced by a power supply that will deliver 20 kV at 3 amps and the
pulse length will he stretched from 250 ps to 10 ms. The maximum pulse rate will be
about 5 pulses per second .

Relative to the diagnostics , the type of scatter that you have been hearing about ,
mainly as investigated in the United States work at the Platteville facility, was the
field-aligned irregularity tw~e of scatter. It was my opinion that we would not be
able to generate this kin-I of scatter , although I heard W .F.Utlaut this morning say
that it started rather quickly, but I do not know if it starts within 10 ms which is
the maximum d u r a t iun  of our transmitter pulse . Anyway , that kind of geometry is not
favorable for Canada because the e a r t h ’ s magnetic f ie ld  is almost  ver t ica l , and to
do the k ind of communicat ions experiments  tha t  W .F .U t l a u t  was t a l k i n g  about th i s  morning
you would have to have the transmitter and receiver locations outside the country of
Canada . The kind of backscatter that we will be looking at is the p lasma wave scatter ,
and the initial experiment that we will I.e doing will he with a trannrrdtter and receiver
facility located at the foot of the field line which is being heated by the facility
at Ottawa .

The di,ignostic rro)~en we ‘‘ill he using , VIII’ and IIPV transmitters , are ra ther modest
diagnost ic  probes if you compare them to the Arecibo situation .We will be using I kW
transmitters.The antenna systems will be basic building blocks of sixteen 13.7 dO-gain
antennas — —  16 of them in a hroads~di array. At the t’IIF frequency there will be 4 of
these bu i ld ing  blocks , so if you put them all together you get 64 antennas. Since they
are in b u i l d i n g  b locks , depending on what s igna l-to—noise  r a t io  you can manage to
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achieve as backscatter from the region , you can transmit on one 16 antenna array and
receive simultaneously on two 16—element antenna arrays, or you can combine all four
sets of 16 antennas together to make a 64 antenna array and transmit and receive on
the same array.
If we could in fact generate field-aligned irregularities or something that would last
for a longer period of time than the 10 ma pulse , we have a very large antenna array
at Ottawa , a Mill’ s cross, with a row of dipoles 1.2 km long in one direction and
800 m long in the other direction . There are about 79 receivers in this antenna array
and each one comes out separatelyss a receiver tied to an antenna , so in fact you could
direction-find very beautiful ly on any kind of field-aligned irregularities.
That is the plan , which is very , very modest compared to what we were talking about at
the beginning when we started to contemplate doing the ionospheric modification experi-
ment at Canadian latitudes. For the time scale , we are engaged in doing it now. The
transmitter will probably be on the air sometime this summer , We hope to have the UHF
diagnostic probe in the field by the fall.

W .F.Utlaut: In Russia , an active program appears to be carried out in the vicinity of
Gorky using three different transmitters . The lowest frequency, I believe , is very close
to the gyro frequency, and there are other transmitters that are operating up in the
~— i~ MHz region. Apparently, the higher frequency transmitters at least have been mo-dulated with a VLF signal and , as I understand i t, an amplified VLF signal which is de-
tected some distance away, is generated in the ionosphere . That is about all I know
about it.

W .E ,Gordon: There are certainly Russian publications in the field . Ginzhuzg, Guravitch
and ot’ir’rs have published papers on subjects tha t we have been discussing ; therefore ,
it is clear that they are not only interested in the theories, which their papers have
covered very nicely, but that they are also performing some experiments.

F~Kibberd:The only Russian papers that I have seen published have been theoretical
papers. In just  the last year or two there have been some experimental results coming
out. On the point of the proposed experiment W.F.Utlaut suggested that, in Russia , a
low frequency modulation of a high frequency wave is used; have you any idea of the pro-
cess involved ?

t1.F.Utlaut: I do not know what the process is.

P.Stubbe: It could he something like the modulation of a current flowing in the E—region ,
or it could be this energetic effect where you produce electron temperature fluctuations
at twice the frequency so you would get more of the combination frequencies like 2 f0plus or minus the probing frequency.

TJ, Rosenborg: I know tha t ,  in Russia , some work has been done with VU’ t ransmi t te rs .  I
would not call it a facility, but I believe there are transmitters on a ship where in
essence something like the transmitter experiment at VU’ has been done. The ship was
situated itself in the Indian Ocean near the magnetic conjugate point of a station in
the Soviet Union where ionospheric effects produced by VU’ could be observed . I think
some information is available in the literature , although I cannot off-hand suggest the
papers.

2. Observations not reported in Today ’s Session

17.E,Gordon: There have been other experiments, of course, that had to do with modi-
f icat ion of the ionosphere, and in particular there was one in the 0-region. Would you
l ike to say a word , Dr . Showen , about what you did a few years ago and that may remind
people of other things that have been done.

R.L.Showen: At Arecibo we had a 40 11Hz t ransmit ter  and it was possible to double and
t r iple the electron temperature in a range from, say, 80 to 120 1cm. We were able to
measure the electron collision frequency and the G factor , which is also c -tuined in
cross—modula tio, ~::periraents , so this is the first time that mention of a collision
frequency was made from the ground at those altitude ranges.

W .E. Gordon: And this experiment was performed , in particular, to modify the D-region
and to use the diagnostic of incoherent scatter to check on the results. Would parti-
cipants at the Round Table have any comments they would like to make on D—region
modification , a subject ~e have not covered here very well.

W.F.Utlaut: I do not know that I can say a let more ; I have already indicated that
there seem to be a variety of complex phenomena going on in the n-region. I did show
you some examples of the incremental continuation of a 2.6 tllIz signal which , if  you
recall , had as much as a 6 dB ( th is  was two way) a t tenuat ion imposed upon it very
promptly with a turn-on and disappearing very ~,romp t1y wi th  a turn-off of the trans-
mitter. There is other information that would suggest that one would normally expect
that the extra-ordinary mode would receive greater attenuation in passing through the
D—region than does the ordinary mode. We found with the high power transmitter , however ,
that the reverse was the case , which seems to have no exp lana t ion e~ a theoretical basis .
I do not know what that may be unless there is evidence, of course, tha t the electron
temperature is changing drastically but it is also possible that the whole electron die— 
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tribution in the 0-region changes very quickly . The integrated attenuatiou is dependent
upon both of those factors. The 0-region seems to undergo a very pronounced change , and
I only wish that we were able to transmit now and observe it more because I think that
there is undoubtedly a lot that could be leazned about the 0-region.

J. Beirose: I am not really very well prepared to make the comments on the amount that
you can increase the temperature in the 0-region . I wish that I had brought with me the
paper by R .A.  Smith that was presented at the last AGARD conference concerned with modi-
fication oU the ionosphere by electromagnetic waves (CP .~o, 138 , Non—linear effects inelectromagnetic wave propagation , edited by .1. A. Fejer , 1974). He showed , from his
point of view , that large temperature changes in the D—region were absolutely impossible .
Unfortunately, I have forgotten the details of his work and I just bring it to the atten-
tion of the panel members up here and , in particular , to P. Stubbe who showed a graph
this morning suggesting very , very large temperature changes in the 0-region. R.A.Smith
in Armidale, Australia, has been doing high-power interaction experiments in the 0-region
for many years . He had a 500 kW transmitter  and a 40 dipole antenna array adjusted so
that he could transmit either polarization on a frequency fa i r ly near the gyro-frequency .
Unfortunately, very little of his work has been published.

P. Stubbe: Well, unfortunately , I have not read the paper by R.A. Smith that you have
just been citing , but we have made systematic calculations of the effect of the heating
wave on the electron temperature increase in the 0—region , and we found that it is
possible to get an increase by a factor of 10 and in some cases even more. The task to
perform the calculations is in itself relatively simple and , since the order of magni-
tude is fully in agreement with what G. i4eltz has done , I have no reason to doubt that
one can reach such temperature increases in the 0—region.

.7. Beirose: R .A.  Smith did not agree with those calculations,so therein the controversy
lies. I am not in a petition to argue for him since I do not remember the details of his
paper, but I think it is very important that you look at the paper because there is a
conflicting opinion.

W. E. Gordon: It is important that we look at the paper. It is also important that some
experimenter comes to the rescue of the theoreticians and decides which one is right .

F,II. Hibberd: I am a close colleague of R.A. Smith. ‘lany years ago we did work together
in this I ield, but I have been away from the field now for quite a long time . I have
tried hard to persuade R. A. Smith to publish what he has because it is extremely
valuable material; some of it was presented at the Edinburgh meeting.

P1. E. Gordon: In the meantime , it is clear that we should be reading the former AGARD
publications.

E. Thrane: I would like to make a comment as a representative of the old school of cross-
modulation work when the custom was to use very low powers .We used the cross-modulation
theory of course, but at one time while I was in Boulder I tried to extend this in a
very simple fashion to a very high power. It is easy to see that you can get f a i r ly  high
electron temperatures , but my problem was that even though you could raise the electron
temperature by a significant factor it does not produce a very great cross modulation .
I understand from what P1. F. Utlaut said this morning that  he had measured up to 40 %
cross—modulation. Th is ind icates there are some processes that we have neglected and do
not understand at all.

A. Egeland: I would like to mention some experiments which at least would have some
great influence on the physical understanding of what is going on in producing these
irregularities which greatly influence communication , and that is in connection with
active experimental satellites. As you all know , there have already been a few accelera-
tors carried on board rockets (mainly electron guns)  and there are quite a few more
planned. As a matter of fact, we have carried out the first one with an electron gui: in
Norway where you really can very well control the energy of the particle sent out. At the
same time ( and I th ink that  is very important for the physics) that we measure the
electric f ield about DC and AC , we as well measure the electron density and perhaps also
the optical emissions. In connection with Spacelab , of course , some very large active
experiments are planned.

3. Communication Parameters and Their Observed Values, Scattering Cross-Section,
Bandwidth, Aspect Sensitivity, and Geometry.

P1. 5. Gordon: What I suppose is the main reason for this meeting has to do with the
communication parameters and the problems in communication that arise because of the
modification of the ionosphere. Perhaps the intention was to improve communications by
doing something on purpose to the ionosphere , This morning we had two papers which gave
a fine review of the current situation. W. F. Utlaut ’s paper contains a good bit of the
information and it was supplemented nicely by J. Minkoff in the summary of the experi-
ments he did and with some reference to the experiments that Stanford did. Are there
any questions that you who are in the communications business , in particular , would like
to address to either of those experts or anyone else on the subject of what one might
expect,given an ionosphere that is modified by high-power 574 waves -- could you make an
estimate for a particular link of what signals you would expect on that path ? I think
they have given you the basic elements and I think the calculation is all quite doable ,
but I would like to make sure that each of you feels the same about it. You might press
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further if there are some phases of the problem that you feel were only touched on
and they may, in fact, have some additional data to offer. The question of the scatterin3
cross-section -— are you satisfied with the data as it was presented and do you feel that
you understand fully what they mean by scattered cross-sections and how you might use
them to calculate the signal on a particular path ?

H. FlOss: I have a question concerning the cross-section. What is the dependence of pola-
rizatron of the cross-section ?

.7. Minkof I: We did not find any dependence of the polarization. It did not make any
difference. We did experiments with circular polarization as well as with linear polari-
zation, and in a beckscatter experiment we found no variation with polarization.

H. FlOss: My second question is, what is the cross-section for higher frequencies (GHz—
region) ?

.7, Minkoff: The highest frequency observed is at 435 MHz. We had a radar at 1300 MHz and
during times of very strong scattering conditions we were able to point that radar exact-
ly where it should have been and no scattering was observed . Therefore , the curve I drew
really only goes up to 435 MHz. I arbitrarily extended it and then I calculated the mini-
mum detectable signal that that 1300 14Hz radar could have seen, and it is right on the
curve; however, that is a dubious point and I really do not think we can make any claims
above 435 ‘4Hz .

W. F. Utlaut:  G. Meltz has proposed that it would be possible using X-mode for illumina-
tion to dreate so-called Bernstein waves which he estimates would have a large cross-
section, even at S—band , but this has not been verified. That is only a theoretical cal-
culation, so some experimenters might want to consider this in some of their plans.

W. E. Gordon: I have a question, or a clarification, about the earlier question on the
dependence on polarization. You said you used circular polarization , and that should
have no probleas. Presumably if you use linear polarization , and I think you did some
experiments with linear polarization, should there not be a Faraday-rotation problem
or is the Faraday rotation so small that it does not matter 7

7, Minkoff: I think the answer is that it is very small and does not matter. The data
that I presented this morning was all with circular polarization. Later on in the pro-
gram we had another -radar which had vertical polarization; however , none of the data on
these curves here were obtained using that and so there was no correction necessary.

W. E. Gordon: In the data that was presented to you, there were some interesting points
about the bandwidth of the path that might be created by a modification of the iono-
sphere and , in particular , that there is a very large difference between the bandwidth
that might be created by a modification in the F-region and a modification in the E-
region. Is that a point that anyone has any questions about 7

W. F. Utlaut: The typical time-delay spread for the F2-region was of the order of a
millisecond; it did vary somewhat with time of day and so on. The time-delay spread for
the E-region was of the order of 150 microseconds -- appreciably shorter. Now I think
that, in part, the F-region—time—delay spread is due to the size of the volume that is
illuminated by the heater transmitter and so it is conceivable that one could use a
higher gain antenna, essentially modifying a smaller region of the ionosphere, and per-
haps reduce that time-delay spread in the F-region.

W. E. Gordon: That is certainly true. That is a trick that was used in tropospheric pro-
pagation paths to help the bandwidth. It may not be feasible in practice to build the
antenna the size that is required in order to gain that advantage . These bandwidths , in
effect, then turn out to be something like a kHz in the F—region and 5 or 6 kHz for the
E-region, although you say you did not have any experimental data on the E-region . Is
that right 7

w. r. Utlaut: No communication experiments other than just the radar backscatter obser-
vations on this.

W. E, Gordon: And the experiments on the F-region scatter did show bandwidths like a
kilohertz 7 -

W. F. Utlaut: Voice communications of 3 kHz were perfectly adequate. However, using a
30 kHz FM , it was of a very inferior quality and sometime s not even understandable.

G. Taccon i: From the communication point of view, the more significant parameter should
be , in my opinion, bandwidth time.

W. F. Utlaut: In other words, you are asking what the fading rate of the signal is. It
is a few cycles , almost like ordinary HF transmissions. I thought you were asking a
question on availability and mayb. I did not make that clear today , but this is an
available channel round-the-clock -- we were able to operate 24 hours per day by choosing
proper frequencies for modifying the ionosphere.

W. £. Gordon: If you had a voice channel , or a channel with some information that requi-
red a kHz bandwidth, would it be available continuously ?

~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~ . 
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W. F. Ut lau t :  I th ink the answer is yes; it would be available continuously . Actually,
the 1 kllz bandwidth is probably the minimum ; at times , however , it would open up to 2
or 3 kIls.

3. Beirose: I wonder if W. F. Utlaut or somebody on the panel could comment on the band-
width for the parametric instability , the plasma-line scatter. This bandwidth seer.:s to
be fairly uncertain from what one can read in the literature , For example , the tempera-
ture of the line seems to depend upon the resolution of the resolving instruments to
measure it. You get a sort of higher temperatures and narrower lines, depending on how
you reduced your data.

N. 5. Gordon: I will make a comment, but I do not want to preempt either of you. I do
not know the experimental answer to the question you have asked , but if you think of the
scattering as being produced by the region in which the instabilities exist , that is a
very thin region. The region is not as thin as a kilometer or a fraction of a kilometer
that we sometimes see at Arec ibo , but that is simply because we are looking at a parti-
cular frequency. The instability region itself is probably of a thickness of about 10 km
and it is spread over the area that is i l luminated by the beam , and that  would give you
something like a pancake 10 km thick and 50 km in diameter , so you can look at that I
think and get some multipath kind of calculation which would give you a bandwidth .

Are there any other questions or comments relative to the communication parameters? I
hope that is a reflection on how well N. F. Utlaut and 3. Minkof f  did this  mornincj . I
think they did a fine job, and I suspect that the information got across. You do know
that these papers will be available in the Proceedings , although that may be a few
months before you see them. The final question in the communication parameters is the
problem of aspect or geometry of the path , and in terms of what is known about the
field alignment problems, the information is available. There is adequate theory to de-
scribe the kind of scattering one gets from any elongated scatterer,

3, .iinkoff: We never really had a chance to “easure it. I should say one thing , plasma—
line scattering is observed to be strongest when the heating was taking place near the
perpendicular point. We also made measurements at lower altitudes where the scattering
was much less and the angle of incidence to the magnetic field was about 5 or 6 degress,
which indicates that maybe there is some aspect sensitivity . However , that experiment
was compromised by the fact that it took place in the daytime (the lo~i altitude experi-ment) in the presence of the n—layer and it in possible that absorption of the heating
wave could have reduced the amount of heating and therefore the plasma-line signal was
less. The higher altitude plasma—line signal at the perpendicular point took place at
night with no d-layer , so certainly it is a lot loss aspect-sensitive, but you cannot
say at this time that it is not at all aspect—sensitive .

4. Inadvertent :•lodification of the Ionosphere

P1. F. Ut laut :  There are a couple of things that  one mig ht say. One is that  there are a
number of high power LF through HF t ransmit ters  that  are already in existence and others
that are being planned that go to even higher powers, powers of the order of 10 1W or
so. .~ow while these are ~kstgned primarily for oblique transmission , it is sti ll possible
(if you consider the side lobes of any normal transmitter) that there can be appreciable
power that is essentially radiated ver t ica l ly, or near ve r t i ca l ly ,  and so there ::ay well
be a number of places around the world where there is unknown and unintentional modif i-
cation of the ionosphere taking place . To go one step further , we did try on a few occa-
sions, using another array which was designed for low take—off angles , to try to illumi-
nate the ionosphere at a substantial distance from the Platteville facility . When we
turned on the transmitter , a short time after trying to illuminate at th i s  d i s t an t  point
spread F began to show on the ionosonde under that heated region. But, perhaps more im-
portantly, there was also a phenomenon of an upward travelling wave in the ionosphere.
Travelling waves are seen on ioncgrams normally as little hooks that start at the very
highest point and move downward in height and in frequency as a travelling wave moves
over the sight. I have talked with many knowledgeable people who have looked at many
ionogram records and they have never seen a travelling disturbance moving upward because
of the nature of normal disturbance ; in tie ionosphere. They arc moving forward with a
tilt so that they always look as though they are moving down . So I think that we have a
few occasions where it is clear that we were able to modify the ionosphere at some dis-
tance from the heating transmitter itself , opera ting on a f requency which was low enough
so that it was still below the maximum critical frequency at the remote point that we
were trying to modify . Therefore I think there is a concern and , maybe some of you know ,
there are even questions which have been raised within the CCIII now as to what the
possible unintentional modif ica t ion  e f f e c t s  from ex i s t ing  high power ground transmitters
might be.

W. 5. Gordon: That is a rat her remarkable observation from at least two points of view.

1.. P1. Barclay: I certainly appreciate the points that W. F. Utlaut has made , bu t I would
also like to point out that them~ are some communication transmitters which have verti-
cally pointing antennas too. There are at least one or two medium frequency transmitters
that use horizontal dipoles for transmission . Calculations of the cross—modulation from
these , although much more severe because of the higher power densities , show that the
geographical extent is quite small. There are also some 1ff’ trannnitters which use almost
vertical incidence antennas and these are used for tropical broadcasting .

-- — - ~— . —~~~~~ -— -.- ~~~~-- _ _ _ _  
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W. E. Gordon: May I come back to the point you were making a moment ago. You obviously
produce some modification because the ionosonde responded with spread-F. It is difficult
to see how you could 5ati~.fy ander those conditions th. necessary condition for a alasmainstability to develop. For the plasma instability you require that the incident Oave
frequency match the plasma wave frequency, and this problem is not unlike the problem
of the X—mode case. If you propagate vertically, what happens with X-mode is that it is
reflected before it reaches a frequency in the plasma, matching the transmitted fre-
quency, ahd it seems to be that the refraction will do the same thing to your situation.
There is a question of how fast the spread-F occurs, of course. Can you comment on that?

W. F. Utlaut: I cannot give you precise times, but it was clear that it was there not
promptly; it took 30 seconds, or maybe even a minute or more, before there was the deve-
lopment of the spread-F. It developed slowly, but it became quite an appreciable amount
of spread.
Another thing that we have done is to phase the array at low power levels with the trans-
m.ttter and s~eer the beam of the vertically directed array of f from vertical, tipping italmost to 45 from vertical. We observed the heating transmitter signal itself on the
ground , and it is clear that out 300 km, or 400 km away, that the heating wave itself
(when we have full power on) has very deleterious effects. It causes it to fade very ra-
pidly and very deeply, whereas if we came on with low power first and made the measure-
ment we did not have the ionospheric modification and it was just an ordinary ionosphe-
ric reflection. It may be that trying to go to too high a power transmitter , at least
for short distances, may defeat itself in the fact that it is destroying the character-
istic of the signal just due to the irregularities in the turbulence of the ionosphere.

W.E. Gordon: That should have some interesting consequences for the communications
pe.p~e:: Are there any further comments on the inadvertent modification problem ?
Apparently mankind is polluting his environment in all kinds of ways, including the
ionosphere.

5, Interaction of the Modified Ionosphere with the Magnetosphere

W. E. Gordon: Let us proceed to the ionosphere/magnetosphere coupling. We have touched S
on it more than once in the discussion so far, and I wonder if anyone has more to say.

P. A. Bernhardt: I forgot to mention that it is planned (or proposed, at least) to put
a VLP transmitter on the Spacelab and in that way get away from coupling through the
ionosphere into the magnetosphere by just sticking the transmitter above the inetrument.

6. Study of Natural Processes in the Ionosphere by Modification Experiments

A. Egeland: I was mainly interested in the production of this field-aligned irregularity,
and t just want to ask what is the main source for production of this field-aligned
irregularity in connection with heating experiment~,Is it the e~~tric field 7

W. F. Utlaut: I am not sure that I really know the answer. I think that there are two
kinds of field—aligned irregularities, at least. Apparently just the heating (even rela-
tively low power heating) itself somehow sets up the instabil i t ies that will create
field-aligned irregularities that can be observed at low HF frequencies. In order to
produce the kinds of irregularities that are seen at VHF and UHF one requires the
beating of plasma waves and electrostatic waves to produce this transverse irregularity
(Perkins has developed the theory). I think these are the source of the backscatter that
is seen at 157 and 435 MHz and it seems clear that, if you look at the radar cross sec-
tion as a function of frequency, that there are two different Slopes so it looks as
though there are probably two distinct kinds of phenomena going on.

H. Soicher: Can we cause the effects of a magnetic storm , for example , by any of the
artificial modifications ? Can we explain L—band scintillations with artificial modif i-
cation 7

w, F, Utlaut: I do not know about creating a magnetic storm ; I would not want to take
credit for it. Certainly, I think we learn something about a possible understanding
of spread—F creation. With the satellite transmissions —— I do not know whether I men-
tioned that these transmissions were made on frequr~ncles ranging from 135 to 400 MHz
through the artificial modification —- the scintillations look exactly like tl ey do with
natural scintillation , We had no opportunity to c,bserve at 1.—band . We know t hat there is
at least a three-meter structure in the ionosphere that is created and probah1~ much
shorter than that even if J. Minkoff’s extrapolation of curves up to 1300 MHz is correct .
There would have been cross sections seen had we looked at higher frequencies. There
must be a whole spectrum of irregularity sizes created . That does not say we know about
i t ,  but it does of fe r  a f a c i l i t y ,  I think , for observing the kind of things you are
asking about.

P. Stubbe: I would like to say a few words to your first question , which was more gene-
ral. First, one should think that one can learn from these experiments because one pro—
duces inStabilities of the same kind that nature also does, hut at second look it is a
different process. Nature does it mainly by drawing the energy from kinetic energy and
feeds it into some wave mode and here the conversion is from an electromagnetic wave
into a more or less electrostat ic mode. But the r e su lt s  of all these proce sses are  the 
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same, namely an enhanced level of electrostatic fluctuation. If on this basis some
secondary processes are caused , they may be the same. For instance, if you produce by
electromagnetic wave an electron plasma wave which has a very high intensity, then this
may serve as a mother wave to produce a daughter wave and this, for instance, could be
involved in the process of forming field—aligned irregularities. This is the process of
Perkins that you were mentioning. So, I think that when you are at the stage where you
have excited plasma waves then the whole thing is identical -- only the step from the
energy source to the enhanced plasma wave level is completely different.

W. 5. Gordon: If I might add to that, I think the objectives of many of the people who
work at Arecibo in ionospheric modification experiments are simply to try to understand
what is going on in the atmosphere, both from the point of view of aeronomy and by
making use of the ionosphere as a plasma laboratory. I am sure that P. Stuhhe and his
colleagues, in becoming very involved in EISCAT, have similar motivations.

5. Thrane: I would like to ask one question that has been bothering me the last fifteen
minutes. Dr. Utlaut, how is it (this i’ ~~c’ut cross modulation again) that the extra-ordinary wave causes most cross modulation but has least absorption in the D-region ?

N. F. Utlaut: I assumed someone was going to ask that c!uestion because it has bothered
me too, but that seems to be the phenomenon that is existing .

W. E. Gordon: That is a good paradox , perhaps one on wh ich to end the session. You have
tine at the 1-’eer hall or wherever it may he after the session to think about serious
problems, and this is a good one to leave vith yeu.If anyone has the answer, I am sure
that 3. floirose, who is Chairman of the session tomorrow morning, would i-c glad to hear
from you and perhaps even offer you a minute to sneal’. Let me thank th~ participants at
the round table and the audience for a very stimulating hour. The session is adjourned. 
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Modification of Ionized Media by Chemical Substances - A Review
of Physical Processes

G. Haerendel

Max—Planck—Institut für Physik und Astrophysik
Institut fUr extraterrestrische Physik
8046 Garching b. t4Unchen, Germany

1. Introduction

“Modification of ionized media by chemical substances ’ lets us think in the first place of man-made
releases of gases in the upper atmosphere. The cheapest way of accomplishing this is by chemical reactions,
such as the Ba — CuO reaction , which yield a neutral metal vapor. The ionization Is provided by exposure
of the gas to the UV radiation of the sun. But there are other ways of modifying the ionized medium. Plasma
can be created by means of a plasma generator or acce lerator, but, of course, at a higher expense of energy.
Or, one can inject a neutral gas with which the natural ionosphereic plasma undergoes reactions, such as
electron attachment, charge exchange, or ion—molecule reactions which lead finally to enhanced losses by
dissociative recombination. Modification can also arise in a natural way by selective transport processes.
In the lower ionosphere, this selection is mainly provided by the differing recombination rates of the
different ion species. Metal ions above the turbopause have a much longer life—time than the characteristic
time—scales of transportation, in contrast to the dominant ions, NO+ and O,~’. In the higher ionosphere or
magnetosphere, the transport process itself can be selective. Diffusive seDaration, as it occurs in the
polar wind , is the simplest example. Less well understood are processes related to anomalous resistivity
of field—aligned currents which may accelerate different ion species even in opposite directions , since
one species may be preferentially coupled to the parallel electric field and the other to the electron
current (Haerendel , 1976).

Modi fication means creation of an inhomogeneous composition of the ionzed component which may or may not
be~ accompanied by a change of total mass—density and pressure. The aim of this paper Is to survey brieflythe host of processes initiated by such modifications. Before doing so, I will suninarize the conunon plasma
injection techniques and some of the natural modification processes.

2. Artificial and Natural Modification Processes

I do not intend to give a complete survey of all possible modification techniques, but will confine this
discussion mainly to chemical releases and to some natural modification processes. Recently, interest has
grown in more indirect modification techniques by releasing freon or other molecules with which the natural
plasma reacts rapidly (s. contributions of Mendillo (1976) and Bernhardt et al. (1976) to this symposium).
These techniques will not be covered here.

2.1, Chemical Releases

Historically the first deliberate plasma injection was made by Marmo et al. (1959) wIth Cs vapor.
Thermite react ions , in which a compound of the element to be injected is reduced by Al or Mg, were mainly
used. Initially, the same type of reaction was applied in barium release experiments (Föppl et al., 1965),
but later on replaced by the more efficient Ba - CuO reaction with an excess of Ba (Foppl et al., 1967):

n Ba + CuD —, BaO + Cu + (n — l)Ba

n is typically 2.5. The same reaction works wel l with Eu and LI. The efficiency for barium is In the
proximity of 10 - 15% relative to the total weight.

Recently, titanium - boron reactions have been introduced as heat sources for evaporating metals of
higher vapor pressure such as Ba and Li (Alfo rd and Reed, 1969). Since the reaction product, T I B 9, is a
solid and both atoms relatively light , a clean and perhaps more efficient evaporation of the added metal
can be achieved. Whenever weight is critical , this may be an attractive new technique. Table 1 is a list
of molecules whi ch have been released ~n the upper atmosphere. Figure 1 taken from an excellent stmlnary of’chemical release techniques by Thlokol (1975) shows the amounts of materials that have been released up to
now in rocket experiments. The dominance of barium demonstrates the great interest in ionospheric modifica-
tion .

Shaped or hollow charges have proven to be very useful tools for Injections of ion beanis along the
magnetic lines of force up to high altitudes, i.e. deep into the magnetosphere (Michel , 1969, 1974;
Wescott et a)., 1972, 1974). Forward velocities of up to 20 km/sec, but dominantly between 8 and 15 km/sec.
are characteristic of the fast part of the velocity distribution . Fi9ure 2a shows the distribution achieved
with the charge shown in Figure 2b.By proper choice of cone angle, liner thickness , and shape of the
explosive can one optimize the resulting velocity distribution of the Ion jet. In our recent experiments
we have been aiming at a relatively narrow velocity range. Figure 3 shows such a jet at an altitude of
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3700 km. Its length is 1000 km and the width of the bright structure 20 km. In addition to particle tracing
this technique can be used to create artificial ducts for VLF waves in the magnetosphere.

The elements used so far for chemical releases of plasmas were Li , Cs, Ba, Eu. U23g is another good
candidate because of its low ionization potential . The alcali metal ions Li+, Na+, Cs~ do not have
resonance lines in the optical window of the earth’s atmosphere and can , therefore, only be used if other
than optical detection techniques are employed, such as radar reflections or in situ measurements. Table 2
suimiarizes some of the properties of these elements.

2.2. Natural Modification Processes

The most important recombination process of metal ions (M+) in the low ionosphere are three-body reactions,
e.g.:

M1’ +02 + A  r M02~~+ A

and subsequent dissociative recombi nations of MO2
’. A is any third neutral collision partner. Since the

probability of such collisions decreases rapi~ ly. above 100 km. the life-time of metal ions becomes very
long. The dominant molecular ions, 02+ an~ NO , however, are subject to dissociative recombination with rate
coefficients of the order erec = i~

—
~ cm~ sec ’ . Hence, any pile up or depletion of the total plasma

density in ~ne lower ionosphere will have a more severe effect ~n metal ions than on the dominant ions , which
tend to re—establish quickly their chemical equilibrium. This way the relative composition of the various
ionic constituents can change severely. Regions where this tends to occur most expressedly are (1) the
regions of sporadic E, i.e. regions of wind shear; (2) the underside of the ledge of the night-time r2
layer at sub-equatorial latitudes , where the ions lifted by the equatorial fountain effect “rain ” down; and
(3) regions of strong shear flows in the polar ionosphere, where the Pedersen current, which is carried by
the ions, has appreciable divergences. Mg’~ and Fe

+ are the most abundant naturally occurring metal ions.
They originate by the evaporation of micro-meteorites at 80 - 90 km altitude and become ionized after up-
ward transport by charge exchange with 02

+ and N0’.

Of particular interest are today natural modifications of the magnetospheric plasma by upward acceleration
of ionospheric ions. Either heating in regions of strong anomalous electric resistivity or the action of a
strong parallel electric field , both in the presence of dense field-aligned currents, may be responsible
for this effect. The relation to field-aligned currents , which tend to flow in thin sheets, implies a very
inhomogeneous modification of the magnetosphere through this mechanism. Reports of high densities of NO’,
0,”, N2” at altitudes up to 1100 km (Taylor , 1974), of energetic 0’ in the magnetosphere (Shelley et al.,
1972, 1974), and of outward directed field—aligned ion flows in plasma sheet (Paschmann et al., 1976)
and plasma mantle ( Frank et al., 1976 ) confirm the presence of these ions. Their possible effects on
magnetospheric dynamics and the propagation or generation of plasma waves is likel y to become a fascinating
subject of future research. Barium shaped charge experiments have recently demonstrated beyond doubt that
electrostatic acceleration of ions into the magnetosphere does occur (Haerendel et al., 1976).

3. Processes Initiated by Modification of the Ionized Medium

There are essentially three classes of effects that are related to Inhomogeneous plasma distributions.
The first class comprises those effects which result from the balance of forces: inertial , pressure,
magnetic, and resistive forces. The second class contains the changes of transport processes arising from
electrostatic polarization fields set up by inhomogeneities of the electrical conductivity , both collisional
and inertial , the latter occurring when the wave frequency exceeds the collision frequency. The third class
are the effects of inhomogeneities on the propagation of electromagnetic and plasma waves ; they are of
particular interest to this symposium. Many of these effects may lead to instabilities , to further secondary
effects and feed—backs. Of particular interest are those processes which are characteristic of a cold and
hot plasma interface, as we have between ionosphere and magnetosphere. It is to a large extent this aspect
that will maintain or even enhance the demand for active plasma experimentation in the near earth space
over the next decade or so.

At the same time, many of these experiments are providing tracers for natural processes, in particular
of the electric and magnetic fields . This property has been in the foreground of most of the chemical
release experiments til l now and will certainly be further exploited.

3.1. Enhancements of Pressure

In this class of effects we must distinguish between the balance of pressures perpendicular and parallel
to the magnetic field. The initial phase of many plasma injections is characterized by diamagnetic effects.
The decay of magnetic cavities is an interesting subject of investigation. In the lower ionosphere the
pressure balance is maintained by interactions of the ionized component with the much denser neutral
atmosphere. Parallel to the magnetic field ambipolar diffusion and sedimentation dominate. Above the F2
maxinsim, the ionized and neutral components become decoupled , and the balance of total plasma pressure
parallel to B Is a subject of Interest. A few experimental and theoretical results from this field will
now be suimsari zed .
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3.1.1. Di amagnetic Cavities

When the pressure, p , of an injected plasma exceeds the energy density of the ambient magnetic field ,
B2/8ir , a magnetic cavity is formed. In the ionosphere this is not an important eff,ct f~r chemi ca l rel eases ,
because the photo-ionization time—scales are so long that plasma densities above 10 cm can hardly be
generated. Even with an initial energy of 100 eV , as they are achieved in shaped-charge injections of
barium, the energy density would stay at least one order of magnitude below the magnetic pressure. Plasma
injections with plasma generators, however, although they have normally a much lower total output of ions,
lead to the formation of magnetic cavities within the first few meters from the source (Zhulin et al.,
1972). The study of the development of such a cavity , in particular of its collapse is a very fascinating
plasmaphysical experiment. In the sounding rocket project PORCUPINE we had scheduled the ejection of a
Cs—source from the main diagnostic payload (Sagdeev et al., 1976), which woul d have provided such an
experiment (Figure 4) (unfortunately, the rocket motor exploded shortly before burnout , and no data were
obtained .).

With c~emical releases in the higher magnetosphere the situation is different (Pilipp, 1971).B = 8np/B exceeds unity within a substantial vol ume . Figure 5 is a sketch of the situation for a release
of abou t 2 kg of Ba va por at an al titude of S R E using a Scout roc ket (Haer endel , 1973). Figure 6 shows
magnetic field data from inside the cavity. The field is decreased by 2 orders of magnitude , but recovers
quickly within about 1.5 m m .  This recovery was faster than expected. Furthermore, there are indications
of micro—instabilities causing a fast diffusion of B back into the cavity and heating the plasma at the
same time. This heating manifested itsel f in an unusually fast longitudinal expansion of the barium plasma.

The diamagnetic effects created by artificial injections are short—lasting or, with an continuousl y
operating source, confined to the very neighborhood of the source. They are, howeve r, strong modifications
of the environment and useful tools for experimental studies of processes which play important roles in the
laboratory, possibl y at the magneto pause , in cometary atmospheres and many other situations. Subsequent to
the diamagnetic phase, plasma boundary layers with gradient lengths below the ion gyro-radius may be
maintained for a little while whereas the electrons are already completely magnetized. This again is a
fascinating subject of plasma physics.

3.1.2. Aanbipolar Diffusion

When the plasma density of the ionosphere is locally enhanced , it is subject to several transport
mechanisms . Parallel to the magnetic field ambipolar diffusion , sedimentation and drag by the neutral
wind are the prevailing processes. Transverse to B , convection , possibly connected with strong shears ,
dominates , very often breaking up into sma l l scal~ convection because of instabilities that will be
mentioned later on. Transverse diffusion has not yet been established as a significant effect, except for
anomalous diffusion in diamagnetic cavities (see above). But ambipolar diffusion of a finite cloud is an
interesting theoretical subject (Haerendel and Scholer , 1967; Simon and Sleeper, 1972; Rozhanskii and
Tsendln , 1975). It turns out that parallel as well as transverse to B the ions dominate the rate of
diffusion and an approximate diffusion equation for a cylindrical i nliomogeneity is:

3n 3 ,  ~~ 1 3 , 3n
= 

~~~
. 
~~~ -~~~-, + ~ -~~-~ ~r D~ TF

with

(1 + .r! Di,,

D~. (1÷ ,.!) D ~1,

Since Dj1 / D << 1 where diffusion plays an essential role (F layer) it can for all practical purposes
be considered one-dimensional parallel to B and proceeding with Da~

When releases are made in the upper F-region , where the coupling with the neutral atmosphere is weak,
one has to be aware that the heat content of the injected plasma may not be quickly exchanged with the
background. In experiments at the magnetic equator at about 500 km altitude (2 kg charges only) we could
observe for more than 10 mm a locally enhanced parallel diffusion coefficient. This is only understandabl e
if the temperature of the barium cloud remained higher than the (measured) background temperature by about
60% for this period.

3.2. Enhancements of Total Mass Density

If the total mass density of the ionized component if significantl y affected by a plasma injecti on ,
inertial or gravitational forces in the disturbed region may become important. Under almost all circumstances
will the initial bulk velocity of the injected plasma be different from that of the background. Eventually .
however, both will become equal , unless there Is a constant external force acting transverse to B, like
gravity at the equator. The momentum exchange with the ambient plasma is an Important probl em, i~i particularbecause of the inhomogeneity of the magnetosphere—ionosphere system, which introduces complex long range
coupling effects by emission and dissipation of Alfven waves. The gravitational force may lead to the
Rayleigh-Taylor instability .

- — - —— — -  ——~~~~~~~ - p~~~~~~~~~~~~~ ~~
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3.2.1. Momentum Transfer

The momentum density of a certain volume in space be suddenly enhanced owing to plasma injection , and
the total velocity vector be different from that of the undisturbed environment. After the diamagnetic
phase, the magnetic field pervading the injection region can be considered as frozen-in , i.e. injected and
pre—existing plasma tend to move relative to the surrounding plasma. The corresponding change of the
magnetic field leads to the excitation of Alfvên waves which propagate approximately along the magnetic
field and comunicate the change of motion to other regions in space outside the injection region. Thereby,
momentum is exchanged along a flux-tube with a time-scale:

M
~ on= Z F p ~~~~%lp, ‘

where M
~0~ 

is the total injected mass , F the cross—section transverse to ~ , p the ambient density
and vA the Alfven veloc ity. This process has been deal t with by Scholer (197Q)~a

If the injection occurs in the magnetosphere , the propagation of the Alfvén waves and the coupling with
the dissipative ionosphere poses many interesting probl ems which pertain equally to some natural magnetic
pulsations (pc 5) or, for instance , to the interaction of Io and Jupiter. In the aforementioned barium
release from a Scout rocket we observed a very slow momentum exchange lasting up to several hours, depend-
ing on the mass density within a certain flux-tube. Such a dependence is to be expected from the above
equation . Figure 7 shows a picture of the resulting density structure, and Figure 8 the square-root of the
angular separatTon from the field line through the release point as a function of time . The different slopes
show the density dependent accelerations , the brightest features being the slowest. One of the unexpected
results was the absence of any strong oscillatory effects which were predicted as a consequence of Alfvèn
wave reflection at the ionosphere (Scholer, 1970).

This experimental situation is closely related to the physics of cometary plasma tails. In that case,
however, B is relatively weak as compared with the momentum density of the plasma flow. Therefore, the
field becomes strongly distorted while it is still anchored in the coma of the comet. m e  well-known rays,
which point away from the sun , are formed. In order to study the effects more closely, one coul d in fact
think of creating an artificial comet by releasing several 100 kg of barium outside the magnetopause. This
may be an experiment for the 80’s.

In the ionosphere we can treat the momentum exchange in an electrostatic way, since the travel time of
an Alfvên wave is much shorter than the time of momentum exchange. This time—scale is dictated by the
balance of the inertial and frictional forces on a flux—tube. The friction is caused by ion—neutral colli-
sions; therefore, the integrated Pedersen conductivity, , enters:

M 2
ion c

— 

F

It turns out that r1 lies typically between io”2 and 10
_i 

sec . For optical tracing from the ground it is
not detectable. However, diagnostic instrumentation close to a plasma emitter should discover the finite
momentum transfer time . We were hoping to measure the distortion of a plasma spira l originating from the
rotating Cs—plasma generator (Figure 9) to be ejected from the PORCUPINE payload. The maximum expansion
of the spiral upstream in the sense of the ambient convection would give an answer on r1

3.2.2. Rayleigh—Tay lor Instability

A gravitational force, ~ , transverse to the magnetic field leads to a transverse drift:

where ~ is the gyrofrequency . u is proportional to the molecular weight , p . At the magnetic equator ,
u is approximately: u0 = 0. 3 .1 ~m/sec~ . In spite of the small magnitude of this drift it may have far
r~aching effects, since ~he corresponding ion current can set up strong polarization fields at any existing
inhomogeneity . The magnitude of this field depends on the effective transverse conductivity which allows
for a certain amount of short-circuiting. If the conductivity of the lower F and E regions is reduced , as
it happens in the equatorial ionosphere at sunset , the damp ing of vertical convective motions is reduced;
the Rayleigh-Taylor instability can work . We have essentiall y the situation of a heavier fluid on top of a
lighter one at the steep ledge of the F2 layer. Its growth rate is (Baisley et a]., 1972)

- _ _ _- 

~
)
eff H

where veff is a weighted average of the ion-neutral collision frequency and the scale height of the
plasma component. With H 20 - 50 km growth rates of several times iO~ sec can exist It is now widel y 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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believed that equatorial spread F, a wide range of irregularities in the night—time equatorial F-region,
is initiated by this process.

One feature of this instability is very remarkable: the irregularity creates apparently elongated
bubbles ” which rise up by several 100 km, even above the F maximum (Woodman and La Hoz, 1976; Kelley et

al ., 1976), rather than leading to enhanced downward transport of higher density regions. Inside these
“bubbles ” or “holes” short-wave i rregularities form which are effective radar scatterers. Figure 10 shows
an example of rising patches of 3 m irregularities as measured by the Jicamarca radar. On the other hand,
we were very surprised when we placed barium clouds into the theoretically unstable F—layer during spread F
that no visible fine-structure was created. One of the few examples of barium clouds without striations.
This anomaly is still unexplained .

3.3. Changes of Electrical Conductivity

3.3.1. Pedersen Conductivity

In a weakly ionized plasma such as the ionosphere, the electrical conductivity is proportional to the
number density of charged particles. Inhomogeneities of th~ density lead necessarily to polarizationfields , which in turn affect the electric drift, — ~ x ! . The high electrical conductivity

~E
parallel to B has the consequence that a whole magnetic flux-tube gets involved . Therefore, we must not
only take inlo account the primary inhomogenei ty, but all the plasma along the magnetic lines of force,
in particular the section through the E-]ayer where the Pedersen- and Hall-currents flow. For small
transverse wave-lengths electric pol arization fields can be short-circuited above this layer, thus the
effective integrated conductivity bocomes reduced (Farley, 1959) and the polarization fields enhanced.
Subsequent distortions and small—scale irregularities can develop more rapidly m d  cause the familiar
striated appearance of barium clouds.

A vast literature exists on the subject of distortions (Lloyd and Haerendel , 1973; Perkins , Zabusky,
and Dol es, 1973; Zabusky, Do 1es , Perkins , 1973) and on formation of striations by the cross—field
instability (Simon, 1963; Linson and Workman , 1970; Völk and Haerendel , 1971). One of the decisive
processes in this context is the set up of secondary irregularities in the region of return current owing
to the fact that the comunication along magnetic field lines is achieved by electron currents, whereas
the dissipative part of the transverse current , the Pedersen current, is carried by the ions . Hence, any
divergence of E~ leads to a divergence of the ion flow and thus pile up and depletion of the previousl y
unaffected backlround plasma . This way image clouds and image striations develop below and above the
primary irregularity (Figure 11). The physics becomes very complex and escapes anal ytical treatment.
Numerical modeling has been successfully applied to these problems .

In brief, whenever we modify the ionosphere, somewhere electrostatic coupling leads to a subsequent
modification of other layers along the same flux-tube. Most efficient is the modifi cation if applied to
the region of maximum transverse electrical conductivity . Chemical releases in this range of altitudes
are, however, less effective because oxidation of the neutrals is competing with the photo-ionization
process. Cs seems to be more appropriate than barium for such applications. An effective artificial modi-
fication of the E—layer can be achieved by el ectron attachment as for instance with releases of SF6 or by
an imediate injection of metal ions by means of plasma generators.

In this connection w~ should remind oursel ves of the existence of appreciabl e amounts of natura l metal
ions , mainly Mg’ and Fe in the E-layer . They can pile up in regions of wind—shears or strongly divergent
Pedersen currents (Figure 12). Once their distribution has become inhomogeneous they tend to create
secondary irregularities via the cross—field instability , be it only because the critical ratio of g~’r -

and collision frequencies , on which the transverse conductivities depend , varies approximatel y as f~
1

Not much is known about the role of these meteoric ions in the creation of ionospheric fine-structure , but
the subject is worth exploring. Our group is at present developing a TV-camera to be flown on a ~alloonwith the aim to take pictures of the ionosphere in the light of the Mg~—resonance lines at 2800 A. Thistechnique may hel p elucidating such processes.

3.3.2. Inertial Conductivity

Large—scale ionospheric irregularities are quite often accompanied by short wave-length structure. This
is of particular importance for the backscatter of radio—waves above the critical frequency . Spread F and
type II i rregularities in the E-region are good examples. The underl ying mechanisms are not yet completely
understood, In particular in the upper F-layer. When collisions are rarer, other effects may take over;
the ion inertia becomes important. In the presence of a varying electric field the ions get a mobility in
the direction of E and the corresponding velocity is for w <

This ion current can take over the role of the Pedersen current In the l ower ionosphere and lead to some-
what changed growth—rates of instabilities such as the Rayleigh-Taylor or cross—field instabilit ies.
w- kv must exceed the collision frequency for inertial effects to become effective. With typical drift
velocities of tens of hundreds of ni/sec this applies to wave-lengths below about 1 km in the F-layer .

-. - -
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Of particular significance are ion inertial effects in connection with the often observed shear flows.
Above the E-)ayer shear flows correspond to 3Ex Any drift in the direction of the divergent

dE * 0 •

electric field will lead to a -j experienced by the ion and thus to an additional mobility in the
di rection of E , which the el*tron does not possess. The resulting electric current can be destabilizing
in certain situ~tions. In general , we should not be surprised to see shear flows accompanied with smallscale i rregularities down to the range of meters. In this field much theoretical works has still to be
done.

4. Modification of the Propagation of Waves

In this paper I have focused the attention on processes which influence the dynamics of density changes
of an ionized medium. Once such variations in density are established they will infl uence the propagation
of waves , be it the diagnostic waves of ground-based radar, the radio waves of a conmiercial broadcasting
station, the TM signals of a satellite , the signals of a point—like radio source, the whistler waves in a
magnetospheric duct , or plasma waves trapped in regions of enhanced cold plasma in the magnetosphere. If
the waves are excited by energetic particles, thei r propagation properties have strong consequences on
their growth and , therefore, on the energy transferred to them from the particles. This means, in addition ,
that the accompanying scattering of the particles is also affected by the propagation properties of the
waves . Modification of the propagation medium can thus cause a wide field of secondary effects (Brice,
1970). The interest in these processes as well as the desire to understand the mere propagation of the
waves , stimulates us to design various artificial modification experiments . Chemical releases a—c a
relativel y inexpensive means to achieve them. Howeve r, plasma generators and accelerators appear more
frequently in space, in particular in the planning for Spacelab. Phenomena as magnetic cavities and sharp
plasma boundaries with scale—lengths below the ion gyro—radius can be set up with their hel p and can be
studied far into the non-linear regime of any occurring instability . Large-scale plasma seeding in the
magnetosphere and tracing of transport processes between solar wind and the inner magnetosphere are more
ambitious tasks for future applications of the chemical release technique. It is quite apparent that the
earth’s environment as a plasma laboratory has not at all been fully exploited.
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DISCUSSION

P.A. Sernhardt: What were effects of NH3 release ?

G. Haerendel: Just shock wave effects.

J. Lemaire: What is the order of magnitude of the time scale t, ~~~~~~~~~~ ~~compared to 2;— ~~~ ~ 
p

G. Iiaerendel: T., ~~ hours

r 1O a
~sec (7)

Ii 
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TABLE I

Typical Chemicals Used in High Altitude Experiments (Thiokol . 1975)

Ba Sr C2H2
Na Al (CH3)3 Nil3
Li Al (C2 H5)3 B2 H6
Cs SF6 B (C2 H5)3
Eu NO Fe (CO) 5
K NO2 Pb (C2 H5)4
Ca CS2 Kerosene

Al CO2 Misc. explos ives

TABLE 2

Properties of Elements Suitable for Artificial Ionospheric Plasma Clouds

Element U10,,, [eV] Resonance Lines t theory

of Ions [R3 t = experiment

Li 5.39 199.28 2.9.1O~ sec ’ t

Na 5.12 372.07 1.1.10
_S 

sec 1 t

4077.77 1Sr 5.69 (2.2-1O~ sec t , e
4215.52

Cs 3.87 926.75 6.5.10 k sec ’ t

4554.04
Ba 5.21 5.10~ sec~ e

4934.09

4129.74 3Eu 5.67 5’lO sec’’ e
4205.05

4090.20
U 6.05 ?

4241.67

~~~ - -~~~~~- - - --—~~~~~~~~~~~~~~~~~~~ -- . . - - -—
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Figure 1: Approximate Usage of Chemicals in High Altitude Experiments (Thiokol , 1975).
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Figure 2a: Distribution of Ba Vapour Atoms Over Forward Velocity A and Transverse
Velocity Sb of the Boundary of the Distribution as Measured In the Laboratory
by Michel (1969, 1974). — cone angle 30° , ---- cone angle 60°

Figure 2b: (upper right—hand corner) Configurations of Shaped Charges. 
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Figure 3: Barium Ion Jet at an Altitude of 3700 kin. Length 3700 kin, Width of Core 20 km.
5 Minutes After Injection From Antarctica .
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Figure 4: Sketch of Cs-Plasma Beam Near Source. Configuration of ExperIment 12 on PORCUPINE
(Sagdeev et al., 1976).
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SPATIAL-TEMPORAL DEVELOPMENT OF MOLECULAR RELEASES CAPABLE 
- 

-

OF CREATING LARGE—SCALE F-REGION HOLES

Michael Mendillo and Jeffrey Forbes
Department of Astronomy

Boston University
Boston, Massachusetts 02215 USA

SUMMARY

The discovery that the exhaust plume of the Saturn V rocket which launched NASA ’s
Skylab Workshop caused a sudden and large-scale depletion of the ionospheric F—region
total electron content has renewed interest in the creation of so-called “artificial
ionospheric holes” by chemical release techniques (see Mendillo et al., 1975 , for a
published sumunary of the “Skylab Effect” and its related theory). A more detailed
investigation of diffusion in an exponetial atmosphere, with and without chemical loss
processes for the diffusing substance, and for a variety of possible release heights and
solar cycle co4ditions is now under study. Since the amounts of material capable of
injection into the F-region will, under most projected circumstances, be much less than
the 1 ton/second of exhaust ejected by the Saturn V second stage engines during the
Skylab launch, a thorough analysis of the diffusion process is vital for any prediction
of the types of smaller holes which can be created. To a first approximation, the rate
of decrease of electrons at any particular time and distance from the release point is

V 
proportional to the instantaneous concentration of the diffusing substance. Our initial
results for diffusion of molecular hydrogen (one of the highly reactive molecules capable
of creating F-region holes) shows that chemical loss by atomic oxygen severely affects
the expansion of the released gas by creating a chemical sink in the lower thermosphere
which competes with diffusion.

(Ref: “A Large—Scale Hole in the Ionosphere Caused by the Launch of Skylab”, Mendillo, M.,
Hawkins, G.S., and J.A. Klobuchar, SCIENCE, 187, 343-346, 1975.)

1. INTRODUCTION

The dramatic “ionospheric hole” created by the exhaust of the Saturn V rocket which
launched NASA ’S Skylab Workshop (MBNDXLLO, M., 1975a, l975b) provided the impetus for a
new look at large—scale ionospheric modifications. Rocket launches have long been known
to provoke ionospheric disturbances (BOOKER, H.G.,196 1,STONE,M.L.1964ARENDT, P.R.,l96l,
REINISCU, B.W., 1973), but these modifications were often small in magnitude, limited in
geographical extent, and short-lived in duration. They were usually explained as being
due to “ballistic interactions” between the physical structure of the rocket (or its
exhaust) and the ambient atmosphere. It was felt that the rocket and/or its exhaust
would, in essence, push—aside the neutral atmosphere and the ionized component embedded
in it. For the “Skylab Effect”, however, (MENDILLO, M., l975a) suggested that the dominant
mechanism responsible for creating the observed F-region hole was chemical. Specifically ,
the molecular content of the Saturn exhaust plume (H2 and H20) caused the atomic-ion!
electron plasma of the F-region (0+ and e ) to be rapidly transformed into a molecular
ion/electron plasma (OH+ or I12O~ and e )  which rapidly recombined. The re-enactment of
this process is the type of modification experiment we envision, and the calculations
described below address this goal within a realistic experimental framework.

2. DETERMINING FACTORS FOR A SUCCESSFUL MOLECULAR RELEASE EXPERIMENT.

The aim of the present study is to investigate the most important aspect of any
modification experiment by chemical releases, i.e., the exact temporal and spatial
development of the substance released. It is anticipated that any future experiment
could not realistically be expected to use the same enormous number of molecules ejected
by the Saturn second stage engines. During that launch, several hundred tons of M t0 and
H5 were added to the F—region and consequently the horizontal region affected exceeded
1000 kin ~n diameter. We envision rocket and/or Space Shuttle releases of perhaps only a
ton (:10 kg), and therefore one needs information as precise as possible concerning the
expansion of the cloud into the ionospheric region it is due to modify. We see several
specific factors to consider in the formulation of such a modification experiment:
1. The number of particle, capable of being deposited in the ionosphere.
2. The height distribution of the source, e.g., a point source versus a gaussian or line

source function. 
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3. The height or height range of the release.
4. The molecular weight and size of the released particles.
5. The reactivity of the released particles with the dominant constituents of the

background atmosphere and ionsophere, taken to be 0 and O respectively .
6. The state of the ambient atmosphere and ionosphere.
7. The extent and duration of the desired ionospheric hole.

The results of Mendillo (1975b) stressed that the temporal—spatial development of
the expanding cloud of molecules was, to first approximation, a diffusion-dominated
process. Since a truly enormous number of molecules were added to the upper atmosphere
during that launch, depletion effects (whether photochemical or aeronomic) upon the
diffusing substance were shown to be unimportant when accounting for the observed effects.
To maintain this diffusion—dominated scenario for a much smaller release suggests that
the main concern would only be that of not making the release from too high an altitude.
The virtually explosive expansion of a molecular cloud into the topside ionsophere would
simply argue for a release somewhat below the peak of the particular electron density
profile to be modified. However, when dealing with a modest number of molecules, it is
not possible to continue to ignore the chemical processes between the molecules and the
ambient atmosphere the molecules are attempting to diffuse through. In particular, as
the height of the release is lowered , the atmospheric chemistry which can destroy the
molecules before they remove ion—electron pairs becomes more and more important, and
eventually it dominates. To achieve maximum ionospheric effects, therefore, the height
of the release must be a function of both the Ne(h) profile and the state of the background
atmosphere.

Concerning the molecular weight and size of the particles released , clearly the
heavier and larger the molecules are, the slower is their diffusion. From simple
kinetic theory, the diffusion coefficient (D) depends on the mean free ~ath CX) and average
thermal velocity Cv-) , where A varies inversely with molecular size and v inversely with
the square root of mass.

The main thrust of our calculations is directed to topic ( 5 ) ,  an assessment of the
mechanism whereby the molecules are destroyed by atmospheric chemistry before they can
begin to create an ionospheric hole. Within the framework of assessing topic (5), we
also address topics (2), (3), and (6) to some extent. The case chosen for study is the
release of molecular hydrogen. This seems the most appropriate one to consider because

— its light weight favors diffusion. Sections 3 and 4 give the physical assumptions and
mathematical formulation for our model , and sections 5 and 6 present our results and
associated discussion.

3. PHYSICAL ASSUMPTIONS AND BASIC DATA

To illustrate our technique , we have chosen to study the diffusion of an artificially-
injected cloud of H2 in the ionosphere V.~or minimum (T = BOOK) and maximum (T = 1400K)
sunspot activity, thus providing a set’of profiles which are representative of effects
under most conditions. The released particles are assumed to be thermalized and dominated
by mutual — rather than self-diffusion shortly (z5 sec) after the release. Photo—
dissociation and condensation of the released gas are not considered. While these latter
two assumptions hold for H2 (MENDILLOy M., l975b), they might not be true for other
possible release gases such as H2O, CO2 , or NO2.

In order to create the largest ionospheric hole, the optimum release height must lie
somewhere in the bottomside F-region, permitting the H2 gas to diffuse upward through the
F—region peak as time progresses. We therefore assume the transport of H2 to be governed
by molecular diffusion combined with the chemical loss process

H2 + 0 (3p) ~~~ OH + H
Loss of H2 by the ion-atom interchange reaction

112 + 0+ ~~2 
OH+ + H

is neglected. Our physical model can be justified by the following time—constant
arguments. Consider the time constants CT) for the loss of H by chemical loss (1), ion
deplection (2), and molecular diffusion to be defined by

= eZ/~ç [O1~ eZ/80

‘ri l/y2(O~)
2 —z

I’d — L e /D0
respectively, where z — distance in scale heights from the reference height h , L
characteristic scale length for diffusion, and subscript zero denotes values taken at
h — 300 km. We will later find it convenient to think of Td as a diffusive residencetIme over the characteristic length L. Values for relevant parameters adopted in the
~iI~ulations are given in Table 1. Nighttime 0+ profiles are used to compute time +constants since the proposed chemical releases are incapable of depleting the O~ and NO
ions in the daytime Fl layer, thus restricting the most dramatic ionospheric moaifications
to nighttime. Some daytime ionospheric data appear in Table 1 for comparison purposes.
Taking L — 50 kin. (appropriate during early stages of the release), one finds that —

d for T 800K and T 1400K at all heights, indicating that the diffusion of H2is, to a first approximation , decoupled from the ionospheric depletion process. In
fact, these values of represent gross underestimates within the expanding cloud of H2,
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since the ambient ionosphere rapidly disappears duri~g the initial stages of the release.Loss by 0~ would have significant effects if 1111 [0 J , which occurs during the later
stages of the release at the leading edge of the expanding 112 cloud. The overall effects
of including reaction (2) in the diffusion of 

~2 
were shown to be small by Bernhardt et.

al., (1975) who considered diffusion alone. In section 6 we determine at what stage of
the release H2 depletion by 0 can no longer be neglected when 112 loss by reaction (1)
is also included. On the other hand, I’d>I’c below 300 km for 1400K and l’d> I’C below 200
km for 800K , indicating that chemical loss by 0 cannot be neglected under all conditions.
The effect of chemical loss appears to be relatively minor for T = 800K. However, it is
found in Section 5 that the H~ linear density profile descends with time , and the
diffusive residence time lengthens, so that chemical loss eventually competes with
molecular diffusion in this case also.

4. MATHEMATICAL FORMULATION

The diffusion of 
~ 2 in 0 is governed by

-~~ fl +.Dfa
2n 

~~f
’
1 + 3y~ +

~- ~h
2 

~~~ 
H) 3h H0H

+ DJ~
2T) + 3~~fl

~~~~~~ ~y
2

where n(~~,t) = number density of 112
8 ( h )  = chemical loss coefficient for 112 to the ambientatomic oxygen atmosphere

D(h) mutual diffusion coefficient

11o = scale height for 0
H scale height for H2
h = altitude

x,y = horizontal coordinates

The quantities ~~, D, 
~~~~~~ 

and H are assumed to be independent of x and y. Moreover , we
consider an isothermal background atmosphere consisting exclusively of atomic oxygen,
thus limiting the validity of our results to regions above about 200 km. We wish to
stress the mathematical formalism necessary to handle the case of diffusion with chemical
loss, coupled with a representative set of illustrations which show the importance of the
loss process. The final effect upon the ionosphere of the molecular release ultimately
depends upon the total number of molecules available at any given height and time. We
therefore integrate (3) over horizontal space, obtaining

aN -~N + DJ32N +( 1 + 1 3N + N
2 ~~H H)ah H Ho 0

where N(h,t) —,,f ,,,f ( ~~,t) dx dy,

which is the total number of injected particles at altitude h and time t. This quantity,
which we refer to as the linear number density, proves useful in evaluating the relative
effects of chemical loss and diffusion in a concise , one—dimensional way. Applying the
method of separation of variables to (4) leads to an eigenfunction-eigenvalue problem
with solutions in terms of generalized Laguerre polynomials. Yu and Klein (1964)deterntined
a solution to (4) for the case 8 = 0. We will refer to these solutions as L—results , for
diffusion with loss, and D—results, for diffusion only , respectively .

5. RESULTS

As stated above , the technique of using one—dimensional , horizontally integrated ,
vertical profiles is a particularly concise way of assessing the differences between the
number of molecules available at any given height and time as given by the diffusion only
(—D- ) and diffusion with loss (—L- ) results. Table 2 summarizes four sample cases
chosen to illustrate different release heights and extreme exospheric temperatures. The
CIRA-72 model was used to dctermine the atomic oxygen concentration at the release height.
and the exponential atmosphere used in our calculations was keyed to that value.

In Table 2 , case (2) represents diffusion with maximum loss and case (3) diffusion with
minimum loss. To illustrate these cases in comparison to the diffusion—only formulation ,
consider figures 1 and 2. For these calculations , a gaussion source function with a half—
peak thickness of 20 km was used . The source was normalized to unity , and thus the linear
concentrations on the abctssa should be multiplied by the total number of particles re-
leased . Thus, for a release of 100 kg of molecular hydrogen (112). the profiles appearing
in Figures 1 and 2 would have to be multiplied by 3 x i028 molecules.

In Figure 1, the linear number density profiles for diffusion only (labelled with a D)

_ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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and diffusion with loss (labelled with an L) differ significantly for time, of a minute
and longer. During the first 10 seconds or so, loss has not yet become important, and
thus the D and L results are similar. However, after 360 seconds the L-resulta show a
6-fold decrease in the number of molecules simple diffusion would predict. Clearly, one
cannot count on the longevity of an artificial hole as a natural consequence of lingering
molecules, at least not under these solar maximum, low re&ease conditions. Moreover, the
horizontal extent of the expanding cloud, and therefore the anticipated ionospheric hole,
would certainly be much smaller when chemical loss is taken into account.

In Figure 2, where the minimum loss condition is presented (cases D3 and L3), one can
see that sfter 60 seconds of expansion the L and D results are very similar. The loss-
less diffusion curves diverge from the diffusion—with—loss profiles only at the topside
heights.

The integral with height of the verticAl profiles appearing in Figures 1 and 2 gives
the total particle count as predicted by the diffusion only (d) and diffusion—with—loss
CL) formalisms. To illustrate how significant the loss mechanism can be for late times,
consider the results for particle counts presented in Figure 3. Using the four atmospheric
cases described in Table 2, and a 20 km half—peak source thickness, the resultant D and
L profiles have been integrated between height limits of 200 and 600 km, for times of 3
minutes to 30 minutes. For the diffusion—only conditions, the particle counts decrease
with time due to diffusion into the regions below 200 km and above 600 km. The diffusion-
with—loss curves (Ll to L4) naturally include this typ of ~ - ffusive loss, as well as
the chemical loss of 112 to the atomic oxygen within the 200 to 600 km height range. This
is a clear case of how the temporal/spatial availability of molecules, and therefore the
possible duration and horizontal extent of an F-region hole, is very much dependent upon
how the molecules react with the ambient atmosphere.

6. DISCUSSION

Figures 1—3 show that chemical loss can have a marked effect on the diffusion of an
artificially—injected cloud of H1 in the ionosphere. Some insight into the physics in-
volved can be obtained by comparing the time constant for chemical loss, T~ 

= ez/8o,
and the diffusive residence time , ¶

~ — L2e~~/D0 . Since we are considering a rather
localized source funtion, the scale length I. is initially small, and diffusive residence
time of the molecules is very short; hence 1~ must be comparatively small in order for
the chemical loss to effectively compete with diffusion in the early stages of the release.
Considering the time constant arguments in Section 3 and the profiles in Figure 1, this
is in fact the case for a release at 250 km in a background atmosphere corresponding to
sunspot maximum conditions. Referring to Figure 1, after 10 minutes the D (diffusion-
only) profile has lowered its peak from 250 km to 225 km. Such behavior is expected
since the topside particles are diffusing away faster than the bottomside ones, thus
forcing the peak of the profile to descend. On the other hand, the peak of the L profile
has ascended to 290 km with a peak value about a factor of 10 less than the 0 profile.
The profile does not descend in this case since the bottomside particles are continually
lost to a chemical sink in the lower thermosphere.

Now consider a release centered at 300 km in the T = 800 K atmosphere (Figure 2). The
introduction of chemical loss appears to have a different effect in this case. Here
diffusion dominates in the early stages of the release, and both the 0 and L profiles
descend. (The dominance of diffusion is due to the combined effect of the temperature
dependence of the rate constant 

~i,  
and the greater height of the release.) After about

60 seconds, the length scale associated with the diffusion process increases , hence
lengthening the diffusive residence time and allowing chemical loss to once again compete
effectively with diffusion. However, the relative abundance of particles at a&titudes
above 250 km represented by the D profiles is not so obviously explicable on these
grounds. One is reminded that the curves -in Figure 2 represent the total number of par-
ticles at a particular height and time , and cannot be associated with any point in x-y
space. We can presume , nevertheless , that many of these particles have travelled a con-
siderable horizonta] distance from the point of the release, since those which initially
chose to travel ver t ically have escaped from the F—region. Therefore , the diffusive resi-
dence time of t!~~se remaining particles is very long, and in the presence of the chem ical
loss process ~re removed long before they would have reached these points under the
assumption ot diffusion alone.
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DISCUSSION

F. H. Uibberd: Was it likely that substantial molecular hydrogen was present ?

N. tlendillo: Yes. Fuel was liquid H2 and 02 and

P.A. Bernhardt: Was the loss coefficient variable in height ?

ti. Ilendillo: Yes. It had an exponential dependence — following the neutral oxygen model.

G. Jlaerendel: 1) Was the recovery of the ionospheric hole consistent with the P2 cloud
model and the enhanced recombination coefficient arising from this cloud ?
2) Could the rapid recovery of the hole he related to transportation effects of the
neutral cloud or/and the plasma hole 7

H. Mendillo: 1) We h0~. ~.t tried to reproduce in detail the recovery of the F-region hole
following the SKYLAB launch because of the very complex nature of source , i.e., the
rocket exhaust had two constituents and , of course , the rocket was continually changing
its geographic position. The recovery of the hole depends upon a plasmaspheric flux and
solar production effects.

2) The hole would take part in any convection effects appropriate for the local time and
latitude. Thus , relatively un-modified plasma might appear along the diagnostic ray path
monitoring the ionosphere. The neutral cloud would also be expected to fol low ambient
neutral wind patterns.

P. Halley: Pensez vous que le d~ fau t  o~ le trou d’ionisation provoqu~ artificiellementdana la rigion F puisse avoir cr~~ une onde de gravit~ ? La courhe de densit~ Alectroni-quo en fonction du temps pr~ sente un d~passemen t de la situation normale apr~s uneremont~e rapide.

P . -Iendillo:  We looked carefully for any evidence for gravity waves, at several stations ,
but saw none. I suspect that since we observed a çlasma loss effect , the total mass in-
volved was small, and therefore probably not sufficient to launch gravity waves. 

~~---
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TABLE 1. BASIC DATA

(0]

Temperature at 300 km it 300 km IPeak electron ,
~~~ 

Height of ~l ~2(cm 3) (4jj ~2 sec—l)3concentration (Cflt ) F—region (cm sec—l) (cm sec—l)
(a) (b) (c) “

~cf’°~ 
(d) (d)

- 
noon midnight noon mid. 

_________ ____________

800 K 0.42xl09 0.25xl012 4.OxlO5 l.OxlO5 240 320 0.lx10 12 0.2xl0 8

lI~ C _ 11
1400 K 0.l3xlO .llxlo l.6xlO 5.OxlO 320 380 0.2x10 0.2xlO 8

(a) CIRA (1972)
(b) Kinetic theory hard-Sphere mood
(C) Risbeth and Gariott (1969) ,  their TABLE IV.
(d) Intermediate among those measured by Clyne and Thrush (1963), Wong and PotterLl965),

and Westenberg and De Haas (1967).

(e) Ferguson (1973)

TABLE 2

~ase Release Height Exospheric Temperature Oxygen Concentration

1 250 km 800 K 1.32 x l09/cm3

2 250 km 1400 K 2.70 x 109/cm 3

3 300 km 800 K 4.20 x l08/cm 3

4 300 km 1400 K 1.32 x l09/cm 3

j - 

~~~~~~~~~ 

.
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Figure 1:

Linear concentration profiles for diffusion—only CD) and diffusion with loss (L). The
profiles are normalized by the total number of particles released . The source was taken
as a gaussian distribution centered at 250 km and with a 20 km half—peak thickness. The
background atmosphere is pure atomic oxygen at an exospheric temperature at 1400 K.
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Figure 2:

Linear concentration profiles for diffusion-only CD) and diffusion with loss (L). The
profiles are normalized by the total number of particles released. The source was taken
as a gaussian distribution centered at 300 km and with a 20 km half-peak tnickness. The
background atmosphere is pure atomic oxygen at an exospheric temperature of 800 K.
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CHEMICAL DEPLETION OF THE IONOSPHERE

P.A. Bernhardt, A.V . da Rosa and C.G. Park
Radi osc ience Laboratory

Stanford University
Stanford , California 94305

U.S.A.

SUMMARY

An opening in the Ionosphere may be created by the release of reactive chenicals that promote Ion-
electron recombination. The extent of the ionospheric modification partially depends on 1) the
condensa tion, 2) the expansion rate, and 3) the chemical reacti~n rate of the injected gas. In the case
of a diatomic hydrogen rel ease, depression of the ionospheric 0 and el ectron concentrations is governed
by these reactions:

0~ + H~ • 0H~ + H

+OH + e - ~ 0 + H

Side effects of chemically induced depletion of the ionosphere are increase of the electron temperature,
decrease of the Ion temperature, enhancement of airglow emissions and formation of depletion ducts
extending into the magnetosphere. Radiowaves may be guided or focused as they propagate through the
modified ionosphere or magnetosphere.

1. INTROD UCTION

Since the early 1960’s it has been observed that the transit of rockets through the F-layer may
produce observabl e reductions in the electron concentration. Early reports by Booker in 1961 and by
Jackson, Whale , and Bauer in 1962 attribute this phenomenon to the displacement of the ionospheric plasma
by the ro~E~rexhaust gases. With a better understanding of the ionospheric chemistry , the question of
the relative importance of the chemical versus the gas—dynamical effects of the rocket exhausts on the F-
layer was raised. Observation of the large-scale depletion by the exhaust of a Saturn V rocket, as
reported by Mend illo, et al. in 1975a, b, suggests that the chemical effects overshadow the plasma
displacement effects wTthiii minutes after the injection of the exhaust into the ionosphere.

The first part of this paper is a discussion of a theoretical study of the chemical and gas
dynamical processes resulting from the release of reactive gases Into the daytime ionosphere. Only point
releases , such as from an explosion or a pulsed jet, are considered . In the second part of the paper,
some scientific uses of the artificial reduction of the ionospheric plasma are considered .

2. IONOSPHERIC MODIFI CATION BY THE RELEA SE OF POLYATOMIC NE UTRAL GASES

FIgure 1 illustrates the various phenomena taking place between the time of gas release and the
time of collisional mixing with the rarified F-region atmosphere. The coordinate axes in this figure are
specific vol ume (reciprocal of mass density ) and temperature. As a hig h temperature, hi gh density gas
cloud expands after release, its temperature rapidly drops and its volume increases as shown by the dark
curve in the figure. If the gas does not condense, a low temperature is attained. The gas is then
reheated by collisions with the background atmosphere. The whole process of cooling and reheating occurs
in about ten seconds for a 100 kilogram release. Gases, such as water vapor, will partially condense
upon release. The liberation of the heat of condensation tends to keep the vapor temperature elevated as
shown by the dotted curve in the figure. Again , reheating of the molecules remaining in the vapor state
is by collisions with the background atmosphere. In the example illustrated , 40% of the released gas has
condensed . Thus, condensation may remove a significant portion of the gas molecules from the chemical
process.

After thermalization with the background atmosphere, the remaining vapor molecules will expand
diffusively. Figure 2 illustrates the diffusion of a gas ball into a nonuniform background atmosphere.
The scale of the nonuniformity is characterized by the scale height H

~
. When the ball expands over several

scale heights , the ball becomes highly nonspherica l. The calculation of the diffusive expansion of a gas
cloud into a nonuniform , chemically reactive atmosphere has been described by Bernhardt, Park and Banks
[l975j.

The gas cloud , during expansion , reacts with the ionospheric 0+. The average lifetime of an 0+ ion
as a function of the neutral atmospheric composition is Illustrated in Figure 3. The coordinate axes are
1) the ratio of released gas concentration to ambient nitrogen concentration and 2) the 0 lifetime in
seconds. Significant reduction in 0+ lifetime occurs for relatively small concentrations of water vapor .
hydrogen , nitrogen dioxide , carbon dioxide , nitrous oxide , and diatoinic oxygen. In the rest of this paper
only H2 depletion of the ionosphere is considered. H was chosen because of its resistance to condensation
and to photoionizatlon , its low weight, and Its high ~eact1on rate with O~.

The chemical reactions governing the ionospheric depletion are enumerated in Figure 4. In the
normal , unperturbed F2—layer , the 0+ Ion is removed by reaction with N2 to produce N0

+. The NO+ then reacts
wi th an electron to produce N and 0. The same sort of reactjons occur with the injection of H2. Hydrogen
undergoes ion-molecule charge exchange with 0~ to produce OH . The OH+ then experiences rapid
dissociative recombination to produce 0 and H. A side effect of the release of H2 is the production ofexcited states of 0 which leads to airglow emission.

__ _ _  _ _
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Depletion of the ionosphere produces effects extending Into the protonosphere. The field aligned
geometry used in our simulation of the effects of H, release are shown in Figure 5. One hundred kilograms
of H2 are released Into the F-layer at an altitude bf 300 km. The field line at the point of release is
L°3.

A block diagram of the Stanford plasmaspheric model Is Illustrated In Figure 6. The mo~el is
divided into three altitude regions corresponding to the ionosphere (less than 500 km), the [0 ,H~) chargeexchange regIon (500 to 3000 km), and the protonosphere (above 3000 km). The blocks In the model are
arranged Into the neutral atmospheric model , the plasma model , and the thermal model . Two additional
blocks, the H, continuity equation and the 0H~ continuity equation are needed to simulate the extra-ordi nary proc~sses result ing from H2 release. The plasmaspheric model is described In detail In the
report by Bernhardt (1976J.

The density and temperature variations produced by the release of H, Into the daytime F-region are
examined in detail. Our simulation describes the effects of the release oV 100 kg of H, at an altitude
of 300 km and at a geographic latitude of 40°N. The field line through the release polilt is at L—3 with
a dip angle of 70.50. DurIng the day, neutral winds are ass jned to be zero.

Figure 7 shows a sequence of electron profiles for the daytime ionosphere with an overhead sun.
The unperturbed profile at 0 seconds shows a large F2-layer above an Fl-layer. One minute after the
release of H,, the F2 peak is reduced by an order of magnitude while the Fl-layer is unaffected. The
daytime incr~ase In plasma temperature iumnediately after gas release produces a slight increase In theupward plasma flux. Eleven minutes after H2 injection, the level of this flux has decreased below theunperturbed flux level because the F-region depletion has been communicated up the field line . After one-
half hour, the shape of the F—layer has recovered but the peak density has not.

The daytime meridional plane contours of electron concentration In Figure 8 shows asymmetry and
tilting resulting from the inclination of the geomagnetic field and nonuniformity of the neutral
atmosphere. Because the H, cloud diffuses more rapidly upward into regions of lesser atmospheric density,
Its shape becomes nonspherical . The nonsphericity of the gas cloud coupled with the Inclination of the
magnetic flux tubes produces greater depletion to the north as compared with the depletion to the south
of the release point. The daytime F-region Is still recovering from the H2 release after 4800 seconds.

The electron temperature rises dramatically during the day. This is a result of reduced cooling of
electrons onto ions in the region where the plasma concentration has been depressed. Examination of the
daytime electron temperature profiles along the field line through the point of H, injection (Figure 9)
Illustrates the effec t of the lowered ion cool ing. The local electron temperatur~ minimum at the
altitude of the F-layer concentration peak (300 km) rapidly disappears as high temperature electrons
produced by thermalized photoelectrons enter the depletion region. The rise in the electron temperature
produces a decrease in the downward thermal heat flux from the overlying protonosphere. The maximum
electron temperature occurs about 10 mInutes after H2 release. At this time the temperature at 300 km
has increased by 1500 K.

The spatial extent of the thermospheric modification is shown in Figure 10. Before the gas release,
time 0 seconds, a slight meridional variation in the daytime electron temperature results from the
latitudinal variation in the solar zenithal angle. One minute after H, rel ease , a 100 km wide region of
temperature enhancement (Figure 10) coincides wi th a similarly sized r~duct1on In electron concentration
(Figure 8). After ten minutes , the width of the supra-normal temperature region has increased to 250 Ion.
Later , the electron contours relax toward the unperturbed state but even after 2 hours, significant
thermospheric perturbation exists.

Coincident with a rise In the electron temperature is a decrease in the ion temperature. The heat
source for the Ions are the electrons. In the depleted ionosphere, the electron-to-ion heat transfer is
reduced. After the reactive gas release, the ions are cooled by heat transfer to the neutral atmosphere.

The ion temperature reduction has a significant effect on the topside~ionospheric H
+ concentration.

The reduction in the F-region 0’ concentration produces a reduction in the H concentration under 
+conditions of isothermal chemical equilibrium because reaction of 0+ and H is the main mechanism for H

production in the F-region. However, compari son of the H4 profiles before and after daytime H~ injection
reveals a decrease in H~ only in the region at the bottom of the H4 layer below 1100 km (Figur~ 11).Throughout most of the layer, the H+ concentration increases. This is due to changes in H+ loss and
diffusion rates produced by ion temperature variations. The (H4,0) reaction rate is proportional to the
square root of the ion temperature. Thus, the reduction in ion temperature tends to produce an increase
in H1~. The H~ diffusion coefficient Is proportional to the ion temperature to the 5/2 power [Schunk andWalker, 1970J resulting In a reduction In the diffusive transport of H4 through the depletion region.
These two effects produce a bulge In the H~ profile In regions where production of H~ by 0~ Is not
important.

The depletion of the F-layer produces a relative reduction in the protonospheric content above
3000 km. A temporal sequence in the formation of the daytime protonospheric depleted tube or trough Is
shown In Figure 12. The protonospheric content reduction Is plotted against the meridional cross-field
distance at the base of the tube relative to the field line passing through the point of release. The
asyninetry in the trough is due to the magnetic field inclination.

As mentioned earlier , the release of H Into the F-layer will lead to the production of excited
oxygen atoms. The region of 6300A airglow en~ancenents attributed to 0 (lD) is Illustrated In Figures 13
and 14. One minute after injection , a bright torus around the field line through the point of injection
is formed. The Intensity inside the ring is low because of the chemical depletion of the 0~ along thecentral magnetic field tube. The torus expands with the H2 gas cloud producing a “smoke r ing ” effect.

The morphology of the expanding airg low ring is an indication of the electric fields and neutral
wind s in space surrounding the point of gas release. Without any externally Imposed (-winds or fields the
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ring will be circularly symmetric around the gas release point. A neutral wind will move the injected gas
cloud toward one side of the depleted flux tube resulting in an elongated alrglow ring with maximum
brightness in the direction of the neutral wind. An electric field will move the partially depleted
plasma tube tgward the edge of the injected gas cloud. Thus, a neutral wind will move the optical portion
of the ring away from the gas release point in the direction of the wind and in contrast, an çl~ctricfield will move the hole in the rIng away from the gas release point in the direction of the ExB tube
drift. By measuring the variations in the structure of the aIrgiow ring with respect to the poInt of gas
injection, the magnitude and direction of neutral winds and electric fields deforming the airglow ring
may be estimated.

The chain of events resulting from H, release into the ionosphere are summarIzed in Figure 15.
increased electron-Ion recombinatlon promoted by the diatomic hydrogen release produces airglow excItation
and reduction of the F-laynr plasma concentration. The Ionospheric depletion is communicated up magnetic
field lines causing a protonospheric depletion. In the depleted ionosphere, the cooling of electrons onto
ions Is reduced and the temperature of the electron gas Increases. This produces a thermal expansion of
the plasma resulting in a further reduction in electron and Ion concentration. Collisions between neutral
molecules and high temperature electrons produces additiona l enhancement In the alrglow emissions.

3. EFFECTS OF THE DEPLETED IONOSPHERE ON RADIOWAVE PROPAGATION

The artificially depleted Ionosphere and magnetosphere will produce variations in refractive index
which affect the propagation of (-H radiation. Changes In radlowaves propagating through the modified
plasmasphere are Indicative of physical changes occurring In this region.

HF trajectories may be significantly affected in the vicinity of an ionospheric hole or trough.
General l y, rays reflected from the sides of the trough are defocused. Focusing occurs for rays propagating
through the depleted region (discussed later). Radiowaves with frequencies greater than the critica l
frequency at the trough center may escape through the ionospheric hole. Doppler frequency shifts In the
returned HF waves indicate trough movement. Therefore, if an ionosonde Is used to measure the structure
of the.chemically depleted ionosphere, angle-of-arrival and Doppler information may be necessary for proper
inter.pretation of the Ionosgrams. A theoretical study of reflection of high frequency Ionospheric radio-
waves in the vicinity of a trough has been presented by Helms and Thompson [1973].

Incoherent scatter radars are valuable tools for studying electron densities , electron and ion
temperatures, and plasma drifts in the 200 to 800 km region. The power of radar signals scattered from
the Ionosphere is proportional to the electron density at the scattering point. The width of the received
power spectrum is directly related to the electron-to-ion temperature ratio. The Doppler shift of the
power spectrum is a measure of the plasma motion along the radar line-of-sight [Evans, 1969; Carpenter —

and Bowhill, 1971]. Thus, Thomson (incoherent) scatter radars may bc used to determine density and
temperature perturbations resulting from the injectIon of reactive gases.

A rarif led plasma tube extending through the magnetosphere becomes a duct when It guides electro-
magnetic waves. In the guiding process, the raypaths are bent by the gradients of refractive Index
resulting from the variations of plasma density in the tube. A ray is said to be trapped if it tends to
be bent toward the center of the tube when It is propagating parallel to the tube.

The guiding of a .9 MHz wave In a 60% depletion duct is illustrated in Figure 16. ReflectIon of
the wave occurs at the topside ionosphere. (The depletion levels in Figures 16-18 are probably too large
to be produced by ionospheric depletion. As such, these slides are only schematic illustrations of the
guiding phenomena.)

The protonospheric trough may also be used to guide VLF waves. Figure 17 illustrates a magneto-
spherically reflected whistler trapped in a 40% depletion duct. The wave-normal angles are nearly
perpendicular to the ray direction for trapped propagation below half the gyro frequency (Type 1 trapping).

Larger depletions are required for VIF trapping above half the gyro frequency than below this
frequency. A 20 kHz whistler is guided by a 50% depletion duct (Figure 18). In the regions of Type 2
trapping, the wave frequency is above half the gyro frequency.

The ability to produce waveguides in the magnetosphere makes possible a number of experiments
involving wave-partIcle InteractIons. For certain relationships between a charged particle velocity and
electromagnetic wave frequency and phase veloc ity, strong interactIons occur [StIx , 1962]. These inter-
actions represent coupling between wave and particle energies. The er,ergy exchange between streaming
particles and waves has been suggested for the amplification and absorption of whistler signals (see, for
example, Bernard [l973J). The collision-free magnetospheric plasma is not in a state of thermal equl-
llbrlum and, consequently, contains high energy trapped particles with a wide spectrum of pitch angles.
Interaction between electromagnetic radiation and trapped particles may produce pitch angle scattering .
Some of the scattered particles are no longer trapped and will precipitate along magnetic field lines to
low altitudes where they will Interact with the relatively dense D, E, and F-region atmosphere and may
produce observable Ionospheric phenomena such as enhanced alrglow , heating or ionization. Observations
at the base of the trough may indicate precipitation effects triggered by natura l or manmade VLF
propagation [Rosenberg et al., 1971).

Ground-based wave-particle interaction studies involving VLF transmission through the F-region into
the magnetosphere have required signals with small wave-normal angles with respect to the magnetic field
direction for penetration of the Ionosphere and for guiding along natural , randomly placed enhancement
ducts [Helliwel l and Katsufrakis, 1974]. The excitation of VLF emissions by transmissions from spacecraft
into the depletion ducts at known locations permits the study of wave-particle interactions with signals
at all wave-normal angles under controlled conditions.

HF rays propagating through the hole in the ionosphere are focused. Figure 19 demonstrates the
focusing property of the nighttime ionospheric hole 90 seconds after H2 release. The frequency of the
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radiowave is 10 MHz.

From ground-based measurements of the phase and amplitude perturbations produced in a plane wave
propagating downward through the ionospheric hole, the reduction in ionospheric content and the width of
the Ionospheric hole may be estimated. The amplitude and phase changes produced in a 30 MHz signal are
shown in the top two graphs In Figure 20. From these chanaes, the size of the ionospheric hole may be
determined (bottom two graphs in Figure 20).

Use of the hole as an ionospheric lens in a radiotelescope is schematically illustrated In Figure
21. Calculations by Bernhardt and da Rosa [l976J indicate that a 5 mHz radiotelescope with a beamwldth
less than .2 degree may be obtained by using the ionospheric lens resulting from the release of 100 kg
of H2 at that peak of the F-layer.

4. CONCLUSION

A number of experiments dealing with ionospheric modification by the release of reactive chemicals
are suggested. The measurement of the recovery of the ionosphere from controlled depletion will give
information about the mechanisms that maintain the Ionosphere. Observations of airglow emission
stimulated by the release of reactive gases contain information about electric fields and neutral winds
exerting forces on the injected gas cloud and the ionospheric plasma . Radiowaves may be ducted by
artificially produced troughs. The ducted waves may be used for interhemlspheric propagation or
controlled wave particle interaction experiments in the magnetosphere. Finally, the ionospheric hole may
be used as a large lens for use in a high resolution radiotelescope.
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DISCUSSION

M. Mendillo: 1) If we have seen the movie, do we have to read the book ?
2) You discussed the possibility of a downward protonospheric flux , yet showed only a
decrease in the upward flux, Would you please clarify this for me.

P. A. Bernhardt: 1) One always enjoys the book better after seeing the movie.
2) The flux shown was at 500 km during daytime. During night—time, the flux at 500 km
is downward. After the release of H2 into the ionosphere, the daytime upward-flux de-creases and the night—time downward—flux increases. In these cases, the relative flow
out of the protonosphere incre*s.
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FIG. 5. Three dimensional coordinate system used tn the plasmaspheric model .
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FIG. 7. Time sequence of daytime F-region profiles illustrating the effects of hydrogen injection.
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FIG. 9. Time sequence of daytime electron temperature profiles showing the large temperature increase.
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FIG. 13. Bright ring formed one minute after H2 injection.
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SOME EFFECTS OF A HIGH ALTITUDE BARIUM R~1EASE ON

THE PROPAGATION CHARACTERISTICS OF HF RADIOWAVES

T.B. Jones and C.T. Spracklen
University of Leicester

England

1 • INTRODUCTION

Local disturbances In the electron density of the ionosphere can be produced by releasing chemical
mixtures into the upper atmosphere which ionize due to thermal or photon action. When release occurs at
F—region heights an ionized cloud is formed together with its electrical image in the E—region. A
detailed discussion of the behaviour of the ionized cloud has been given in the preceeding paper (Baxter,
1976).

The electron density changes produced by the release will affect the propagation of HFradiowaves and
this paper describes some of the disturbances observed during the release of a Barium cloud at a height
of 175 1cm over the South Uist range in the UK.

2. EXPERIMENTAL DETAILS

A change in the electron density—height distribution in the ionosphere will affect the propagation
characteristics of radiowaves propagating through or reflected from that region. A technique well suited
to the study of rapid transient changes in ionization density is the so—called “Doppler sounding” method
in which the frequency of the reflected signal is measured as a function of tine. Changes in electron
density will change the phase path of the radiowave which, in turn, will produce a small frequency shift

~f in the reflected signal . The magnitude of the frequency shift can be expressed as

l d P
... . (1)

where X is the free space wavelength and dP/dt the rate of change of phase path.

Observations of naturally occurring irregulariti es have demonstrated the suitability of the Doppler
technique for studies of F—region disturbances • For E.-region events, however, the rate of change of phase
path is so small that the frequency shift is below the resolution of the measur ing system. For this
reason the phase of the signal s reflected from the E-region has been measured directly. The phase
observations have the disadvantage that at the tine of the release the E—layer was moving upwards and so
a continuous retardation in the phase was recorded. Any disturbance effects are thus superimposed onto
this regular change.

Two frequency-stable transmitters were installed on the island of St Kilda, some 90 km north-west
of the range head (see Fig. 1). The transmitters radiated CW ~ignals at 3.502 and 1 .615 MHz at powers of
SO and 20 Watts respectively and were stable to one part in 10>’. The Doppler receivers (3.502 M1~z) were
located at the range head and Lochboisdale and the phase of the 1 .615 MHz transmission was recorded at
the range head. In this way two reflection points in the F—region and one in the E-region situated to
the north of the release were monitored.

3. RESULTS -

3.1. F—region

The introduction of an overdense cloud of ionization in the F-region in the position shown in
Fig. 1 was expected to produce significant Doppler shifts in the signals received from St Kilda. It
sesmed likely that direct reflection from the cloud would be received in addition to the normal F—region
reflection (Wright, 196I~) and that Doppler shifts would be produced as the cloud moved , their magnitude
depending on the cloud velocity. Furthermore, the initial expansion of the cloud is likely to set up a
shock wave which would perturb the reflection height of the 3.50 2 MHz signal as it propagated outwarus
frcin the release point (Jones and Spracklen, 1 97L1). Finally, some of the overdense ionization from the
cloud could possibly move into the propagation paths of the radiowaves and thus modify their propagation
characteristics.

The results obtained are reproduced in Fig. 2 and are notable for their lack of any marked Doppler
shift. No disturbance is evident at the t ime of release and this implies that if direct reflections we re
rece ived from the cloud the rate of change of the phase path was very small after the initial expansion
was over. There is, however, a significant difference between the (~f variations measured at the range
head and Lochboisdale following the release. It would appear that some form of disturbance has
propagated outwards from the cloud and affected the more southerly St Kilda-Lochboisdale path. The path
length changes have been determined by integration of equation (1) and are shown in Fig. ~~. Th’~
oscillatory nature of the St Kilda—Lochboisdale phase path could be interpreted as a wave—lik e perturbation
moving outwards frccn the release point through the refle’tion point of this path. This disturbance Is ,
however, of fairly isaall amplitude and is not evident on the more northerly (St Kilda-range head) path. .

~

~,
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The effects of the release were emall on both F—region paths monitored and no evidence of a large fast
moving irregularity could be detected.

3.2. E—region Effects

Durion ion cloud releases at F—region heights, Stoffregen (1970) reported disturbances in the
E—region and suggested that the ion cloud provides a trigger mechanism for precipitation of high energy
magnetospheric particles into the lower ionosphere. These particles propagate down the lines of the 

- -
geomagnetic field and produce ionization at about 110 km. ~n these experiments the K—region disturbances
were detected optically as enhancements in the green (5577 A) and violet (!~275 ~) auroral emission
starting a few seconds after release.

An alternative mechanism for the creation of K—region disturbances has been proposed by Haerendel,
Lust and Rieger (1967). These authors suggest that electrons move from one end of the cloud along the
geomagnetic field lines down to the E—layer and upwards along other field lines to the opposite part of
the ion cloud. The reason for the current flow is that the electrons and ions in the cloud, under the
action of the electric field, move with slightly different velocities so that a separation of the positive
and negative charges develops. The current flow tends to neutralise the charge separation of the electric
field. The current along the field lines is carried by electrons due to their higher mobility while the
horizontal Pedersen current in the E—layer is carried largely by ions, as indicated in Fig. L~. There will
be one region of the E—layer where downcoming electrons and the horizontal flow of ions will produce a
local increase of electron and ion density and another region where a depletion occurs.

The area of the E-region likely to be affected by this process during the present experiment has
been calculated (Baxter, 1976) and is shown in Fig. S. The extent of the E-layer disturbance corresponds
roughly to that of the ion cloud in the F—layer. The regions of enhanced and depleted electron densities
at 120 (us are marked + and - respectively in Fig. 5.

The phase recording of the E-region reflection is reproduced in Fig. 6. A very marked disturbance
is observed at 19.17.13 UT, 2 nina after cloud release . The disturbances are so large that the phase
tracking system failed to follow the signal. This could be interpreted as a very rapid change in phase
or as a loss of signal amplitude , or that both phase and amplitude changes occurred. It would appear
that the reflection properties of the E-region were completely disturbed for about 2~ mins. At 19.19.52
UT the phase tracking is suddenly acquired again and the normal diurnal phase change is again evident.

The onset time of the phase disturbance corresponds exactly to the tine at which instabilities
(striations) in the cloud begin to develop. These features are indicative of instabilities in the cloud
and correspond to large gradients in electron density. These are reflected in the E—region image and it
is likely that steep gradients in electron density are also produced in the E-region at this tine. Such
gradients could provide multiple reflection points for the E—region signal which would produce rapid
phase fluctuation at the receiver. It is less easy to explain the rapid recovery although once the phase-
locked loop has acquired the signal it will track correctly irrespective the the signal amplitude
provided this exceeds some critical value. The severity of the K—region disturbance was somewhat
unexpected but clearly demonstrates that appreciable disturbances can occur in this layer as a
consequence of the cloud release.

L~. SUMMARY AND CONCL USIONS

The disturbances produced by the ion cloud on the 3.502 MHz propagation paths were smaller than
expected. The effects recorded indicate a wave-like disturbance passing through the reflection point of
the St Kilda—Lochboisdale path. Marked E-region disturbances were observed which begin when structure is
first observed in the released ion cloud. This suggests a current flow between the cloud and its image
which redistributes the E—region ionization in a region located along the geomagnetic field line below
the cloud. The exact mechanism which produces the phase anomally on the 1 .6 MHz transmission is not fully
understood but could involve multiple reflections from the disturbed region of the E-layer.

These preliminary experiments have established the usefulness of the radio Doppler and phase
techniques for investigations of the ionospheric disturbances resulting from chemical releases at
F-region heights.
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Figure it . Possible current flow between F-region cloud and its image in the E-region (after Stoffregen,
1970).
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Figure 5. Location of E—region image during release experiment, + and — indicate regions of en}~anced
and depleted electron density respectively.
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MODIFICATION OF THE IONOSPHERE BY BARIUM ION CLOUDS

A. J. Baxter
M.O.D. (P.E.) A.W.R.E.

Aldermaston, Reading, RG7 4PR, U.K.

SUMMARY

The release of barium clouds into the upper atmosphere gives an opportunity of observing the
interaction processes of the ionospheric medium. The types of approximation used to model the
development of ion clouds are discussed and reference is made to the ionospheric parameters that have
been extracted from our experiments.

For a recent release experiment at South Uist conditions were particularly suited for viewing
the ion cloud directly up the geomagnetic field lines. The characteristics of the ion cloud as it passes
through its development phases are quite marked and an interruption to the propagation path of a
subsidiary experiment (University of Leicester) was observed at the time of the onset of struc ture in the
barium cloud. The optical observations are discussed and conclusions made on the form of ionospheric
model that has been used to describe the phenomena.

1. INTRODUCTION.

The barium release technique (Haerendel et al 1967) has become an established method for
disturbing the ambient i000sphere and providing a means of observing optically the interaction processes.

The theoretical interpretation of release phenomena (Lloyd and Haerendel, 1973, Perkins et al ,
1973) is generally attempted by reducing the problem to two dimensions. The geomagnetic field lines are
regarded as equi—potentials for the electrostatic field (excepting an ambipolar diffusion component) and
the cloud and ionosphere are represented by transverse distribution functioa~ having integrated the
densities along the field. Observationally. the longitudinal diffusive elongation of clouds makes the
extraction of transverse distortions difficult unless the cloud can be viewed with a line of sight near
parallel to the field direction. Comparatively few observations have been reported where this is the
case (Rosenberg, 1971, Davis et al , 1974, Lloyd and Haerendel, 1973).

At diminishing transverse scale sizes, such as to be found in ion cloud striations, the finite
longitudinal resistivity limits the mapping of electrostatic fields to all levels of the ionosphere.
The penetration of striations into the E—region has been discussed by Volk and Haerendel, (1971).
Further , based on arguments on the observed elongation of clouds in the Hall direction , Lloyd and
Haerendel, (1973) have suggested that the coupling between E and F layers is not very efficient .

In an earlier paper (Baxter, 1975), we attempted to account for the striation size distribution
using an electrostatic field spreading model. The approach was unrealistic as it did not allow the
ionosphere to distort in a self consistent manner. Where coupling is possible , the type of background
ionospheric response in the E—(cornpressible) or the P—(incompressible) layers produces widely disparate
growth rates at given striation sizes (Francis and Perkins , 1975).

For our latest release experiment , where we were fortunate to achieve field line viewing, we
attempt to explore this contrary interpretation of perfect coupling to the K—layer. This approach seems
to be supported by the point of formation of structure in the cloud . The difficulty of destabilisation
at small sizes (Francis and Perkins, 1975) can be overcome in the cloud by a convective mechanism but this
still leaves the details of structure in the coupled E—layer uncertain.

When we examine some of our earlier experiments , however, neglect of the E—layer seems more
appropriate , providing we can enhance the F—region conductivities.

2. REDUCTION OF OBSERVATIONS.

The basic details of our releases are given in Table 1. Two features characterise this work ;
namely the sub—auroral location (L — 3.5) of the experiments and the comparatively low altitude of
release where quite strong perturbing effects can be produced with modest payloads .

TABLE 1

RELEASE EXPERIMENT LAUNCH DETAILS

Designs— D te Time Payload Alt itude
lion a UT kg km

SP1 4.6.70 2302 5.9~~ 1.8 Ba 158

SP2 7.9.71 2015 6.0 + 166

SP3 15.5.73 2208 5.8 J 158

SP4 ~,.5.73 2248 5.i~ 
‘
~ 

Ba(N3)2 1S9
+

27.9.75 ~915 6.1 J 6T1 172

A
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The ‘routine’ parameters that we attempt Co establish optically from a release experiment are
sulisnarised in Table 2. One of the biggest uncertainties lies in the estimation of yield due to the
correcting factors which have to be applied to get an absolute measure of cloud radiance. Should our
quoted values appear low, the enhanced oxidation loss at these lower altitudes, as well as a less
efficient payload in the two most recent experiments should be noted. A recent attempt (SF5) to confirm
the yield reduction method using a radio beacon technique suggests there is scope for doubling the quoted
values. This may Only compound the difficulties with ionospheric magnitudes noted later. The determination
of the gyro/collision frequency ratio, K, is also subject to error since we have to compensate for the
projective Sf tuation of the cloud in measuring the longitudinal extension. The term steepening (Simon and
Sleeper, 1972) refers to the enhancement in density gradient of the side of the ion cloud nearest the
neutral material from which separation is occurring, a characteristic feature of release experiments.

TABLE 2

PRIMARY PARAMETERS ESTIMATED FROM OPTICAL MEASUREMENTS

Quantity Method Assumptions

U U. drift velocities Triangulation
-m -t

Q lonised barium yield Integrated radiance Transmissions and oscillator
strengths

R transverse scale Densitometry Cloud symmetry
radius

K barium gyro/ Densitometry Cloud geometry
collision/frequency longitudinal Mbipolar diffusion ion

diffusion temperature

Rate of steepening S Densitometry early Cloud geometry
convec live changes

~~
[ (~~ (~~

)]
~~~~~ 

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

From these primary parameters we estimate the degree of peturbation of the cloud , expressed in
terms of the integrated Pedersen conductivity ratio at the cloud centre to the coupled ionosphere A.
Using a simple analytic model, the steepening/drift rates, S/jJ1i—.u,~ ,(ia a quantity we can measure) defines
a unique value of A. In addition this ratio also establishes the degree of screening to scale the ion—
neutral drift speeds, either to calculate an effective shear velocity between coupled regions of the
ionosphere U or to estimate the ambient electric field E. Finally, we cae make a rough estimate of the
coupled ionospheric conductivity

~‘ _ l _Q e K
Lpi mB l + K 2

All these quant ities are summarised in Table 3.

TABLE 3

REDUCTION OF OBSERVATIONS FOR THE RELEASE EXPERIMENTS

Designation Q gins U~(e) Un(fl) U1 (e) U.(n) S m  s~~

SF1 20 —171 + 42 —153 + 30 — — —
SP2 35 —226 — 80 —230 — 66 1.4 16 2.0
SF3 20 —203 —159 —306 —125 1.2 25 5.8
SF4 2 —102 — 42 — I — 53 1.0 15 4.1
SF5 5 —101 — 26 — 28 — 6 1.8 16 7.0

Designation sAj~i
_j
~~l A U in ~~ E(

~
o_r;t) rnV

N
m l 

~~ 
CihiS

SP2 0.14 1.4 22 11 27 5.4
SP3 0.05 0.3 126 16 — 8 2.7
SF4 0.04 0.3 114 2.5 270 0.6
SF5 0.09 0.7 98 0.3 13 0.5

We cannot claim a high degree of confidence in the absolute magnitude of these reduced
quantities nor do four releasea represent sufficient statistics to generaiise any conclusions. They are
reproduced to indicate the scheme of reduction and to point to trends in the interpr etflion.

____________ ______ _ _ _



-~~ - -~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 1 7-3

3. MODELLING OF ION CLOUD DEVELOPMENT

Methods for modelling the development of ion clouds are detailed elsewhere (eg Lloyd and
Haerendel, 1973). We assume a two layer model consisting of the cloud 

~
11c = 15) coupled to the E—layer

(Kg — 1),. where Kg, Kg are the respective ion gyro/collision frequency ratios. We consider the field
acting on the cloud to be local, ie result from the wind—shear between cloud and background levels such
that the field is zero in a frame of reference moving with the E—layer neutrals.

In general, for ion and electron species, j, at each level, we establish a relation between the
transverse velocities. ~,j, 

the applied field , E, polarisation potential , ~ , species density, N~, gyro!
collision frequency ratio, K3, and temperature. T~:

— F~ Q.+, N3.KJ.T~)

Hence if we use a computational cell fixed on the cloud level neutral drift frame we may write :

— F~ (U x B,$, N
~
,K , Tc) for species, C, at the cloud level

and — F
E(O,

$, NE,KE,TE) — U for species at the E—layer level

where U is the wind—shear, the velocity of the cloud level neutrals with respect to the E—layer neutrals.

The polarisation potential is determined by solving

v . (N.e . !.) —

and the solution can be advanced in time using the continuity equation.

— 0

for the ions at each level independently since ion transfer between levels is assumed to be negligible.
No allowance for recombination has been made.

For discussion we present results from the following simolations:—

(a) The development of a coupled ion cloud chosen with parameters, (A ,U,K,R) approximating to
the release conditions SF5 (Figure 1).

(b) To a slab model of ionisation with a 12 perturbation and scale length comparable to the
spatial resolution of structure in barium cloud , 250 in (Figure 2(a)).

(c) To a model with conditions similar to (b) but with scale length close to the spacing
observed in release SF5, 750 in (Figure 2(b)).

4. DISCUSSION OF RELEASE SF5

The development of release SF5 viewed along the magnetic field direction is shown in Figure 3.
The ion—neutral separation vector was determined by fitting to the cloud positions over a 60—600 ~interval and the error in aligning the photographs is claimed to be better than 5 • The motions over this
interval are steady and restriction to observations over 60—180 s would only change the angle by 2 . In
Figure 4 we present in greater detail the record 165 s from release a time when the structure is emerging
clearly. The appearance of structure is abrupt and can be first noted optically about 140 s from release .

Based on the optical records alone we make the following observations:—

(a) The structure emerges as sheets inclifled at an angle to the ion—neutral separation
direction. At 165 s the angle is about 30 which is contrary to the normal observation of sheets
near parallel to this relative drift direction (Rosenberg, 1971). At later times (300 s) the
cloud has taken on a more conventional E x ! elongated appearance but further convective motions
then complicate the interpretation.

(b) With this change in inclination, the structure is not all concentrated at the steepened
edge. The condition for structure to form noted by Perkins and Dole., (1975) that the cloud
develops to a point which is sufficiently one—dimensional with the density gradient parallel to
the drift direction does not appear to have been met. -

(c) Structure is also formed on the lower part of the cloud as seen in the 200 s record in
Figure 3. There is some evidence that part of this structure is present soon after release and
may have been due to delayed venting from the payload. However , the quantity of material is
small and no anomalies were present in the steepening observations over the first 30—120 .
af tar release.

(d) At late times the density gradient along the lowe r edge becomes distinc t in contrast to
the diffuse drift towards the upper right of the photographs.

_ _ _  -
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We attempt to interpret these observations using the s invlations in Figures 1 and 2. From the
two—layer cylindrical cloud model we see that by the ob8erved time of structure formation , the cloud has
steepened in density not only on the edge nearest the point of origin but along the side passing between
the image clouds. The images have developed to more than double and near depleted values of the ambient
density. Two regions of greatest density gradient can be noted in the E—layer .

(i) On the alga of the negative image cloud remote from the positive image but tending
towards the point of origin.

(ii) Along the line between the two image clouds.

These regions are probably the most likely areas to go unstable which may be in keeping with
observations (b) and (c) above.

Also apparent in Figure 1 is the gradual superposition of the released cloud on the depleted
image. This feature has been termed the ‘exchange process’ by Lloyd and Haerendel , (1973) . The
mechanism goes a long way to explain the distinct edge noted in (d) above. If we have reached a stage
where the superposition has developed then the visual ion cloud no longer acts as a tracer for the
perturbation which has progressed to the positive image cloud in the E—layer.

The occurrence of structure of comparable sizes in a wide variety of release experiments can be
cited as evidence for a selective or preferential growth mechanism. The application of instability
analyses to the striation problem has been criticised on the gtounds that quite arbitrary initial values
can produce widely disparate times of appearance of structure (Lloyd and Haerendel, 1973). The point to
which a cloud will steepen before structure appears is a measure of the level of granularity the cloud or
coup led ionosphere will support. Rowever, we cannot ignore the predictions of analyses which are based
on the same physical assumptions as the alternative descriptions.

In particular , we note the conclusion of Francis and Perkins, (1975) that clouds dominated by
the K—region are destabilised at all wavelengths. In Figure 2 we reproduced some simulations of the slab—
type instability problem. A numerical treatment is used in preference to an analytic approach in order to
investigate the non—linear regime. A wind—shear origin has been assumed for the field and a 1%
perturbation inserted at the cloud level. The disturbance soon transfers itself to the E—layer , 90

0 
Out

of phase (yolk and Haerendel, 1971) and the enhancement in growth rates noted by Francis and Perkins
(1975) is reproduced at the unstable edge. However , quite marked differences are found with wavelength
in the two examples presented in Figure 2. Whereas at 750 in wavelength the structure can move out and
give a detached appearance, at 250 m it tends to merge back on itself at least at the cloud level. Such
merging is similar to the velocity shear stabilisation noted by Perkins and Doles (1975) but more complex
in nature since we have coupled regions of differing gyro/collision frequency ratios.

The differences in appearance relate to the choice of density gradient in the cloud , If we
consider an inhomogeneity in electric field , S E(y), along the unstable edge of gradient ,

I (ln ’~ — 1
o ~lx/ d

the change in density at the cloud , dn, and K—layer , di?, can be written as:

dn — — Sv~~~~) dt — ~~~~~ dt

— 
dn’ - — n’ K i a ( ~~) = ~~ k K 

2 dt
1 + K  S l y B 1 + K

If we assume the phase relation between disturbances to be constructive (Volk and Haerendei , 1971),
we expect the K—layer to distort more rapidly and dominate the situation as we approach the non—linear
regime (provided A = 1) if:

dn’ ~~. dn

ie K
l + K  d

For the numerical example in Figure 2,k 2ii/47O rn
_ i

Hence the above granularity argument may be taken further to state that we only expect structure to
emerge at sizes comparable to the density gradients occurring at the unstable edge. The use of barium as
a visual tracer for the fine structure is limited under these conditionsof perfect coupling and provided
of course we have the optical resolution necessary for the observations. 

-— --- ~~~~--~~ . 
___________
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5. CONCLUSIONS

The question of mapping of electrostatic fields to levels of the ionosphere is crucial to
understanding the formation of structure in artificial clouds. Using a single experiment we have
suggested that the development can be understood in terms of an H—layer coupled model with a local origin
for the electric field. We reproduce Table 3 to indicate that from other experiments auch an interpreta—
ti on is not consistent since It would require E—region winds of impractical magnitude (eg SP3 ‘300 a s~~).

Before we accept an external origin for the field at this sub—auroral location we note the
predicted ionospheric conductivittes are greater in the earlier experiments and speculate whether the
enhanced Pedersen conductivity through electron—ion collisions in the F—layer used by Francis and Perkins
(1975) can be accepted at times of greater solar activity. A local F—region origin could then be proposed
for the field, which would correlate with auroral activity not directly through the propagation of fields
southward from the auroral zone but indirectly by the neutral motions. We note that in am experiment
(Rae. at ci, 1973) where an attempt was made to measure simeltaneously the K—region parameters necessary
to describe the drift motion of a barium cloud , a consistent interpretation was not achieved at twilight.

The onset of lose of signal during SF5 reported by Spracklen and ions. (1976), 110—140 a from
release coincides with the period of gross changes within the H—layer at a time just prior to the appearance
of structure in the ion cloud. The limitations to barium as a tracer are recognised and such effects may
indicate imich more extensive deformations than apparent as borne out by the izimerical simulations.
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FIGURE 1

The development of a two layer model of the bar ium cloud situation. The initial cloud
distr ibution is given by N0 — 0.6 exp (—R 2/ l .852) where N0 is the cloud Pedersen cond uctivity with
respect to an ionospheric value of unity, and K is the radial distance in km. The grid is presented in
the neutral frame of reference at the cloud level with the F—reg ion neutrals moving at 100 in s~~ in ahor izontal sense towards the right of the figure. Perfect coupling between layets is assume d with no
ambient electric field present in the ionospheric level rest frame . Values of 15 , 1 and 725 , 300°K are
used for the gyro/collision frequency ratio and temperature of the cloud and ionospheric levels
respectively.
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FIGURE 2(a)

The development of structure in a two—layer slab model of ionisation. The starting
distribution is given by

N — 1.0 exp (_ (~.~~) 2) (I. + 0.01 cos (fi~~))

The grid is presented in the neutral frame of the slab cloud with the ionospheric level moving with a
(100, 10) m a ”~ wind shear. Contours are indicated at N — 0.1, 0.3, 0.5 ... etc with the signs
indicating the extreme. Values of 10, 1 and 725, 300°K are used for the gyro/collision frequency ratio
and temperature at the slab and ionospheric levels respectively.
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SLSSION III, ROUND-TABLE DISCUSSION

ilODIFICATIOII OF I0l~IZE1) MEDIA BY CIIIMICAL SUBSTANCES

Participants at Round Table: J. Beirose (Chairman)
A. 3. Baxter
p . A.
G. Ilaerendcl
MS Mendillo
C. T. Spracklen

(This substitute summary had to be compiled by the
editor at short notice in order to meet the final
deadline for publication. 2’~ tape-recording had tobe used as the sole basis; apologies are offered to
speakers who could not be identified.)

In summarizing the objectives of this round-table discussion , its chairman, J. l3elrose,
presented a list of subjects which could be considered representative of the entire
field of modifications of ionized media by chemical substances. They may be subdivided
into three main categories , viz., the Understanding of the USC of Chemical Releases ,
the Effects  upon Communications , and Other Effects. Questions like the creation of lono-
spheric instabilities and the generation of waves and plasmas are examples of the first—
ment ioned group , whereas the communication effects may be subdivided into those due to
ionization increases and others related to ionization decreases. The third category re-
ferred to the discus~ jon of additional effects.

In introducing the subjects for discussion , J. l3elrose pointed out that chemical re-
leases could be utilized to provide traces and thus contribute to an understanding of
natural visible processes in the upper atmosphere. As examples, he mentioned the mea-
surement of winds, wind shear , and drift in the L- and F-regions of the atmosphere.
With regard to the creation of ionospheric instabilities , reference was made to the im-
portance of understanding the unstable nature of the ionosphere and of the stud y of
magnetic fiel-i perturbations as well as changes in the conductivity. Turning to the
generation c- waves and plasma s, gravity waves and electromagnetic waves were mentioned ,
also micropulsations and related subjects, Such as duct conditions for whistler propa-
gation.

J. Beirose referred to the communication effects as being of main importance for the
work conducted by the AGARD-Panel sponsoring this Specialists ’ Meeting . Two categories
were identified , effects due to ionization increases and others due to decreaces. With
regard to the firqt topic , a general comment was made concerninq the qeneration of ior~i-zatjon as well as to the i ncrease of the abundance of ionizable constituents in the
5i-reyion . With ionization decreases, communication effects ma” ‘-e visualized as beinq
particularly effective during a polar—cap—absorption event, for i nstance, with the con-
sequent extreme difficulty of maintaining liP—communications between two points on the
earth’s surface. The creation of a hole 4 n the B—region could yield a positive effect
on communications . h is comments referred to hydrogen effects oLserved in the F-region ,
e.q. the rocket exhaust of a Saturn V durinq the launch of S1~YLAB .

ror the subject of other effects , J. I3elrose used the comparison of the earth ’s atmo—
sphere to a larijo laboratory which may nerve to understand the use of chemical re-
leases in studyinq natural processes.

For tne first part of the round-table discussion , on the subject of understanding the
use of chemical releases , layer recovery and the use of such data to determine the
nechanism responsible for maintaining the layer were the initial topics , followed by
the question of parallel electric fields. C. hiacrendel reported on experiments which
had been conducted with this objectivo . Doubts exist as to the existence of such fields
in the r—region altitudes where the plasma density is high, yet he referred to in-
creasing evidence for their existence at higher altitudes , e.g., above 1000 or 2000 km ,
where the plasma density is low ; reference was made to actual results at 2500 and 7500
km. A. Egeland agreed on the parallel electric fields being weak and transient in the
polar ionosphere and also commented on the restriction in tine which limits th~ obser-vation of parameters useful for the understanding of the natural physical processes
base&1 on chemical releases. Supporting this opinion , C. flaerendel pointed out that ,
however , there have been experiments under all types of conditions , from very quiet to
extremely d isturbed ones .

In a discussion on more experimental work , G. llaerendel commented on the particular
suitability of the ecluatorial area , the zone around the magnetic equator , where the
region of the disturbance may be separated horizontally fro~i the region of the return
current in the lower F- or U -region , lie then suggested an experiment involving 100 or
less , say 20 kg of hydrogen , and not the exhaust of a Saturn V rocket , to be released
at an altitude of ab ut 250 km after sunset in the equatorial ionosphere at the equator .
P. large depletion in a certain volume could lie expected to rcnult and , due to the insta-
bility at the equator , this hole would rise; it would be carried nut of the region where
it was created , towards hiuher altitudes . h owever, the lrcreasingly lower recornb-jnatjon
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coefficients would increase its lifetime ; perhaps even hours would then be available for
observations. The only problem may be the separation of natural effects from the pertur-
bation caused artificially .

t:ith regard to the amount necessary, J. Mendillo again referred to the paper.~ contributed
by himself and P.P.. Bernhardt which indicated that much loss than the e~thaust of rockets
Like Saturn V , indeed 100 kg or less, should provoke very localized but very interesting
effects.

in the course of the following discussion , reference was made to the occurrence of small
scale irregularities suddenly appearing and being noticed by a 5011Hz-radar observation ,
together with the ionospheric perturbation, which may be of a scale of 20 km or so. It
was felt that these affects are not fully explored at this stage and that carefully
chosen modification axperiments could supplement the theoretical work.

in summing up the discussion on the topic of understanding the use of chemical releases
as -s means of artificial modification of the ionosphere , J. l3elrose particularly re-
ferred to the paper by C. T. Spracklen and T. B. Jones in emphasizing the importance
of appropriate diagnostic means , an example being incoherent scatter radar .

Introducing the subject of communications within this round-table discussion, J. Beirose
sustisarized ideal objectives such as the creation of an intense amount of ionization in
the lower ionosphere for purposes of disrupting communication or the creation of a hole
Ln the 1)—region , perhaps by firing a rocket into the desired volume, with the possib le
advantage of enabl ing commun icat ion , particularly up in the north , on high frequencies
on some circuit. h owever , he underlined the cjuestionability of such possibilities and
opened the discussion on this topic .

in supporting the desirability of the above-mentioned chances of influencing the iono-
sphere , L. Thrane commented on the difficulty presented by the fact that a gas, wh ich
is, for instance , introduced in the 1)—layer, would expand very ra pid ly but still ra ther
Locally for an area of the order of several hundred meters until pressure equ ilibr ium
~‘ould be established; a further expansion would then take hours by which time the volume
affected may have been carried away by the wind .

Reference was also made to the descr iption of very relevant exper iments in the paper
contributed by T. B. Jones and C. T. Spracklen ; supplementary comments concerned the
slight drift axperienced by ion cloud releases , its direction being westwards.

With regard to the final topic of this round—table discussion , entitled “Other Effects” ,
J. Belrose referred to the use of the earth ’s atmosphere as a large observatory, a la—
boratory without walls.

~\s an example of such an application , S. hlaerendel described the injection experiment
conducted by France and the Soviet Union . A strong electron beam with an energy of the
order of 20 KeV was injected at the Kerguelen Islands in the South—Indian Ocean in order
to investigate its effects in the ionosphere at the conjugate point north of Moscow.
relevision cameras covered the sky inan.attempt to detect optical radiation. However ,
oo opt ical e f f e c t s  were not iced , al thou~~previous localized experiments had been success—Eul , with an electron gun pointing downwards from the rocket altitude. Novertheless , the
electron beam arrived at the coniuqate Ionosphere , as confirmed by radar hack-scatter
detected by mcdns ~f radar equipment installed en the ground . It 

may be concluded that
the stronq electron beam had lost the malor part of its energy on the patu , uerhans de—
sraded down to a few Key. On the other hand , aurora Is known to be caused by a few KeV
pointing down into the atmosphere. rhore investigations seem to be required.

Concluding this summary it may be pointed out that the round—table discussion of this
session supplemented the exchange of information on the subject of artificial modifica-
tion of ioniz- d propagation media by chemical substances. In addition , promisinq areas
for future reseatch were indicated .

_ _ _ _ _   -- _ _



r ~~~~~ 

- 

REPORT DOCUMENTATION PAGE
1. Recipient’s Reference 2. Originator’s Referencel 3. Further Reference 4. Security Classification

of Document
AGARD-CP-192,/J 

ISBN 92-835-1234- 1 UNCLASSIFIED
5.Originator Advisory Group for Aerospace Research and Development

North Atlantic Treaty Organization
7 rue Ancelle, 92200 Neuilly sur Seine, France

6. Title
ARTIFICIAL MODIFICATION OF PROPAGATION MEDIA

7.Presented at the Electromagnetic Wave Propagation Panel Specialists ’ Meeting
held in Brussels, 26—29 April 1976.

S. Author(s) 9. Date
Various Edited by H.J .Albrecht January 1977

/

10. Author’s Address II. Pages

Various 204

12. Distribution Statement This document is distributed in accordance with AGARD
policies and regulations, which are outlined on the
Outside Back Covers of all AGARD publications .

I 3.Keywords/Descriptors
Wave propagation At mospheric composition
Electromagnetic wave transmission Ionosphere
Weather modification Chemical composition

14. Abstract
Communication systems are affected by characteristics of different propagation media
dependi ng on frequency range and distances to be covered. An artificial modification of the
propagation media may improve system reliability or even establish the propagation
conditions basically req uired.
A Specialists’ Meeting was particularly concerned with recognition and definition of limiting
propagation criteria , optimum methods of modifica t ion , and efficiency of changing propaga-
tion media as a function of means employed. It represented an early, if not the first
scientific meeting actually addressing, with its main topic , the anthropogeneous changes to
the eart h’s at mosphere as a propagation medium. The entire subject was subdivided into
three sections, vi z, modification of non-ionized media , of ionized media by e.m. waves , and
of ioni zed media by chemical substances.
In addition to the recognition of the state of the art and the predominant directions of
progress, the stimulation o~f propagation-oriented modification projects may be mentioned as
a major achievement of the meeting ; it also indicated promisin g areas of future research.

Papers and discussion material in this publication were presented at the Specialists ’ Meeting
of the AGARD Electroma gnetic Wave Propagation Panel on “Artificial Modification of
Propagation Media ” held in Brussels , Belgium, from 26th to 29th April l~ 76.



AO—A 036 355 ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT——ETC FIG 20/14
ARtIFICIAL MODIFICATION OF PROPAGATION MEDIA. (U)
JAN 77 H J ALBRECHT

UNCLASSIFIED AGARD—CP—19 2 NL

3 r 3  END
DA T E

FILMED

3-77



9 .9
U U

9~ 9 0  .9 
~ •~a :~—

~ o~. 0

~~ 

0.
E

0. . ~. .~~
U 8  

0

c~ 
~ hIP.~ 0 .0  U

~ ~~ 0

Z 
~~ 

Z •~~~~C~~E~~ ¶

~ ~~~~~~~
U Cl

- C? U~~~~~~~

~ a . — U  08 
~~~~~~~~~~~~~~~~~~~~ 

8Cl0.. 
.0:o .~~~ ~~

U.. ~~~~~~~~~ ~ ,.U U..
Z C l  0z a  0 0.

~~~~ 
~~~~~~~~~~~~~ ~~~~~~~~~~~~~

C... L~~~~~ U Z .~~~~~~~0 ~~~~~~~~~~~~~~~.E~~ 0 C~~ •~~~~U~~~~~~~ a 
~~~~~~~ ~~~ 

0.i~Th Cl U

— —~~~ ~~~~~~~~~ ~U.. ~~~~~ 
0

~~~~~ 
~~ ,~~~t— E o 0~~~~ ~

v 0 C ? O~ ~~~~~
~ ~~~~~c
~~~ < 0 .0 >.

~~ 
< C l  ~~ ~ ~~~~~~ ~~ ~~ ~~~~~~~~~~~ ~~~~~~~~~~~ ~~~

V

~~~~~~~~~~~ 
-
~~~~ •~~~0.~~~~ V ~ ~~~~~~~~~~0 ~~<0 ~~< ~~~~Cl 

.
-

~ U >. 

~~~~~~~~~~~~~~~~~~~ 
>

~~
-‘

~~~ 

_

<
U~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ 

~~~~~~~~~~~~~~~~~~~~~~~~

V~~~~~~~~~~~~~~~U 0.
~~~~~ Q~o ~~~~~~~~

.9 .9
(N U (N U

9
~ ~~ 0C? 0

0. ~~ 0.

~~~~~~~~~~~~~~~~~~~~ 
E .9~~~~C? E
0 0

< 0.Cl .~. E U~~~~ <c~ ~< 0 .0
U 0

~~~E

~~~U
.
~~ Z ~~~~~~~~~ ~~ 0 

~~ 
Cl .

~~ ~~~I) 
o ~‘ -o 

~~V .0

~~ 
~

U Cl
U C? C) 0..

U 0 ~~~ 0 ...0.Q ~~ 0 .~~~0
8 8

— .?~‘U.. ~~~~~~~<C l 0. ~~ 0~~~~~< C l 0 .  ‘

S.. ~ Z. Cl 0 ~~~Z a 0. z ~~~~~~~~~~~~~~~~ 0.U ~~~
.- 

~~ II- U~~~O E  a
V
UCl C?

I?. gr- E 0 0~~~~~~cl 
~l U.. .0~~ ~~~~~~~~~ ~l

U O~~ 
~~~~~ 0 ~~~

4) 
~~~~~~~ .o >. ~

.- — 

~~~~~ 
•
~ C? ~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~

~~~ ~~~~~~~~ 
C)

0 
~

-S

~~~ ~~~ a U 9 2 ~~~~~ -~ a ~ ~~~~~< ~~~~~~~~~~~ U~~~ 0. < .-. ~

I



r -

~~~

I— — — ~n 
~ 

t~ ~ 
.~ ~— 0 ~~~ — —

~
o~~~ u~~ o~~~ o ~~~~~U 0’

~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~ .2~~~~ ~~o
U 

~~~~~~~ ~~~~~~~~~ ~~~~~~ U4~
U =~~~~

•
~~~Q ~~~~~~~ ~~~~ .5 U > ~~oo ~~~~~ —

~~ E :~ U U~~
0

~~~~E ~~~~O

~~~~o ~~- .E
~~~~c u~~~ f •~~~ 2 

~~~~~~ ~~~~~~~~~~~~~~ .E.U~~~ ~~~~I..

~ 9.c .5 )~
~~~~~~~~~~~ ~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~
~~~~~~~ .

I
~~~~0

0#0
~~~~~~~ ~~~H u

~ °~~~ 
_ 

8 ...~ 8 ...

~~~~ ~~~~~~~~~~~ ~~~~~ ~ U.2 8

~ .E ~~~~~~~~~ 
.5~~~0 0 0  U

~~~~o .~~~~~~~~~~~ ~~~~0. ..~~~~~QbI~o . 9  
~~~~~ E o.2~~ ~~~ 0~~~~~~~~~9 

~~~~~ Ec~~~Qc~~~0 — .~~

~~~~~~~~ ~~~U~~~~~
~~~~~~~~~~~~~~ .5 

~~~~~
-

°— 0
0 . O  ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~0 ~~~~~~~~~

~~~~~~~
U ~~~~~~~~~~~ ~~~~~~~~~~ 0,

8 u 0 ~~~~~~ 8 U 0
U

~~~~~~~~~ 
~~~~~

.~~ 
•

~~~~~~~ ~~~~~
— U U U  ~~~~~~ 9 c J o  —U V~~~~~~~~ ~~~~~~~ 
~; ~~~~~~~~~~~~~~~~~~~~ U~~~~~~ ~~~~~~~

~~E~~~o E  .h0~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~ .5. .9. . ~~~~~~~

~~~~~~~ 
2 U E

~~~ ~~ 
- —

0 
c.~ ~ ~ ~~.9 ~

~~~~~~~~~~~~~ ~~~~~~~ ~- ~~~~~~~~~~~
.

~~~~~~~ ~
1 o F~ ~ ~~~~~~~~~~~~~ ~~~~~~~U

~ ~~E~~~~~0 . E E  — o...~~.-

0~~
~~~~~~~~~~~ o~~~o °‘~~~~~.5.; .

~3 0~.~ ~~~~~~~~~~~~~~ ~~~~~~
~~~~~~~~~~~ . 9 U~~~

~~~~~~~~~~~~ 
~~~~~~~~~~~ v<

.- 0 .5

— E ~~U~~~~ U C~ ~~ o E — EU • E U h. 
~~~~~~~~ E~~°~~~~~~~~~~~ ~~~~ ~~~~~~~~~ 

0~~~0~~ U O~~~U
~~~~
~~~~ ~~o •~.~ .~ C-)~~~~~~~~ ~~~~ ~~~~ ~~~~~~~~~ _ .~

~~~~ ~~~~ .o .~~~ o ~~~~~~0 v ~

~ ~~ ~ U ~~Uho0. . - g..•~ ~~~~ ~~~~ ~~~~~~~~~ ~~~~0. .
~~~~~ ~~~ E ~~~~~~~ —C~ 9 ~~~~~~~~~ 5 2 4 )  ~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~ Cl.-

-.- •~~ .j 0 .8~~~
~~~~~~~~~ 

. ~~~~~~~ ~~ ~~0.5 ~~~~ ‘~~0 C 4 U E ~~ ~~ ~~~~.9’~i .~ .~ 
~~~~

~~a ~9.o o~9 :~ ~~ a E~~~~ E. ..2~~ 
t~~ 

E~~ ~

~~~~ r.’°U U~~ 2~~~~~ ‘~ ~~~~~~~~~~~ U 0... f~4
ho

;fl iL~~ ~~.U ~~~~•~~~~E O E  ~~~~ ~~~~~~~~ ~~~~ J~ ~C~9 •~ . ~~~~~~ ~~~~~~ 
a ~ .9 -~~~°~~ .5~~~

~~~~~~~~~~~ .2 .~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



— — — -  —_ -—-,.•--—-~..-—...——--- -. 
—

~~ 

1
•____ __

NATO th OTAN DISTRIBUTION OF UNCLASSIFIED
7 RUE ANCELL. E - 92200 NEUILL. Y-SUR-SEINE AGARD PUBLICATIONS

FRANCE
Telephone 745.08.10 . Telex 610176

AGARD does NOT hold stocks of AGARD publications at the above address for general distribution. Initial distribution of AGARD
publications is made to AGARD Member Nations through the following National Distribution Centres. Further copies are sometimes
available from these Centres, but if not may be purchased in Microfiche or Photocopy form from the Purchase Agencies listed below.

NATIONAL DISTRIBUTION CENTRES
BELGIUM ITALY

Coordonnateur AGARD -- VSL Aeronaut ica Militare
Etat-Major de Ia Force Aérienne Ufficio del Delegato Na~ionale all’AGARD
Caserne Prince Baudouin 3, Piazzale Adenauer
Place Dailly, 1030 Bruxelles Roma/EUR

CANADA LUXEMBOURG
Defence Scientific Information Service See Belgium
Department of National Defence NETHERLANDS
Ottawa, Ontario K IA 0Z2 Netherlands Delegation to AGARD

rw~ i ~~ 
National Aerospace Laboratory . NLR
P.O. Box 126

Danish Defence Research Board Delft
Osterbrogades Kaserne
Co enhagen ~ 

NORWAY
Norwegian Defence Research Establishment

FRANCE Main Library
O.N.E.R.A. (Direction) P.O. Box 25
29 Avenue de Ia Division Leclerc N-2007 Kjeller
92 Chãtillon sous Bagneux PORTUGAL

GERMANY Direccao do Servico de Material
Zentraistelle für Luft. und Raumfahrt- da Forca Aerea 

-

dokumentation und -information Rua de Escola Politecnica 42
Postfach 860880 Lisboa
D-8 München 86 At m :  AGARD National Delegate

TURKEY
GREECE Department of Research and Development (ARG E)

Hellenic Armed Forces Command Ministry of National Defence . Ankara
D Branch, Athens UNITED KINGDOM

ICELAND Defence Research Information Centre
Director of Aviation Station Square House
d o  Flugrad St. Mary Cray
Reykjavik Orpington. Kent BR5 3RE

UNITED STATES
National Aeronautics and Space Administration (NASA).
Langley Field, Virginia 23365
Attn: Report Distribution and Storage Unit

TIlE UNITED STATES NATIONAL DISTRIBUTION CENTRE (NASA) DOES NOT HOLD
STOCKS OF AGARD PUBLICATIONS, AND APPLICATIONS FOR COPIES SHOULD BE MAI)E

DIRECT TO THE NATIONAL TECHNICAL INFORMATION SERVICE (NTIS) AT THE ADDRESS REL(IW .

PURCHASE AGENCIES

Microfiche or Photocopy Microfiche Microfiche
National Technical Space Documentation Service Technology Reports
Information Service (NTIS) European Space Agency Centre (DT1)
5285 Port Royal Road 10, rue Mario Nikis Station Square House
Springfield 75015 Paris, France St. Mary Cray
Virginia 22151 , USA Orpington. Kent BR5 3RF

England
Requests for microfiche or photocopies of AGARD documents should include the AG A RD serial number , title, author or editor, and
publication date. Requests to NTIS should include the NASA accession report number. Full bibliographical references and abstracts

of AGARD publications are given in the following journals:

Scientific and Technical Aerospace Reports (STAR), Government Report s Announcements (GRA).
published by NASA Scientific and Technical published by the National Technical
Infoemation Facility Information Services. Springfield
Post Office Box 8757 Virg inia 22 151 , USA
BaltImore/Wa~t ington Internat ional Airport
Maryland 21240, USA

4
P,ffited by Technical Editing and Repr~~uctkin Ltd

- .  
.. . 

Harfo rd House, 7 Q Char lotte St . London WIP IN!)

- 
‘ - ISBN 92.835-I 234-1

_ _


