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ABSTRACT
An ionospheric heating experiment has been performed at the
Arecibo Observatory using the 430 MHz incoherent backscatter radar
both as a heater and as a diagnostic.

Radar pulses up to 9 msec

in length were transmitted with 2.5 MW (2.5 x 10^erg/sec) peak:
pulse power yielding a peak power flux of approximately 2.0 x 10

4

2
erg/cm sec at 100 km altitude.

A 20 microsecond diagnostic pulse

offset in frequency from the heating pulse was used to measure the
resultant ohmic heating of electrons in the lower ionosphere.

Using

a model of electron heating and cooling in the lower ionosphere, the
ratio of heated electron temperature to unheated electron tempera¬
ture is calculated as a function of altitude and heating power flux.
This model predicts a beam-averaged electron temperature ratio of
about 2.25 at 100 km for a transmitted power of 2.0 MW, pulse length
of 9 msec and an antenna efficiency of

50%.

When the predicted beam-

averaged electron temperature ratios are compared with the observed,
the observed are found to be less than the predicted for all values
of transmitted power used.

Possible sources of the discrepancy between

experiment and theory are discussed.
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CHAPTER 1.

INTRODUCTION

The concept of a Solar Power Satellite (SPS) has gained the
attention of scientists and others from many diverse fields in this
decade.

The benefits of solar energy axe being carefully weighed

against the possible enviromental effects of the SPS system.

This

thesis is concerned with the potential interaction, labeled "thermal
runaway", that the microwave transmission system may have with the
lower ionosphere.
The proposed SPS system would use a geosynchronous satellite
to collect the solar energy and transmit the energy via microwaves
to an earth based rectenna (receiving antenna and power rectifier).
The Microwave Power Transmission System (MPTS) would beam 5 GW (5
x 10

l6

erg/sec) of power at a frequency of 2.45 GHz through the

ionosphere.

This system would produce a power flux of 2 x 10^ erg/

sec.
Because the ionosphere is such a complex system, a full scale
simulation of the MPTS is required in order to assess with certainty
the effects of the large power flux on the ionosphere.

A full scale

simulation at 2.45 GHz is not technically feasible at this time,
'. Therefore it is necessary to use lower frequencies to investigate
the effects of the MPTS.

These effects can then be scaled up to

2.45 GHz by the use of appropriate scaling laws.
There are two major potential ionosphere/microwave interactions
which currently are being studied (see Figure l.l).

One of these
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Figure 1.1

Schematic diagram of two potential SPS ionosphere/
microwave beam interactions.
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is thermal runaway, a phenomena which is predicted to occur when
sufficiently strong ohmic heating produces a continuously increasing
(or runaway) electron temperature.

The increasing electron tempera¬

ture is expected to saturate at about 2300 °K at 100 km.

The satura¬

tion occurs when additional cooling mechanisms become important.
However, there have not yet been any adverse enviromental effects
identified with this interaction.

Thermal runaway has been predicted

by several theoretical studies (Holway and Meltz,1973» Perkins and
Roble,1978, Duncan and Zinn,1978)

but it has not yet been observed

experimentally.
The second potential ionosphere/microwave interaction, thermal
self-focusing, can be understood by considering the following plasma
model, which is illustrated in Figure 1.1.

Small natural density

fluctuations cause a variation in the plama's index of refraction.
The incident wave focuses and defocuses as it passes through these
fluctuations.

In the regions along the microwave path beyond the

small natural density fluctuations the focusing electric field creates
"hot" spots.
In addition to the spatial amplification there is also an am¬
plification in time.

In regions where the electric field is focusing,

plasma drifts outward due to the heating.

The decreased density

causes the focusing of the electric field to increase further.

The

self-focusing instability continues until hydrodynamic equilibrium
is reached, creating large scale irregularities aligned along the
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direction of the magnetic field in the plasma,

The width of the

striation, Ai., is determined by the ionospheric conditions and
the power density of the heating radiation,

Several experimenters

have observed these striations with a width of about 1 km (Thome,
1974, Duncan and Gordon, 197?) but only when the frequency of the
incident electromagnetic radiation is less than the ionosphere's
critical frequency which is typically about 8 MHz in the daytime.
The results of these observations are generally in accord with the
theory developed by Perkins and Valeo (1974).

Small scale striations

(about 3 meters wide) have been observed also, but there is no
generally accepted explanation for their formation yet (Perkins,
1974).
This thesis is concerned with the experimental detection of
the first mentioned ionosphere/microwave interaction, thermal, run¬
away.

Experiments performed at Arecibo, Puerto Rico in June and

December, 1978 were designed specifically to detect thermal runa¬
way in the lower ionosphere.

The theory concerning thermal runaway

is examined in Chapter 2; the attempt to observe thermal runaway
is explained in Chapters 3 and. 4; the comparison between theory
and experiment is made in Chapter 5* and the conclusions which can
be drawn from this experiment are presented in Chapter 6.

CHAPTER 2.
A.

THERMAL RUNAWAY

Background

Holway and Meltz(1973) first introduced the concept of a thermal
runaway in their study of heating of the lower ionosphere by radio
waves.

They established a thermal balance equation and showed that

there was no steady state solution above a given power threshold.
They predicted a threshold of about 2 x 10
radio wave at 95 km*

-1

,

2

erg/cm *Sec for a 3 MHz

Although later studies (Perkins and Roble,1978,

Duncan and Zinn,19?8) have used different reaction rates and different
definitions of thermal, runaway threshold, the conclusions have been
essentially the same as Holway and Meltz's,
In 1977 Perkins and Roble made a thorough investigation of ther¬
mal runaway in a report on ionosphere/microwave beam interactions
(Duncan and Gordon, 1977» Appendix 1, also in Perkins and Roble,
1978).

The study centered on two cases: l) a 3 GHz, 10 GW (lx 10^

erg/sec) microwave beam from an SPS station and 2) 1 MW (lx lCrJ
erg/sec) and 3 MW beams of 15 MHz radio waves using the Arecibo an¬
tenna.

These two cases were chosen because they have similar inten¬

sities and geometries of ohmic heating in the ionosphere.

Perkins

and Roble used a computer model which had been used successfully
in the past, to predict the response of the lower ionosphere to
radio wave heating.

This model was a sophisticated one including

all of the important processes which control the local thermal bal¬
ance of the ionosphere.

They found that a 1 MW, 15 MHz Arecibo heat¬

ing experiment would simulate the SPS microwave heating reasonably
well in the D and E regions and a 3 Mw, 15 MHz Arecibo experiment
would simulate the SPS in the F region.

In the 1 MW, 15 MHz case

they predicted a rise of atout 1500°K for the electron temperature
in the D and lower E regions.
Unfortunately, neither the 3 MW nor the 1 MW cases are achiev¬
able experimentally at present if continuous heating is required.
However, Perkins and Roble state that because the time scale for
heating and cooling is so short:
rapid heating and cooling at 100 km suggest that a
pulsed experiment might well suffice to get high peak
powers and thus not be as demanding on the average
power. For example, a 10 ms pulse on the 430 MHz Arecibo
radar could achieve steady state heating and still
satisfy thermal conductivity requirements (Perkins
and Roble, 1978)
Perkins and Roble use the electron rotational excitation energy
obtain an estimate of the heating and cooling
time scale.

At 100 km they give/7'=

l/~^^ = 2.5 msec.

However,

this is not an accurate estimate of the heating time constant
because only the primary cooling mechanism is considered.

In the

next section we obtain a more accurate estimate of the heating time
constant by considering all of the major components of the energy
balance equation.

B.

Theory and Predictions for Arecibo
In order to calculate roughly what temperatures to expect from

a 430 MHz heating experiment it is not necessary to use as sophisti¬
cated a model as Perkins and Roble used for their study.

First,

we shall show that the 430 MHz heating power flux is well above
threshold and that thermal runaway is expected to occur.

Second,

a simple model of the ionosphere will he used to predict electron
temperatures.
Electron ohmic heating due to radio waves in the ionosphere can
he represented hy

f=

- «•

(2.1)

where dU/dt is the change in energy of the electrons with time, Q+
represents the .heat input and Q~ the cooling mechanisms for the
electrons,
If the distribution of electrons is Maxwellian, then
dU _ d
,+ x \ 2 ® V2f d3V 7)
dt
dtV\
* e e e
e

_= .^n
3
2

e

t
k

(2.2)

dT e
dt

where f

is the electron distribution function, m the electron
e
’ e

mass, v

the electron velocity, k Boltzmann's constant and n the
e
e

number density of electrons.

Thus the basic equation that determines

the thermal balance of the electrons is
|n
c

4"

Q

kfe
dt

=

-

Q*

(2.3)

«•

and Q

axe functions of the temperatures and densities of

the electrons, ions and neutrals; thus, they are functions of alti¬
tude.

The list below represents the processes which axe possibly

involved in determining ionospheric thermal balance in the D and E
regions.

All of these processes were modelled in the Perkins and

Roble (1978) study.
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Q+ — electron heating processes
Absorption of radio wave energy
Photoionization
Coulomb coupling of electrons and ions
Chemical reactions (ions)

i

Heat conduction from magnetosphere

Q~ — electron cooling processes
Coulomb collisions with ions
Elastic collisions with neutrals
Inelastic collisions with neutrals
Excitation of fine structure levels of ground state of 0
Excitation of 0 to 0 (^D) level
Excitation of vibrational levels of
Excitation of vibrational levels of

0^

Excitation of Og to 02(aVg) and 02(b^g)
Excitation of rotational levels of
Excitation of rotational levels of 02
Thermal Conduction
Two different threshold calculations for thermal runaway have
been suggested, leading to slightly different thresholds.

Perkins

and Roble (1978) use a selection of the listed processes (absorption
of radio wave energy, rotational excitation of N2 and 02 and excitation of the fine structure of 0(^P)) in order to derive a power

9

flux threshold for thermal runaway.

Their results indicate that

the Arecibo 430 MHz heating experiment should be above threshold
by a factor of 2.6.

Duncan and Zinn (1978) derived a slightly dif¬

ferent threshold value by neglecting the 0(^P) fine structure cooling;
thus their threshold is an underestimate of the exact value.

How¬

ever, because Duncan and Zinn’s method is much more transparent than
Perkins and Roble's , it is outlined below.
The heating mechanism, absorption of radio wave energy, is ap¬
proximated by

(2.5)

with= 2.3 x 10-11n(M) Tç

sec"1

(2.5)

Banks and Kockarts,part A, (1973)»

P* 194.

(2.6)
where E—local electric field amplitude (statvolt/cm)
fp-plasma frequency (Hz)
f—radio wave frequency (Hz)
'^en-electron-neutral collision frequency (sec 1)
n(M)-total molecular number density (cm
c

speed of light (3.0 x lO^cm/sec)

ne—electron number density (cm

i)
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2

F

radiation flux (erg/cmsec)

e——charge ôf the electron (4.8 x 10 *^esu)
m

©

Te

mass of the electron (9*1 x 10

g)

electron temperature (°K)

n(N2)-number density of

(cm

Since the region of interest is 80-120 km, n(M) is approximated
by
n(M) = n(Q,) + n(N9)

= 1.2 n(N„) (2.7)

The electron-ion collision frequency^ ., is neglected since .
ox
ei
6ix
The cooling mechanism (rotational excitation of N2and 02) axe repre¬
sented by
Q^ot = 3.2 xlO‘26ne(Te-Tn) j^(N2) + 3-5<0^f

(2.8)

O

erg/cnr sec
Banks and Kockarts, part B,(l973)»P*268,
which can be approximated by
Q

rot

=

5A X 10’26n n(V
e

T

e" ^re_Tn^

erg/cm3

sec

(2.9)
where Tn is the neutral temperature (°K).
Electron heating occurs when Q* is greater than Q .

If Q+ is

greater than Q~for all values of the heated electron temperature
then the system is unstable.

According to Duncan and Zinn (1978)

this condition determines the threshold of thermal runaway.

As¬

suming typical ionospheric parameters for 100 km this threshold con-

11

dition, Q+>Q_, can be solved to yield
F> 2.0 x 10-14 f2

erg/cm2sec.
(2.10)
O
For the Arecibo heating experiment f' = 4.3 x 10 Hz, which gives

3
2
a threshold of F^= 3*7 x 10^ erg/cm sec.
How does this compare with the actual flux delivered by the
Arecibo antenna at 100 km?

This is a difficult problem, which is

discussed in more detail in Chapter 5*

As a rough approximation

the radar power flux is given simply by
F = G * —E-=r

(2.11)

4TTr
2
where P is the transmitted pulse power (erg/cm sec), r the range
(cm), and G a gain factor which accounts for the nonisotropy of
the beam.

The far field gain in the center of the beam can be ex¬

pressed as

G

TT2 D2

(2.12)

2

2X

2
where A

e

is the effective antenna cross section

(on ), Xthe wave-

length of the transmitted radiation (cm), D the diameter of the antenna, and a

30%

antenna efficiency is assumed,

So in the far

field approximation, in the center of the beam,

8A2r2

(2.13)

If 2.5 MW ( 2.5 x 10^erg/cm2) of power are transmitted then at
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100 km,

4
?
F * 1.8 x 10 erg/cm sec.

Thus, in Duncan and Zinn's cal¬

culations, the actual power flux delivered at Arecibo in the center
of the bean is a factor of 4,9 above the predicted power threshold.
Equation 2.10 can also be used to determine the SPS threshold;
f = 2.45 x lO^Hz gives F^® 1.2 x lO^erg/cm^sec.

The actual power

flux of the SPS system, 2.0 x lO^erg/cm sec, is a factor of 1.7
greater than the threshold.

Thus, according to threshold calcula¬

tions both the SPS and Arecibo should excite thermal runaway at 100
km.
In order to investigate the predicted electron temperature in¬
creases in more detail, we develop a simple model of the electron
heating and cooling processes which are important in the lower iono¬
sphere.

This model, which we call the "4-Q Electron Heating/Cooling

Model”, is not as sophisticated as the large computer models used
by Perkins and Roble (1978) or Duncan and Zinn (1978).

However,

because the other processes which are included in the large compu ter models are relatively unimportant in the 80-120 km region (see
Perkins and Roble, 1978,.Figure 7 for a comparison), the simple 4-Q
model is sufficient to predict T s for the Arecibo heating experiG

ment.

The following equations are used in the 4-Q model.

3
2

dT
n k

®

dC

=

+
"

Qrf

—
Qrot

"

_
°(3p)

Q

” Qvib

(2.14)
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heating due
to radio wave
absorption

Q*f = 7.4 x lO-^F/f2) n(N0) n,e T e
2 g
erg/cm sec

cooling due
to rotational
excitation of
N2 and C>2

5.4 x 10"26n e n(N-)T'2(T
dee - Tn )
erg/cm2sec

'rot

Q.

cooling due
to excitation
of the fine
structure
of 0(-T)

Q

0(3P)

cooling due
to excitation
of the vibra¬
tional states
of N2

=

4,69 X 10

W,) ■2-08 x

(2.15)

(2.16)

-1 (2.17)
ne n(°)(
' ''T.e T«)
n' Tn
2
erg/cm^sec

*

,

(1 - exp(3200(^ - ^ ))) A (2.18)
e n
/ 2
erg/cm
sec

A =

“5.7 x 10"8exp(-3343/Te)
T <1000 K
7
.0.
2.0 x 10“ exç(-4605/Te) 1000<Te<2000°K
^2.5 x 10-8T ^exp( 17620/T )
T >2000°K
6

The last equation, 2.18, describes the saturation cooling me¬
chanism; it is the predominant cooling mechanism when T >1500°K.
Cooling due to excitation of vibrational levels of 02 is another

important saturation cooling mechanism but for simplicity it has not
been included in the model.

Including Qÿj^Q ) lowers the satura¬

tion temperature, but does not affect the electron temperature for
Te<1500°K significantly.

Figures 2.1,2.2 and 2.3 show the relative

importance of each component as a function of height for three values
of the heated electron temperature.

The densities and temperatures

used are taken from CIRA, 1972.
The results of 3*6 and 9 msec heating for F= 1.5 x 10 erg/cm sec
are shown in Figure 2.4.

T

is an extremely sensitive function of
v

altitude; in a range of 4 km T^ rises 1?00°K for 9 msec heating.
Another way of viewing the temperature rise is shown in Figures
2.5i2.6 and 2.7.

Two values of F are used with the parameters at

94,100 and 106 km to calculate the heated electron temperature as
a function of heating time.

For comparison, the maximum beam-averaged

flux for the 430 MHz heating experiment (derived in Chapter
about 1.0 x 10

4

5)

Is

/ 2
erg/cm sec at 100 km.

Several of the cooling mechanisms which may be marginally im¬
portant but axe not included in the model are mentioned below.

The

heating due to solar photoionization does not make a significant
contribution below 120 km due to the shielding of the upper regions
of the ionosphere.

The effects of thermal conduction are more dif¬

ficult to assess but Perkins and Roble (1978) estimate that the radio
wave heating rate is greater than the thermal conductivity rate by
a factor of 60 for the Arecibo heating experiment at 100 km.

The

cooling which occurs by elastic collisions is relatively umimportant
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Figure 2.1

Contributions of the various electron
heating and cooling mechanisms at 1^=500 K.
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Contributions of the various electron
heating and cooling mechanisms at Tg= 1000

°K.
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figure 2#3 Contributions of the various electron
heating and cooling mechanisms at T * 2000 °K.
e

Figure 2.4

2400

Predicted electron temperature rise au a function of altitude.
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2400

of heating time at

km using the 4-Q model.
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2400

of heating time at 100 km using the 4-Q model.

20

of heating time at 10^km using the 4-Q model.
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compared to the cooling due to inelastic collisions with excitation
of an internal energy state.

The elastic collision rate contains

an unfavorable mass ratio, 2m /m (where m is the mass of the neutral
en'
n
constituent), which is not present in the inelastic collision rate.
The other cooling mechanisms are negligible at 80-120 km due to the
low densities of the constituents involved.
Although there is considerable uncertainty in the reaction rates
and the model densities (about a factor of 2 for each), the threshold
calculations and the heated electron temperature ratio profiles
calculated from the 4-Q model indicate that the 430 MHz radar at
Arecibo is capable of producing a thermal runaway.

The attempt to

produce and observe thermal runaway at Arecibo is presented next.

CHAPTER 3.
A.

THE EXPERIMENT

Incoherent Rackscatter Theory-

Incoherent backscatter theory had its origin in a study of radio
scattering due to turbulence in the troposphere by Booker and Gordon
(1950)«

Gordon (1958) later suggested that observation of incoherent

backscatter had become technically feasible and soon after several
experimental observations were reported.

A comprehensive review

of the theory and the experimental procedures can
(1989)*

be found in Evans

The purpose of this section is to explain how incoherent

backscatter is used to measure the electron temperatures in the Arecibo 430 MHz heating experiment.
The experiment uses the 430 MHz transmitter in two entirely
different ways.

First, the transmitter is used as a heater; a long

pulse (up to 9 msec) is sent out to heat the electrons.

Second,

the transmitter is used as a diagnostic; a short pulse (about 20
microseconds) at a different frequency from the first pulse is
sent out to determine the electron temperature (this pulse also
heats the electrons).

Both the heating pulse and the diagnostic

pulse scatter from the electrons but the altitude resolution of the
long heater pulse is much larger than that of the diagnostic pulse
The backscattered power is filtered so that only the power from the
diagnostic pulse is measured.
If the free electrons were not influenced by the other electrons
or the ions then the scattered power would simply come from the waves,
with random phases, scattered from the electrons with Thomson cross

24

section

=10

cm).

The ions in the plasma restrict the electrons

because of the Coulomb forces.

Charge neutrality is maintained,

over a distance greater than the local Debye length ( X^)» This
shielding distance, as the Debye length is called, is given by

Ad
where T

©

=

6*9 (Te/ ne^

cm

is the electron temperature (°K) and n

density (cm

J

).

(3,1)

©

is the electron

Because of Coulomb coupling between the ions and

electrons it is not correct to consider the electrons as free scatterers.

Rather the scattered power is considered to come from elec¬

tron density fluctuations in the plasma which are influenced by the
ion

distribution.

These density fluctuations can be Fourier ana¬

lyzed into plane stratified sinusoidal variations with various wave¬
lengths and directions.

The scattering in the mirror direction de¬

pends upon the Fourier content of the fluctuations in that direction.
Thus a corrugation wavelength of

X/2,

where

X Is

the radar wavelength,

is the wavelength that produces constructive interference ( the Bragg
condition) in the backscatter direction.

The corrugation wavelength

is the spatial scale size of the observable electron density fluc¬
tuations.
In order to describe the spectrum of the backscattered signal
it is necessary to know how the size of the important density fluc¬
tuations compares with the Debye length.

A parameter cAis defined,

25

X

c* =

(3.2)

4ïr

Ad

Buneman (1962) shows that it is possible to express the effec¬
tive scatterring cross section as

^eff

where

(3.3)

=

^e

i +<*.

-2

2

2

(l+<*. )(l+ oC -^^)

is the ion temperature (°K).

Thus, for the total scattered

power,
(3.4)
If °^is very small, corresponding to
independently of the ions.

\« A,,
d

then the electrons act

In this case the first term of Equation

3.3» the electron component, dominates;

<T

PcC n

for

at<->0

(3.5)

as would be expected from a collection of independent electrons
scatterers.

If «<, is large, corresponding to A >7 A_^f the second

term of Equation 3*3» the ion component, dominates;
Prft

i

n

e

G~e

**7h

for <*>71

(3.6)

26

The spectrum of the backscattered power generally has two com¬
ponents, the electron component and the ion component, corresponding
to the first and second term, respectively, of Equation 3*3*

The

ion component for a 430 MHz radar consists of a 15-20 kHz wide double¬
humped peak centered at the radar frequency.

The two humps peak

at Doppler shifts corresponding to plus or minus the ion-acoustic
JL.

velocity (given by

(k(T -KT. )/(m +m.))2 ), due to the Doppler shift

of the ion-acoustic wave generated by the electron-ion coupling.
The sharp lines are broadened by Landau damping of the waves.

The

electron component contains a smaller portion of the backscattered
power forot>1.55 (see Equation 3»3) which holds in our region of
interest, 80-120 km.

The electron component at 100 km is spread

out over a wide part of the spectrum with a width of about 1 MHz.
This means that, to first approximation, we are able to neglect the
electron component if we use a reasonably narrow filter centered on
the ion component.

These features can be seen in the typical spectrum

shown in Figure 3«1*
The above discussion does not take collisions into account.
Above 120 km collision effects are negligible} below that height
they become increasingly important, especially for the;ion component.
The major effect of ion-neutral collisions is to narrow the spectrum
of the ion component (Evans,1969, p.523)•

Figure 3*1 shows examples

of two spectra,one collision dominated (with an ion-neutral collision

Figure

3*1

Schematic

of the incoherent backscatter

spectrum at 100 km
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frequency typical of 100 km) and one for which collisions are unimorttant.

The total backscattered power is independent of the col¬

lision frequency for Tg= T^, but not for

T^. Seasholtz and

Tanenbaum (1969) developed an incoherent scatter theory which takes
the effects of collisions into account.

This theory, which does

not provide a simple analytic expression for the total backscattered
power, must be used for heights below about 95 fan*

Because the effects

of collisions complicate the determination of T^/T^ at lower heights,
we shall concentrate our analysis on the data for 100 km.

29

B.

The Experimental Facility

The data contained in this thesis were obtained during June and
December, 1978 at the Arecibo Observatory, Arecibo, Puerto Rico.
The location of the observatory is given by geographic coordinates
18.3°N, 66.75°W and 30°N geomagnetic latitude.

The antenna is a

section of a sphere with a radius of curvature of 265 meters and
a circular aperture 305 meters in diameter.

The incoherent scatter

diagnostic radar operates at 430 MHz with a far field beamwidth
of l/6 °.

There is a 6% duty cycle and a peak pulse power of

2.5 MW (2.5 x 10*^erg/sec).

The radar is designed for transmission

at 430 MHz but it is possible to use neighboring frequencies also.

30

C.

Experimental Procedures

A typical pulse sequence used in this experiment is shown in
Figure 3*2.

A heating pulse with pulse length 7^ (9»6,3,1 or 0.4

msec) is transmitted at 430.5 MHz; then a diagnostic pulse with pulse
length7^ (20 microseconds) is transmitted at 430.0 MHz.
ceived power is sampled at 430.0 MHz.

The re¬

After waiting for an inter¬

pulse period (IPP) a diagnostic pulse is transmitted without a heat¬
ing pulse, then sampled.

The length of the IPP varies according

to the length of the heating pulse due to the 6% duty cycle of the
transmitter.

The first sampled return is labeled P^, for the heated

power, and the second Pc , for the "cold” power.
The method of transmitting this sequence of heating and diag¬
nostic pulses is shown in Figure 3*3»

The output of the RF switch

determines which frequency will be transmitted. The timing control
box is a synchronizer which controls the frequency switching through
the RF switch.
The sampling technique is illustrated in Figure 3*4.

After

each diagnostic pulse the computer waits a gate delay before beginning
sampling the return signal.

Before the signal reaches the computer,

however, it undergoes several changes.
in Figure 3«5»

A receiver diagram is shown

The incoming RF signal is beat down to an intermediate

frequency of 30 MHz then passed through an amplifier and a filter.
The filter has a bandwidth of 50 kHz centered at 30 MHz. This
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Figure

3#3

Transmitter frequency selection diagram.
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Signal processing within the receiver system
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signal is then beat down to base level with a

30

MHz local oscillator.

The 50 kHz window is sufficient to contain all of the information
from the ion component of the frequency spectrum.

The actual number

recorded is a power as a function of altitude.
The corresponding altitude of the sampled data is
h

= (tQ - tsd)(c/2)

where t

(3.7)

is the time interval between the sending of the pulse and

the recording of the returned signal, tgd is the time that the sig¬
nal spends in the transmitter and receiver, rather than in the air
and c is the speed of light.
nostic pulse is given by c

The altitude resolution of the diag¬
2 where '7^ is the pulse width.

For

this experiment a 20 microsecond pulse was used throughout, corre¬
sponding to an altitude resolution of 3 km. Data was actually
sampled every 10 microseconds; this corresponds to oversampling
by a factor of 2.
One variation of the basic pulse scheme is used to get an
estimate of the cooling rate.

In this variation the diagnostic

pulse which follows the heating pulse is placed a short time
(l msec) after the end of the heating pal^e in order to measure
the temperature after a given delay.

This pulse scheme, shown

in Figure 3*6, was interlaced with a regular unheated diagnostic
pulse and run for 10-15 minutes.

It was followed by a normal unde¬

layed diagnostic pulse scheme also interlaced with a regular unheated
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diagnostic pulse and run for 10-15 minutes.
A power profile is obtained every IPP (50-20Ô msec).

About

1000 of these profiles are averaged together to give what is
called one block of data.

Each block (about 2 minutes long) is

visually inspected for bad data (caused perhaps by computer halts),
written on magnetic tape and later analyzed.

The techniques used

to analyze the power profiles are described in Chapter 4.
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CHAPTER 4.
A.

DATA INTERPRETATION

System Checks

The data is copied on magnetic tape then analyzed later with
the help of the ANALYZ routine at AO.

The data on the magnetic tape

is in the form of two power profiles per block of data;

one is for

(heated power) and the other is for Pc (unheated power).

In this

section the various system checks of the experiment are reviewed.
These checks are performed in order to assure that the two power
profiles are not distorted by equipment problems.
As is usual in radio experiments, very close attention is paid
to the estimate of the various sources of noise.

The first system

check is a measure of the crosstalk between the heater and the diag¬
nostic frequencies.

The 9 msec heating pulse is reflected by means

of incoherent scatter just as is the 20 microsecond diagnostic pulse.
The frequency separation (0.5 MHz) is chosen so that all of the
signal received at the diagnostic frequency is ionospheric scatter
from the diagnostic rather than the heating pulse.

In order to check

this assumption the power received from backscatter of the heating
pulse is compared with the power received from no pulse transmitted.
The fractional difference,

P(heating pulse, no diagnostic pulse) - P(no heating pulse,
no diagnostic pulse)
P(no heating pulse, no diagnostic pulse)
is very small, about 0.02 averaged over all altitudes, which implies
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that a negligible amount of power from the scattered heating pulse
is received.
A second concern is obtaining a good estimate of the total noise
in the power profile.

One method is to simply receive at the diagnostic

frequency with neither a heating nor a diagnostic pulse transmitted.
This provides a reasonable noise estimate which is observed to be
constant for all altitudes of interest.
can be used for the whole profile.

Thus, an average noise value

It is also possible to obtain

a noise estimate, approximately equal to the one described (+5%)»
by considering the minimum power level in the region of the power
profile where very little scatter is expected from the ionosphere
(50-70 km).

Heated and unheated power profiles produced approximate¬

ly the same noise estimate in all cases.

Therefore, the minimum

power of the unheated profile is used as the noise estimate in all
calculations shown.
The recovery of the receiver at the diagnostic frequency from
the effects of the large transmitted heating pulse has been a prob¬
lem in past AO experiments.

However, due to recent hardware im¬

provements at AO the recovery problem is now thought to be negligi¬
ble.
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B.

Calculation of Electron Temperature Ratio

In the region above 100 km where ^ is small there is a simple
relationship between the power and the electron temperature.

Al¬

though collisions are important in determining the shape of the
power spectrum, the total power is still the sane.

Both the heated

and the unheated powers are given by

P*> n

e

CT~
eff

C^.i)

<Tê
1

2 P

so that

-

where

(*.2)

* VTi

1

(*.3)

P^

heated power

Pc

unheated power

T ^

heated electron temperature

Tec

unheated electron temperature
ion temperature.

This assumes that T^c( unheated ion temterature) = T^( heated ion
temperature) = Tgc which is reasonable because the temperature of
the heavy ions does not change significantly over the short time
scale of the heating.

Also it is assumed that n

6

remains constant
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during the heating (Banks and Kockarts, 1973)*
These equations are derived from Equation 3*3 when
reasonable assumption above 100 km.

0, a

The corrections due to

0

are considered in the next section.
Before the powers, P^ and Pc, are combined, P^ is corrected
for "power droop" due to the drain on the transmitter capacitors.
The transmitter puts out less power for the diagnostic pulse, sent
out immediately after the long heating pulse, than for the diagnostic
pulse, jsent out with no preceding heating pulse.

Thus, there would

be a difference in P^ and PQ due to different diagnostic pulse powers
even if the electron temperature remained constant.

In order to

correct for this, P^ is multiplied by a scaling factor,At found by
matching the heated and unheated profiles in the F region where
there is presumed to be no heating.

If the scaling factor, Af is

included in Equation 4.3, we obtain

’eh
ec

2 P

-

1 .

(4.4)

A Pu

A is found to be very close to unity for the data presented
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G.

Debye Correction

The Debye length,

becomes larger at lower heights and the

equations used in the previous section are not adequate.

The full

Equation 3*3 must be used in order to relate P, /P and T ,/T .
n o 0xi 00
Eefore using this equation the Debye length correction is inves¬
tigated in more detail.
Table 4.1 shows howX^ and c<vary as a function of altitude
using

X=

0.7 meters and typical ionospheric parameters.

In order

to estimate the altitude at which the Debye length correction be¬
comes important, Table 4.1 is used as input to Equation 3*3*

We

obtain

f —ii
14

£h „
P

c

<*.;z ■

<*+ V><14 V
-2

c*c
f

where =

+

+

i+df

U5f

*

WW

(l, ;)

1

1
2

2

U ^; )(2 + <*; )

T

n

v

%

ei/

4

e

f — fraction of electron component power passed through
the filter
and

T. = T., = T
is assumed, and
ic
ih
ec ’

\= 0.7 meters,
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Table 4.1
Values of Ionospheric Parameters Used in Debye Correction Test

Altitude (km)

T

(°K)

n
e

(=ra

)
T =T
e ec

(=_2L_
V
VrrXj

50

2?0

2000

10

35.8

0.16

60

250

2000

50

15.^

0.36

70

210

2000

250

6.3

0.88

80

195

2000

1000

3.0

1.8

90

180

2000

9000

1.0

5.5

100

200

2000

1 x 105

0.31

18.0

110

245

425

2 x 105

0.24

23.0

120

335

380

2 x 105

0.28

20.0

130

445

445

2 x 105

0.33

17.0

140

550

550

2 x 105

0.36

15.0
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Thus,

^

=

fn(

4h-

T

ec’ "e>

<4-6>

(P^- Pc)/Pc is plotted as a function of altitude in Figure 4.1.
The T^'s shown in Table 4.1 and used as an input for this plot are
an estimate of the maximum heated electron temperatures predicted
for thermal runaway. (They are a bit higher than those predicted
in Chapter 2, but these calculations are only used to give an idea
of the region where the Debye correction is important.) The T

0c

s

axe estimated mean daytime values of the electron temperature; n
are estimated mean daytime values over Arecibo.

e

s

This plot of

(P^- Pc)/Pc is what is expected if thermal runaway produces the tem¬
peratures listed as Tg^ in Table 4.1.
Figure 4.2 shows the effect of the Debye correction as a func¬
tion of altitude.

The solid line gives (T , - T )/T
obtained
°
'eh
ec" ec

from (P^- Pc)/Pc data in Figure 4.1 using the Debye corrected for¬
mula, Equation 4.5.

The dashed line in Figure 4.2 gives (T .- T )/T
en
ec
ec

obtained from the same data using the simplified formula, Equation
4.3» which neglects the corrections due to finite Debye length.
This plot shows that the Debye correction is important below about
110 km.

For the T

Tgc profiles in this thesis, the Debye length

correction is used for all altitudes.
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Figure 4.1

(P.-P
ne )/Pc profile expected when fable 4.1
is used as input to Equation 4.5.
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Figure 4.2

(T ,-T
6fi

60

)/T

6C

profile with and without Debye

correction, using data from Table 4.1.
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In analyzing real data Equation 3*3 must be modified in order
to account for the limited frequency band which is sampled.

P in

Equation 3*4 represents the total power but the 50 kHz filter does
not pass all of the power.

One way to estimate the power passed

sind sampled is to consider the electron and ion components separately.
The ion component, represented by the second term in Equation 3*3 *
is contained in a relatively narrow frequency band (about 20 kHz).
The electron component,

represented by the first term in Equation

3.3, is usually about 1 MHz wide.

Therefore, relatively little of

the electron component power is passed through the filter.

By in¬

troducing a factor of f in Equation 4.5 the effect of the filter
is taken into account.

An estimate of the value of f is f =

<0 kHz
—
1 MHz
. ■

= l/20, however f = 0 gives essentially the same results for our
data.
If the Debye correction is included then Tg^ is given by Equa¬
tion 4.5.

After inverting this equation we obtain

=

ec

fn(

F*
c

T

ec* V

•

(

“-7)

The P, /P values axe derived from the data by the same method
hr c
described in Section B of Chapter 4.
mining the Debye correction?
to the exact value of T
4.7.

60

T

60

- 230°K is used in deter-

however, T ,/T
6H

6C

is not very sensitive

used on the right hand side of Equation

Electron density, ng, is calculated from the unheated power
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profile by applying a range-squared, correction to the power profile
then matching the calculated F2 peak electron density with the F2
electron density obtained from an ionogram taken during the ex¬
periment .
The electron temperature profiles presented in the next section
are obtained from the power profile data by using Equation 4.7 which
includes the Debye correction.
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D.

Electron Temperature Ratio Profiles

The data presented, in this section were obtained during either
the Summer heating experiment (June 4,5» 11* 12» 13) or the Winter
heating experiment (December 7»8,9» 10,14,16,17* 18) of 1978.

A

typical run consisted, of* 3—4 hours of data taken in the early
afternoon.
The first profile.
The error bars shown,

Figure 4.3» is for a 9 msec heating pulse.

+

Data below 90 km are not

denote the statistical fluctuation.

shown because in this region the statisti¬

cal fluctuations are very large and also because the effects of col¬
lisions and negative ions (which have been neglected in our analysis)
become important.
tion time.

This data is the result of 30 minutes of integra¬

Next, Figure 4.4 gives an example of two profiles of

the same heating pulse length but with different heating pulse
powers.

These two profiles represent a 10 minute integration of

P^= 2.05 MW (2.05 x lO^erg/sec) data followed by a 10 minute inte¬
gration of P^= 1.0 MW data.
Figure 4.5 shows three profiles with the same heating pulse
power but different heating pulse lengths.

The heating pulse lengths

and integration times for these three profiles are*
nutes, 3 msec — 18 minutes,

and 1 msec — 12 minutes.

6 msec - 8 mi¬
The profiles

obtained to find the cooling time constants are shown in Figure 4.6,
Each of these profiles is the result of 6 minutes of integration .
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08

i/H3i

ason of two profiles with different heating pulse power:

June 5, 1978
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08

1/Hal

figure L.5

oa

i/

H3

i
Comparison of three profiles with different heati

ALTITUDE, km

HEATING PULSE LENGTH

June 11, 1978
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Figure 4.6

Cooling time constant measurement profile.

ALTITUDE, km

6 msec HEATING

June 13,1978
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In an effort to deduce heating

and cooling time constants from

Figures 4.5 and 4.6, we assume that the heating and cooling follows
an exponential curve.

The heating is described by

T

ehW

el

el
•+

ec

(

i -

) e -Vr„

ec

ec

where the electron temperature upon the heating time t, the initial
electron temperature Tgc, the final electron temperature
a heating time constant *7^*

, and

The cooling is described by a similar

equation,

T

eh«

el

ec

-1 )

3

-t/r
'It

ec

however, now T , is the initial and T
is the final electron temei
ec
perature.

The T j^/T

values for each height from Figures 4.5 and

4.6 are fitted to their respective exponential equations to give
an estimate of'77 and “7 •
n
c

These values are shown in Figure 4.7;

the error is explained in the next section.

Tu, msec
msec

ALTITUDE, km
Figure 4.?

Heating and cooling time constant profiles
(see Section F, Chapter 4 for explanation
of the error involved).
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E.

Error Analysis

There are four kinds of errors which are important in this ex¬
periment

s

systematic error, statistical error, error due to the

Debye correction and error due to the changing conditions of the
ionosphere.
4,

Systematic error is discussed in Section A of Chapter

Statistical error is due to the fact that every measurement is

an estimate.

The fractional, standard deviation of the measured quan¬

tity, which in our case is P+N (power returned from the ionosphere
plus noise), is

6£P+N)

_

P + N

1_

JIT , »

where n is the number of observations.

If we assume the noise is

known, then

£~P

_

P

"

1

1 + (P/N)"

JTP

by using standard error propagation formulae and the relationship

eh
ec

2 P
- 1 , which is valid where where the 4ebye correction
h

is small (above 100 km), we obtain

=2

T

JT

(1+ (P/N)'1)2 + (1+(|

eh' ec

n

_eh

2f

ec

1

2

XP/N)" )

5?

The P/N ratio "becomes very small "below 90 km, as shown in Figure
4.8, so that T

has a large statistical error.
u/T
eh ec

The error

bars shown

The third type of error, the Debye correction error, is due
to the fact that when the Debye correction is used T ,/T
ÔJT1

on T

ec

, n

and f in addition to P./P •
e
h' c

6C

depends

The error in estimating the

values of these three parameters produces an additional error in
T ,/T .

Limits for this error can be calculated by assuming the

estimated values of the parameters are accurate to within a factor
of two.

The results of this calculation are presented in Table 4.2.

The maximum error which could occur due to under or overestimating
the Debye correction parameters for the data presented is given
by the sum of the errors in Table 4.2.

Thus, the limits of T ./T
6u

6C

The fourth type of error, arising from the natural changes of
the ionosphere, applies to the heating and cooling time constants
which are computed from the data.

In making the measurements for

these time constants it is necessary to assume that the ionospheric
conditions (especially the neutral densities) remain constant.
For example, in order to obtain the heating time constant we compare
three separate 10 minute runs of
which are consecutive in time.

3,6,

and 9 msec heating pulses

If the ionospheric conditions changed

during the time between the beginning of the 3 msec run and the
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Table 4.2
Effect of the Error of the Debye Correction
Parameters on T KA
eh' ec
6 msec heating

Dec. 10, 1978
Parameters
n

e

2n

e

2ll

e

n
n
n
n

e
e
e
e

T
T
T
2T
|T
14

T
T

ec
ec
ec
ec
ec
ec
ec

T

ehAe=

100 km
A Tel/Tec

f

1.33

f

1.35

+0.02

f

1.29

-0.04

f

1.29

-0.04

f

1.35

+0.02

2f

1.34

+0.01

i-p
21

1.32

-0.01

Figure 4.8

LU
Û

ZD

<

N /cd
Typical power/noise profile
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Ê

60

end of the 9 msec run,

"then, the heating time constants are not ac¬

curate.
By comparing 5 minute segments of a 30 minute run in which the
heating power and the pulse length were kept constant, we discover
that there is a great deal of" variability in T , /T
time scale.

even on a short

Differences as large as 0.30 (T^/Tec changes from 1.47

to 1.17) are found between two consecutive 5 minute segments for
6 msec heating at IOO km.

Because these changes are greater than

what is expected from statistical fluctuations alone, we conclude
that the ionosphere changed, significantly between the two consecu¬
tive 5 minute segments.
Due to the change of ionospheric conditions
statistical error of T , /T
,
err
ec

and the intrinsic

the heating and cooling time constants

are estimated to be accurate only to within an order of magnitude.
A possible future experiment, which would improve the accuracy of
the heating and cooling "time constants is discussed in Chapter 6.

CHAPTER 5*

COMPARISON OP EXPERIMENTAL AND PREDICTED ELECTRON
TEMPERATURE RATIOS

In Chapter 2 we used the simple 4-Q Electron Heating/Cooling
model to predict the enhancement of the electron temperature due
to radio wave heating.

Heated electron temperature profiles were

produced as a function of the power flux.

The power flux at 100 km

produced by the AO radar is not uniform across the beam.

This fact

complicates the comparison of the predicted and the experimentally
observed temperature ratios.

In order to make a valid comparison

we must calculate a predicted beam-averaged electron temperature
ratio.

It is this predicted beam-averaged electron temperature ratio

that must be compared to the experimentally observed values which
were presented in Chapter 4.

In this chapter we shall outline the

method used to obtain a predicted beam-averaged electron temperature
ratio, then we shall compare the predicted ratios with experimentally
observed ratios.
Outline of Beam-Averaging Method
1.

Determine antenna pattern at 100 km.

Because 100 km is in the boundary region between the near field
and far field at Arecibo, we need to calculate the antenna pattern
explicitly.

The aperture field method, as presented in Conrad (1969)

is used to calculate the antenna patterns at 100 km and 1000 km,
shown in Figure 5»1*

In using this method we assume azimuthal

symmetry and essentially add up at 100 km (or 1000 km) the electro¬
magnetic contributions of many small elements

(Huygen's sources)

of the antenna, keeping track of phase differences.

The aperture

amplitude distribution of A0 used was computed by LaLonde from a
measurement of the radiation pattern of a model feed (Shen and Brice
1973)•

The phase error distribution computed by LaLonde from the

model is not used because the AO dish has been resurfaced since that
time, thus reducing the phase error.
uniform across the aperture.

The phase is assumed to be

(However, even if we use the phase

error computed for the old surface essentially the same antenna pat¬
tern is produced at 100 km.)

The antenna pattern at 100 km is very

similar to the 1000 km pattern.

The major difference is that the

on-axis gain of the 100 km pattern is reduced by a factor of 0.9^»
which corresponds closely to the factor of 0.91 calculated by Silver
(19^9) Tor a reduction of on-axis gain for a uniformly illuminated
circular aperture.
2.

Determine Power Flux Distribution

The power flux at 100 km is given by

j,

=

Pt <5 C(r)
4 TTR2

where P^ is the transmitted power, £ is the efficiency, G(r) is
the gain at 100 km as a function of r, the distance from the center
of the beam and R is the altitude.

Shen and!Brice (1973) give

a

value of 62.16 dB for G(0) (this is for the old surface, but Shen

16.4

8.2

4.1

0

100

r,
Figure 5.1

200

300

400

500

600

DISTANCE FROM CENTER OF BEAM, m
Antenna, pattern of* AO 430 MHz beam at 100 and 1000 km
assuming the aperture distribution shown.

Relative

gain shown on the left ; power flux shown on the right

(0)9/(0)9

12.3

POWER FLUX at 100 km, R=2.5 MW,€=0.50, 10°erg/cm* sec
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and Brice calculate that resurfacing would have a negligible effect
on the gain at 100 km).

The exact value of the efficiency is dif¬

ficult to calculate, therefore two limiting values,
used.

$0%

and

75%t

are

Figure 5*1 gives the power flux distribution for P^=2.5 MW,

é =50%.
3. Determine Heated Electron Temperature Distribution.
The 4-Q model developed in Chapter 2 is used to calculate T ^
as a function of distance from the center of the beam.
4. Determine The Power Returned From The Heated And
Unheated Volumes.
A form of the radar equation is used to calculate the average
power which is returned from heated and unheated volumes at 100 kms

dr

where C is a constant.

The power returned from the unheated volume

is given by the same equation with T , (r)=T
across the beam.
en
ec
Only the main lobe and first side lobe need be included in the in¬
tegral because the contribution of the other side lobes is negligible.
5.

Determine A Predicted Beam-Averaged Elect

Ratio.
Using the results of the two integrals above we can derive the
ratio
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(iJr "7

=

2

^*Pc7

-

l

\ h/
This beam-averaged electron temperature ratio is produced by a
power flux considerably less than the power flux at the center of
the beam.

The predicted beam-averaged electron temperature ratio

is produced by a power flux about l/2 to

J>/h

as large as the maxim¬

um flux at the center of the beam, depending on the magnitude of
the

maximum flux.
Figures 5*2, 5*3 and 5»^ are a comparison of the observed

electron temperature ratios and the predicted beam-averaged
ratios at 100 km for three heating pulse lengths» as a function
of

(transmitted power).
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Figure 5*2

Comparison of predicted and experimental beamaveraged Tg^/'f
as a function of

at 100 km for 3 msec heating
(transmitted power)*

BEAM-AVERAGED
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0

1.0

2.0

3.0

Pt,MW

Figure 5*3

Comparison of predicted and experimental beamaveraged T ./T
at 100 km for 6 msec heating
eh ec
as a function of

(transmitted

power).

BEAM-AVERAGED
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Pt ,MW
Figure 5*^

Comparison of predicted and experimental beamaveraged T

/T
at 100 km for 9 msec heating
en ec
as a function of
(transmitted power).

CHAPTER 6.
A.

CONCLUSION

Past Results

There have been many attempts to obtain information from the
ionosphere by controlled heating by means of radio waves.

Most of

the recent experiments in the U.S. have been performed at either
the HF facilities at Platteville, Colorado or at Arecibo, Puerto
Rico.

These experiments are reviewed as they relate to

thermal runaway.
The earliest attempts to heat the ionosphere used the cross¬
modulation technique (known also as the Luxembourg effect), which
was discovered in 1933•

Fejer (1955)» Ferraro and Lee (19&7) and

others have used this technique to obtain reasonable estimates of
electron densities and collision frequencies in the range

50-90 km.

This technique, however, is limited in range (only practical below
90 km) and information provided.

In

1967 Showen (1972) performed

a heating experiment in Arecibo using a 1 MW, 40 MHz transmitter
as a heater and the 430 MHz transmitter/receiver as a diagnostic.
Showen's experiment was quite similar to the present 430 MHz heat¬
ing experiment designed to excite thermal runaway.

The crucial

difference is that the ratio F^/f^Q (flux of the 40 MHz experiment
divided by the frequency squared) is smaller than F^c/f^Q
a factor of 4 at 100 km.

Because the F/f

atout

ratio determines the heat

input (see Equation 2.6), this implies that the heat input of the
40 MHz experiment was only

25%

as large as that of the 430 MHz
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experiment.
A comparison of the T ,/T
values predicted by the 4-Q model
en e o
for the 40 MHz experiment and the values obtained from Showen's
data is presented in Table 6,1 for two altitudes.

The T ,/T
eh' ec

values and the statistical errors are obtained from Showen's
data by using the relationship PoC(l + T /T.)"* (no Debye correction).
e x
Satisfactory agreement is obtained between the experimental and
theoretical values for the two altitudes shown.

This agreement

however, does not actually contradict the discrepancy of the 430
MHz experiment because Showen only reports 2 data points at 100 km.
Furthermore, if the 40 Mhz data points were plotted in the manner
of Figure 5*2, they would correspond to a P^ -(25%)(2.5 MW) = 0.625
MW; all of the 430 MHz data points are for P^> 1.0 MW.
Kantor (l97l) did. a theoretical study after Showen's experiment
which showed that the two-fluid continuum model (the effects of col¬
lisions and non-zero Debye length are included) is important in in¬
terpreting the returned power data below 100 km.

A more recent study

by Mathews and Bekeny (1978) indicate that negative ions, which were
not included by Kantor, are also important in the region below 100 km.
At the present time, however, it is difficult to translate returned
power data below 100 km into unique T ,/T
6u

00

ratios due to the lack

of information about the negative ion densities.
ambient parameters such as

, n , T

0*1 0 0 C

In general, if

, and the negative ion densities
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Table 6.1
Comparison of 40 MHz Experiment Temperature Ratios
with Theoretical Ratios from 4-Q Heating/Cooling
Model
Experiment
Altitude

Heating pulse length

Date

Theoretical

T ,/T
T , A
en ec en ec

100 km

2 msec

(8/9/67)

1.22 +.05

1.14

100 km

5 msec

(8/26/67)

1.42 +.13

1.30

105 km

2 msec

(8/26/67)

1.05 +.03

1.06

105 km

5 msec

(8/26/67)

1.23 +.03

1.14
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cannot be measured during the heating experiment, then model values
of these parameters must be used in the translation of power to
electron temperature.

Using model values increases the uncertainty

considerably and prevents an unambiguous comparison with theory.
More recent heating experiments have been performed at Arecibo
(Gordon and Carlson, 197*+)* Platteville (Utlaut and Cohen, 197*+)*
and in Russia (Gurevich and Shvartsburg, 1973)*

However, these

experiments have usually been directed toward heating by means of
non-linear interactions in the ionosphere, such as parametric insta¬
bilities,

These experiments are not directly applicable to thermal

runaway, in which the ionosphere is heated simply by ohmic heating,
a linear process.
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E.

Interpretation of Results

The primary purpose of this study is to provide an experiemntal
test for one of the potential ionosphere/microwave interactions of
the SPS.

The results of this test, shown in Figures 5*2,

5»3

and.

5.4 indicate that enhanced electron temperature ratios are observed,
but their magnitudes are less than predicted.

The observed ratios

at 100 km are less than the predicted for all values of the trans¬
mitted power used in this experiment.

An attempt is made to measure

the heating and cooling time constants but the results are not pre¬
cise enough to allow a comparison with theory due to the changing
conditions of the ionosphere.
Two possible explanations for the lack of agreement of observed
and predicted electron temperature ratios are suggested:
1. Non-Maxwellian Electron Distribution Function.
If the heated electrons produce a distribution function that
is non-Maxwellian then the incoherent scatter theory used must be
modified.

A more detailed kinetic theory must be used to relate

the observed temperature to the predicted.

Preliminary

calculations

(Meltz, 1978) indicate that a non-Maxwellian distribution has only
a small effect on the predicted electron temperature, but detailed
calculations still need to be performed.
2. Actual Neutral Densities Different From Model Neutral Densities.
The rise in electron temperature around 100 km is a very sensitive
function of height because of the steep gradient of total neutral
density, as shown in Figure 2.4,

If the actual densities of N^

74

and O

2

at 100 km were less than those of the model (CIRA, 1972),

the predicted electron temperature rise would be decreased from that
shown in Figures 5*2, 5*3 and 5*4.
2.4t the densities of ll ^ and O

2

This can be inferred from Figure

decrease by about a factor of two

when going from 100 km to 105 km and this causes T ^ to be much
smaller.

If the elevated electron temperatures predicted for 105 km

rather than 100 Ion were used in the comparison with experiment, much
closer agreement would be obtained.

Because the actual densities

are highly variable and the model densities are average values only
accurate to within about a factor of two, decreased densities present
a possible explanation of the discrepancy between the experiment
and theory.
Other experiments at Arecibo, however, imply that the total
neutral density at 100 km is larger than the CIRA, 1972 value rather
than smaller, as would be required to explain the discrepancy (Harper
et. al., 1976, Tepley and Mathews, 1978).

Tepley and Mathews measure

the ion-neutral collision frequency using a spectral incoherent scatter
technique and extract from this collision frequency a total neutral
number density.

Their data (the average of 7 different days in winter)

shows that the actual total neutral density in the altitude range
90-97 km is larger than the CIRA, 1972 value by a factor which ranges
from 1.3 at 90 km to 2.0 at 97 km.

Although no data for neutral

densities are available for the dates of the 430 MHz heating experiment,
Tepley and Mathews' data strongly suggest that the model underestimates
the actual total neutral density which would make the discrepancy
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between experiment and theory even greater.
If, however, the ratio of the number density of atomic oxygen
to total number density (which is only 0.04 at 100 km in the model)
were increased while the total number density remained constant, a
smaller electron temperature rise would be predicted.

This would

occur because atomic oxygen provides a more efficient cooling mechanism
than does ^ or

(see Equations 2.15 and 2.16).

There is, unfortun¬

ately, no experimental evidence that indicates a greater atomic
oxygen ratio than 0.04.

In summary, we note that actual neutral

densities different from the model neutral densities could explain the
discrepancy between experiment and theory presented in this study but
no independent experimental evidence exists which would support this
explanation.
This study shows that the SPS microwave beam may produce
enhanced electron temperatures in the lower ionosphere.

The enhanced

electron temperatures may be as large as 1500-2000°K, depending
on the altitude.

Smaller enhancements than those of the model

are suggested by this study, but the areas listed above must be
investigated in more detail before final conclusions can be drawn.
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C.

Future Work

A new heating facility at Arecito capable of transmitting 800 kW
of power in a frequency range of 3-15 MHz is scheduled for completion
in the summer of 1979*

This new facility, separated from the 430

MHz diagnostic radar by about 17 km, will allow longer continuous
heating periods (milliseconds to minuses).

Temperature enhancements

comparable to those predicted in this study are expected.

Electron

density changes are also expected because the recombination rates
are temperature dependent.

Thermal runaway experiments are being

planned which would measure both the change in T and n
G

heating over time scales of milliseconds to

minutes.

0

due to
More precise

heating and cooling time constants measurements will be possible
because the heating and diagnostic facilities are physically separated.
This new facility will enable us to investigate thermal runaway in
more detail than is possible at present.
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