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ABSTRACT

The Millstene Hill rader focility operated by M.1.T. Lincoln Laboratory
hos mode measurements of the distribution of electrons in the. F-region of the
ionosphere by observing the weak incoherent backscatter signal. These meas-
urements were first made early in 1960 ond were ceontinued throughout 1961
on a routine basis at least once a week. This report presents all the electron
density profiles measured up to the end of 1961. Results of spectral analyses
of the signals made early in 1962 are also given. The distribution of elec-
trons above the peak of the F-region has been a subject of special study. On
the basis of the results obtained o date the conclusions reached are: (a) the
scale height of the electron density increases with height, (b} the ion tem-
perature is not very dependent on height, though it does show a marked di-
vrnal variation, (c) the electron~to-ion temperature ratio is 1:1 during the
hours of darkness, but during the daytime it increases to o peak velue ~1.6:1
around noon and {d) the scattering cross section for the electrons is close

to the expected value when allowance is made for (c).
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STUDIES OF THE F-REGION

BY THE INCOHERENT BACKSCATTER METHOD

1. INTRODUCTION

The scattering of X-rays by elecirons has long been known in classical physics, but only
recently has practical use been made of this effect to study the ionosphere. In 1958 Gordon
postulated that if a very powerful radar beam were directed at the ionvsphere, a weak but deteci~
able echo from the free electrons there might be obtained. Gordon showed that the intensity of
the echo can be computed by assuming that the electrons scatter independently, with a scattering

cross section o given by the square of the classical electron radius,

2,2
o :( € 2) in Gaussian units (1)
mec

(2.8 % 10-13cm)2

b

Some confusion has arisen because this cross section is defined as that which scatters energy
into unit solid angle, whereas, in radar cazlculations, it is customary to normalize the cross sec-
tion to correspond to power reflected into 47 solid angle. Hence the radar cross section of the
electrons is 4n Tor For a volume containing N electrons the phases of the N reflected waves
will be independent, and the powers should add to give a scattered power proportional to N o_.
This conclusion can be reached by following the original work of Lord Rayleigh2 on the behavior
of independent oscillators. Alternatively, one can arrive at the same result by considering the
electron gas a plasma in which there are small instantanecus changes of the dielectric constant
due to the random motion of the elecirons. In this case the reflection can be considered to arise
as a consequence of irregularities in the refractive index of the medium. Apgain it is found3 that
the echo power should be proportional to the eleciron density N.

Gordon prec:hcted that because the electrons would completely fili the beam of the radar,
the echo power should vary with range R only as 1/R%, not 1/R as for conventional, i.e., "point"
targets. In addition, he speculated that the echo power would exhibit a Doppler-broadened spec-
trum (in the region of 100keps for a wavelength of 1.5 m) because of the random thermal motions of
the electrons. Thus, since the echo power would be distributed over a wide range of frequencies,
it would be difficult to detect.

The first successful experimental observations carne later in 1958 when Bowles4 succeeded
in detecting the echoes by use of a radar operating at a frequency of 44 Mcps. This eguipment
employed a transmitter with a peak pulse output of about 1 Mw, together with an aerial system
which took the form of a linear array covering an area of about one acre. Bowless made the

important discovery that, contrary to the predictions of Gordon, the echo spectrum was very
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narrow. He correctly attributed this to the presence of the ions in the plasma that control the
macroscopic density variations of the electrons. That is, the electrons which have & high mo-
hility compared to the ions are compelled by coulomb forces to move in a way which will keep
any part of the plasma electrically neutral. The range of these coulomb forces is characierized

hy the Debye length ’\D given in

A_Z - #R_T__Z , (2)
4rNe

where k is Boltzmann's constant, T is the electron temperature, N is the electrondensily and e
the charge of an electron. In most parts of the ionosphere, ?\D is of the order of a few millimeters,
i.e., much shorter than the wavelength of the exploring wave. As a result, the wave is sensitive
to the density fluctuatlons in the electron gas impressed by the motion of the icns. BowlesS mod=
ified Gordon's" theory to take this effect into account by postulating that the scattering could be
consgidered the result of an 1mag1nary particle having the cross section of an electron and the ther-
mal velocity of an ion. The spectrum of the echo power would still be characterized by a Gaussian
function, but one which is some two orders of magnitude narrower than predicted by Gerdon.

More recent theoretical investigations of this problem by FEJEI‘,?' Farley, et al., ! Dougherty
and Far‘lew,s Hagfor59 and Salpeterw’ 1 have shown that this view is not strictly correct. A com-
plete treatment of the problem of the electron-ion 1nteract10ns shows that the strength of the re-
turned signal should be only half that predicted by Gcrdon and further, that the shape of the spec-
trum is not Gaussian, but flat-topped with "wings™ at the edges. The theoretical form of this

spectrum is shown in Fig. 1, together with the Gaugsian profile for comparison. The wings of the

3-31-7328)

o
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Fig. 1. The normalized power spectrum of thermal density
flucfuuhons (a) for acollisionless gas of neutral particles of
moss m;, and (b) for the elecirons in o collistonless plasma
tn which the ions have mass m;. Curve (¢) has the same
0.4 -  shapeas the power specirum suggested by Gordon' whosup-
posed that m; was the mass of an electron, thereby giving a
specfrum much wider than (b} (afser Dougherty and Farley8).
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spectrum correspond roughly to the Doppler shift introduced by electrons moving at the velocity
of sound for the ions. Thus, the spectrum resembles that which would be caused by greatly
damped sound waves in the medium. The electrons may be thought of as having two motions.
One is their own thermal motion, which, being higher than that of the ions, would cause a very
wide range of Doppler broadening. The second motion is impressed by the more slowly moving
ions by means of coulomb forces. This second motion gives rise to a narrow echo spectrum
centercd at the radio frequency.

The discovery of the narrow form of the central part of the spectrum makes it possible to
measure thege echoes with an antenna considerably smaller than the one (300 meters in diame-
ter) proposed by Gordon. Thus, theMiilstone Hill radar can be used for these measurements.

Observations of incoherent backscatter as a means of studying the ionosphere commenced
at Millstone Hill early in 1960, under the direction of Mr. V.C. Pineo. Since that time several

-15

reports on particular aspects of the work have aq;pe:‘eu"ed.‘12 Most of these reports deal with
small sections of the results, and no paper presenting all the available data has yet been pub-
lished, though one report16 did review the electron density measurements made in winter, when
the best results are obtained. The present paper provides an account of all the electron density
measurements made up to the end of 1964, Preliminary results of some spectrum meagurements
made early in 1962 are also included. Since these two topics represent different phases of the

work, they will be presented and discussed separately.

o ATy A OTT

II. ELECTRON DENSITY PROFILE MEASUREMEN
A. Methods of Observation and Data Reduction

The Millstone Hill radar facility is located near the town of Westford, Massachusetts

-8 14 A £ ORTY Aoy add oy o £ ey

{(71.5°W, 42. 6°N}. Observations from this si re related solely to the behavior of

the ionosphere at northern temperate latitudes. The facility has been described in some deiail
by Pettengill and Kraft1 and Arthur, et al. 18 so that the description of the equipment given here

will be confined to a table of the equipment parameters {Table I). The choice of some of the pa-

?
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arge height interval (75km) when the antenna is

rameters in Tabie I is not obvious and
for most observations corresponds to a very
directed vertically upward. The electron density profile observed under these conditions would
he the convolution of the true density profile with a sguare pulse 75km in leng‘ah Since 75km
is as large as or larger than the scale height of the ionization a
a long pulse yields a very distorted density profile for all heights below about 500 km. Above
this height, the ionization density decays with a scale height of »>150 km, and the finite width of
the pulse ceases to distort the density profile greatly. The use of a shorter pulse would permit
a better examination of the region of peak electron density but would yield less ech
the echo intensily is proportional to the pulse length. Thus, some compromise between resolu-
tion and echo intensity must be sought. In most of the work at Millstone Hill, a fixed 500~-psec
pulse was used, and improved resolution of the regions below 500 km was obtained by reducing
the antenna elevation so that the intersection of the ray path and the ionosgpheric layers became
more obtuse. An alternative approach would be {o keep the antenna pointed at the zenith and
make observations with a variety of pulse widths, but this procedure would call for corresponding
changes in the receiver bandwidth.

For most observations a receiver bandwidth of 11 kcps was employed,

a
also were conducted using both narrower and wider receiver bandwidths. A receiver matched




TABLE |
EQUIPMENT PARAMETERS OF THE MILLSTONE HILL RADAR

Parameter Measurement
Location 71.5°W, 42.6°N
Frequency 440 Mcps (68-em wavelength)
Antenna 84-ft parabola with conical horn feed
Effective antenna aperture . 210 £ 10 m2
Antenna gain 37.5+0.5db
Beamwidth 2.1°
Polarization right circular (transmitted)

left circular (received)

Peak tronsmitted power 2t02.5 Mw
Pulse length 500 psec (for these observations)
Pulse repetition frequency 50 pps (for these observations)
Receiver bondwidth 11 keps
Receiver noise figure 3 db (approximately)
Over-all feeder losses 2 db (approximately)

Input signal-to-noise ratic improvement
through video integration generally 20 db

to a 500-usec pulse would require a bandwidth of only 2keps, but a wider filter width is required
as a consequence of the Doppler broadening of the signals. The early spectrum measurements
of Pineo, et al. 12,13 and the more precise ones reported in this paper indicate that, for most

of the day, the spectral width of the signals is about 11 keps for all Furegion heights. A filter
which provides an approximate match to this signal is employed in the receiver,

The available transmitter power and the operating wavelength {68 cm) are dictated by the de-
sign of the transmitter system and cannot readily be changed. The polarization of the transmitted
wave, however, can readily be altered, although in most measurements right-handed circularly
polarized waves were transmitted and left-handed waves received. No signals could be detected
when right-handed waves were both transmitted and received. Millman, et g_l_.ig have reported
backscatter observations where linearly polarized waves were employed, and use was made of
the Faraday effect in the earth's ionosphere to introduce fading in the signals. These measure-
ments enable one to compute total numbers of electrons between given height intervals. Similar

measurements have not been undertaken at Millstone Hill, because they are more difficult to in-

terpret and the regults are generally less useful.

The signals observed are exceedingly weak, and at best the predetection signal-to-noise ra-
tic of the echo corresponding to the peak of the F2~region rarely exceeds 1:1. At other heights
the echo is always weaker than the receiver noise. On winter nights, when the F-region critical
frequency drops to a low value, good results are unobtainable, In summer, echoes can be ob-
tained during both the day and the night, .but the quality of the results is generally poor compared
with that obtained on winter days, when the critical frequency is at its highest.

In order to obtain any useful results, a considerable amount of video integration is required.
This is accomplished in the following way. The output of the matched filter in the receiver is




rectified by using a square-law detector. The resulting veltage (which is proportional to the
received power) is sampled by means of a digital voltmeter and assigned one of 256 possible lev~
els. A "word" representing this level is then transmitted to the CG-24 computer and stored.

The samples are made at delay intervals of 250 usec along each sweep of the radar time base.

The samples are synchronized with the transmitter repetition frequency so that they are taken at
the same points aleng the time base on each sweep. The words can then be added together in the
computer to determine the average power at each given delay. Generally, this integration proc-
ess is continued for a period of 5 minutes (15,000 sweeps), thereby improving the sensitivity of
the system by an amount equivalent to 20.8db in the predetector signal-to-noise ratio. The inte-
gration process is drift-free and ¢an be continued almost indefinitely, although it is rarely con-
tinued for longer than 15 minutes. Various forms of external interference® make several short
runs preferable to one long one. At the completion of an integration, the sums of the samples
are displayed on an oscilloscope [Fig. 2{a}] and printed out on punched paper tape for later anal-
ysis. This process requires lesg than a minute to complete. Figure 2(a} shows the summation of
the samples taken with an antenna elevation of 15° for a five-minute period beginning at 1443.5E5T
on 7 October 1964. The vertical line has no special significance. At the lower left corner of the
picture can be seen four dots which represent the base line. Thege are samples obtained during
the transmitter pulse when the receiver was gated off. The spike which follows the gated portion
is caused by ground clutter, which usually extends out to ranges of 200 km and prevents observa-
tions of the E-region when the antenna is at the zenith. Beyond the ground clutter can be seen the
echoes from the ionosphere — first the E-region and then the F2-layer. The square pulse further
along the time base is a calibration pulse caused by introducing (via a directional coupler} a pulse
of broadband noise into the receiver on each sweep of the time base. The calibration pulse rep-
resents a 100°K increase in the effective receiver temperature. From the height of this pulse
relative to the height of the mean noise level, one can conclude that (in this instance} the effective
receiver temperature was about 620°K and that the signal-to-noise ratio of the echo corresponding
to the peak of the F2-region is about —7db. These numbers are required if the density of the
electrons must be computed absolutely.

When the punched paper tape is used as an input to the CG-24 computer, the numbers rep-
resenting the points in Fig. 2(a) are printed out. The computer also reduces the measurements
to an electron density vs height profile in the following way. First, the mean of all the samples
in which only receiver noise was measured is obtained. This process is somewhat subjective
since it requires the computer operator to move the vertical line in Fig. 2(a} beyond the F-region
echo so that this will not be included in the averaging, but the chance of error is small. The
mean receiver noise power is then subtracted from all the samples. The range R corresponding
to each sample is next computed and each sample is scaled up by an amount proportional to the
square of its range (Ra). Finally, the height corresponding io each sample is computed, with al-
lowance being made for the elevation of the antenna and the curvature of the earth. These re-
duced data points are displayed in Fig. 2{b) and printed out in the form of a table. Figure Z({b}
shows electron density (measured vertically along the ordinate) plotted as a function of height

(measured along the abscissa). The R® factor considerably increases the importance of the

* A parriculorly vicious variety is the interference produced by certain aircraft which carry radio altimeters tuned
near the radar frequency.
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Fig. 2{a-b). In {a} the observed echo power as a function of range
is shown after five minutes’ integration. The square pulse toward
the end of the time base is a calibration signal. The points in (b}
represent the electron density {along the ordinate) os @ function of
height obtained from the data in (a}.




Fz-region in relation to the E-layer. Alsoc, the errors associated with the points become pro-

gressively larger at greater altitudes, as can be seen by the increased scatter of the points.
B. The Observations

During 1960 observations were made. for the purpose of certain special investigations {e.g.; to
measure the gignal spectrum) rather than on a routine bagis. Thus, only 19 profiles obtained in
1960 were suitable for inclusion. The remainder of the results were obtained in 1961 when ob-
servations were made weekly (or sometimes biweekly),..though some measurements proved val-
ueless because of equipment malfunctions which-were not recognized during the measurements.
One unfortunate aspect of the work neported here is that ne systematic way of taking the meas-
urements seems to have been established until the middle of 1961, Prior to that time the exper-
imental method was dictated. by the particular investigation in progresgs. Thus, .pbservations
were made with receiver bandwidths of 2, 5 and 40 keps in addition to the 11-kcps bandwidth gen--- -
erally used.. Also, no specific set of antenna elevations was employed. During many obser-
vation periods measurements were taken only in the zenith, and these measurements.yield inac-
curate density profiles (Sec.Il-A). Therefore, on each of the profiles {Figs. 3 through 16) the
receiver bandwidih and antenna elevation 'are stated. Profiles obtained with a 2-keps bandwidth -
and/or only in the zenith {elevation = 90°) are likely.to be in considerable error in the region of
peak eleciron density.

During the latter half of 1961, the following method of taking measurements was established:

(1}- The receiver bandwidth was.set at 141 keps.-
(2)- A pulse length of 500 psec and a pulse vepetition frequency of 50 eps

werse employed.-
{3) Two five-minute runs were made at each of the elevations 96°,~ 45°

and 15°,
Although the data obtained in this fashion extend over a period of about 40 minutés,- they are used
to obtain a single electron density profile. A mean was taken of the two runs at each elevation,
and the three sets of points corresponding to the three elevations were then plotted (Fig. 17).
A mean curve was drawn so that it fitted the points obtained at 15° elevation to a height of about
400 to 500 km. Beyond this, greater weight was given to the points taken at 45° and 90° elevation.
Although not all the profiles presenied in this report contain so many experimental points, most
represent the mean of two or more five-minute runs. On each profile the time interval over
which the measurements were made is stated.

In order to present the profiles in a2 uniform manner it is convenient to normalize the elec~
tron density with respect to the peak of the F2-layer. On two profiles, Figs.i2{a-b}, the F2 pealk
was not the greatest electron density observed, because strong sporadic E-echoes were obtained.
In these instances, the density was again normalized to the F2-region peak, but the scale on the
abscissa was changed. Because the results are presented in this normalized fashion, there is
little need for the absolute electiron density to be derived from a knowledge of the echio power and
the equipment parameters. Indeed, since such measurements are only accurate to £20 percent,
it is more convenient to establish the absolute electron density at one height, generally the peak
of the F2-region, by means of icnosonde data. Shown on each of the profiles is fDFZ, together
with fOE, and foEs where appropriate. For the early measurements in 1960, values of the crit-

_ ical frequencies observed at Ft. Belvoir, Virginia (77.5°W, 39.0°N), have been used and these
are indicated by a "B" in parentheses. The data used are the hourly values closest to the time
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Fig. 4(a-d). Electron density profiles observed by means of the incoherent backscatter
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Fig. 8{a~d). Electron density profiles observed by means of the incoherent backscatter
technique at Millstone Radar.
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Fig. 10(a-d). Electron density profiles ohserved by means of the incoherent backscatter
technique at Millstone Radar.
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Fig. 11(a=d). Electron density profiles obhserved by means of the incoherent backscatter
technique at Millstone Rador.
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Fig. 12(a-d). Electron density profiles observed by means of the incoherent backscatter
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Fig. 13{ac-d}. Electron density profiles observed by means of the incoherent backscatter
technique at Millstone Radar.
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Fig. 14{a~d). Electron density profiles cbserved by means of the incoherent backscatter

technique at Millstone Radar.
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Fig. 15(c-d). Electron density profiles observed by means of the incoherent backscatter
technique at Millstone Radar.
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Fig. 16(a=c). Electron density profiles observed by means of the incoherent backscatter
technique ot Millstone Radar.
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over which the backscatter observations were made. They should represent the conditions in the
ionosphere along the ray path fairly well, since the antenna was directed at an azimuth of 220°
{corresponding to the bearing of Ft. Belvoir) when low elevation measurements were made. FEarly
in 1961 a C-4 ionosonde was put into operation at Millstone Hill and additional values for the crit-
ical frequencies were obtained. These are indicated in the diagrams by "MH" in parentheses.
In general, the values obtained at Millstone Hill and Ft. Belvoir are in good agreement, and where
they differ a simple mean of the two values seems appropriate.

The only additional piece of information contained in each diagram (Figs. 3 through 16) is the
value for the planetary magnetic index Kp. These values were abtained from the geophysical data

presented in the Journal of Geophysical Research.

C. Accuracy of the Results

The undesirable effect of the convolution of the long (500-psec) pulse used in these measure-
ments with the true distribution of electrons has been mentioned earlier. For an elevation of 90°,
the pulse occupies a height interval of 75km; at 45° elevation it occupies 52km, and at 15° eleva-
tion only 26 km. The receiver output is sampled at half these intervals. The finite bandwidth of
the receiver (11 keps) would have negligible effect until pulses as short as 100psec were employed.
Errors due to this convolution exist in the shape of the profiles, as the progressive trend of the
curves obtained at the three elevations shows in Fig. 17. An additional source of error is the
somewhat arbitrary method of drawing a final curve through these points. Clearly, the profiles
are not free of systematic errors, but it is difficull to estimate their magnitude.

The best method of checking the results is to compare them with other electron density
measurements of the F-region. Bowleg® and Millman, ﬁg_l.,?'o have compared their backscatter
observations with density profiles (up to the F2 maximum) obtained from the reduction of iono-
spheric soundings and found good agreement. However, in view of the discrepancies observed

by Nis.bet?‘i‘22 between rocket profiles and ionosonde results, perphaps this is not the best of

tests. In Figs.18 through 20 the most accurate available rocket profiles'?‘g'”26 have been com-

pared with the backscatter profiles which correspond most closely in time of day and year.
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Unfortunately, in two cases backscatter results which could be compared with rocket data were
not obtained in the same year; hence, rocket data taken one year have been compared (in these
two instances) with backscatter profiles obtained a year later. We should not, therefore, expect
goad agreement in every case, but the degree of similarity observed between the backscatter and

rocket profiles is sufficient to suggest that neither method is subject to large systematic error.

TABLE 1!
RATIO OF F2 ELECTRON _DENS[TY NF2 TO THE E-REGION DENSITY NE
NF2/NE NFZ/NE Lowest Antenna
Date from lonosende Data from Backscatter Data Elevation

19 Mar 60 10.0 10.7 15°
2 Mar 61 6.5 2.6 45°
15 Mar 61 2.0 4.0 45°
24 Mar 61 7.3 3.8 Q0°
28 Mar 61 7.3 4.4 20°
5 Apr 61 4.8 1.8 20°
22 Aug 61 4.5 2.0 30°
29 Aug 61 3.2 1.1 30°
12 Sept 61 3.0 1.33 30°
5 Qct 61 5.9 3.6 15°
11 Oct 61 5.6 3.0 15°
20 Oct 61 7.1 6.6 15°
2 Nov 61 9.7 1.1 15°
10 Nov 61 7.1 4.2 15°
10 Nov 61 13.8 9.0 15°
28 Nov 61 6.25 4.2 15°
7 Dec 61 2.0 7.1 15¢
27 Dec 61 1.6 2.0 15°

Another test which can be applied to these results is to examine them for internal consist-
ency. For instance, one can check the ratio of the electron densities at the peak of the E- and
F2-layers against those inferred from their critical frequencies. If the records that exhibit a
sporadic E-echo are ignored, there are eighteen others that show both F2- and E-regions.

These records are listed in Table 1I, which gives the ratio of the F2-electron density NFZ to the
E-region density NE expected from the ionosonde data and also to that actually observed. In five
instances the observed and expected ratios agree to within 20 percent. All these records were
obtained when a lowest antenna elevation of 15° had been employed. In the remainder of the rec-
ords, the expected ratio was on the average about twice that actually observed. There are four

possible causes for this discrepancy:
(1) The F2 peak, being sharper than the ledge caused by the E-region, may
suffer more because of the convolving effect of the long pulge.

(2} For elevations above 20°, weak ground clutter echoes may be present in
the same range as the E-region echo, thereby yielding an unexpectedly
high value of NE' .
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(3) The presence of sporadic E ionization may be responsible for weak
coherent echoes which also increase the observed value for NE'

(4) The scatiering cross section of the electrons is a function of the ratio
between the electron and ion temperaturesZ7 and, therefore, decreases
with altitude (Sec.III).

D. Discussion of the Results

1. General Considerations

Several interesting features of these profiles deserve comment. The E-region appears as
a ledge in the ionization profile and does not usually exhibit a separate maximum. This may be
caused in part by the inability of the fmeasurements to resolve details smaller than about 20 km
in height. No Fi-ledge is observable in any profile, although it is present on ionosonde records
during the daytime in summer at these latitudes. We conclude that the resolution was insufficient
to permit its detection, and hence that this ledge occupies only a small height interval, approxi-
mately 10 to 20 km.

The presence of ES can cause very strong reiurns (e.g., on 30 June 1964, 26 July 1964 and
1 August 1961). In the case of the profile observed on 1 August 1964, the E, echo indicated a peak
electron density of some 2.4 times that of the F2-region. The sporadic E-layer is always pre-
sumed to be thin (~1 km) becauge it is usually transparent to ionosonde echoes from the F-region.
The elevation of the antenna employed on t August was 45°% so that the pulse would occupy a height
interval of 52km. We might expect, therefore, that the Es~echo would be reduced (relative to
the F-region echo) by a factor of 50, because of the ratio of the Es—layer thickness to that of the
pulse. The ratio of the electron density in the Es—layer- and the F2-region on this day appeared
to be somewhere between 1:1 and 4:1 depending upon whether the Millstone Hill or the Ft. Belvoir
ionosonde data is taken ag most appropriate. Thus, we should not expect to see an observed ratio

of 2.4:1 for the densities if the Es~layer ig thin. We are able to resolve the paradox by assuming

either that the ES—layer is as thick as the pulse {~530km), or that irregular regions of electron
density, large compared with the wavelength, existed which yielded seml}\coheré%nt echoes. These
regions need not be critically dense, but might scatter like auroral ionization.”” This latter ex-
planation seems the more acceptable and supports the view that sporadic E-echoes are caused by
irregular, dense regions of ionization. When present only in a weak form, these irregularities
may contribute to the unexpectedly high values of E-region electron density discussed previously.

Spread-F echoes were frequently observed on ionosonde records, particularly during thé
early morning hours, but no F-region echoes of unusually kigh intensity were observed in the
hackscatiered signals. Thus, it seems that the resolution (both in time as well ag height) avail-
able for these measurements was insufficient to detect a spread-F condition, and that the irreg-
ularities in the electron density which are responsible for spread F are not as great as those
observed in sporadic E.

In view of the above comments, it seems unwise to place a great deal of relance on the elec-
tron density profiles below about 200 km. When better equipment becomes available, the back-
scatter method may be able to challenge the ionosonde in this region, but at the present time its
value Hes largely in the ability to obtain the electron density distribution above Nmax' It is with

this feature that the remaining discussion will be concerned.
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2. The Height of Maximurm Electron Density hmax

There are insufficient profiles to permit a detailed examination of the diurnal variation of
the profile shape (although Pineo and Hynek29 have attempted this for one day in May 19614),

Instead, only the variation of h___ and the scale height H, of the ionization above h . wiil be

ax
investigated.

The values for hmax observed in summer and winter (taken as the time between equinoxes)
are shown in Figs.21{a-b). During both seasons there seems to be a teadency for hma
crease throughout the day. The actual values are about what might be expected from the table
published by Brice30 if allowance is made for the fact that the measurements were made approx-

to in-
x

imately midway between sunspot maximum and minimum.’
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® «? ... g . .
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= 0o i (b) wi ken f h
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- in Figs.4 through 17).
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3. Scale Height H, above h
i max

Some comparisons of the profiles are provided in Figs. 22 to 24. In Fig. 22, ten winter day
profiles obtained in 1960 have been plotted together, after adjusting their actual heights to their
mean height (280 km). These profiles were selected from the data because f Fé was 10 & 1 Meps
in every case, and the average critical frequency was 10 Mcps. Also shown in Fig. 22 is a set of
peints repregenting a Ch:a.pman?’}1 region computed for a scale height H of 50 km and a solar zenith
distance y of 60°. As noted in the previous review,ie the electron density in a Chapman re~
gion diminishes as exp{{1/2}{1 — = - {exp—=2) secy]} where z is the height in units of one scale
height H. For values of zenith distance y of 60° or less and z 2 3, the term (exp—z) + secy
can be neglected, and f{he density decreases with an apparent scale height thai is twice the scale
height of the neutral particles. Thus, Fig. 22 indicates that over the height range 300 to 500 km
the scale height of the ionization Hi is of the order of 100 km, but gradually increases above this
level. In Figs.23 and 24, some summer profiles have been superimposed. For this purpose,
the divigion between summer and winter was taken simply as the time between the equinoxes,
since insufficient profiles were available to divide the year into four seasons. Figure 23 shows
five morning profiles, and Fig. 24 showg five taken in the afternoon. All ten were selected be-
cause fOFZ = 6.5+ 1 Meps. The mean critical frequency and the mean height to which individual
profiles have been adjusted are stated. In the morning a Chapman region where H ~ 65 km
{x = 30% provides an approximate fit to the results, and in the afterncon H = 70km (x = 307

provides a reasonable fit.
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Mean values for the scale height Hi of the ionization above Nmax have bheen obtained in the
following way. The gradient on each profile was estimated at height intervals of 100, 150, 200
and 250 ... km above the observed level of Nmax' The profiles were divided into summer and
winter, and the day subdivided into three roughly equal intervals. The mean values for Hi obe-
tained in this way are shown in Figs. 25 and 26, together with the estimated error AHi computed
by simply assuming that the observed spread of values represents statistical variations due to
random errors of measurement. In every case Hi is found to increase with height. These re-
sults are summarized in Table III. The data points used in Figs. 25 and 26 were later replotted
as a function of their true height. Figure 27 provides a representative example of one of these
diagrams. A leasi-mean-square linear relation was next obtained for each diagram, and the
results of this analysis are presented in Table IV.

Some of the differences between Tables III and IV relate to the different methods of aver-
aging the resulis. However, certain trends are clearly visible in both tables. These are:

{a} In winter there is little diurnal variation in either the value of H. at
a given height or the slope dHi/dh. !

(b In summer there is a marked increase in H; and dHi/dh following
sunrise and a decline in both these quantities throughout the day.

{c} The summer values of H; averaged over the whole day are higher
than those observed in winter.

32,33 pave postulated that electron density in the upper part of the F-region

Several authors
is not governed by the competing processes of production and recombination, but by mass mo-
tions. They show that the ions, in attempting to seek a hydrostatic equilibrium condition under

the influence of gravity, tend to move downward, bringing the elcetrons with them due fe coulomb
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Fig. 25{a-d). The mean value of the scale height H; observed at different distances above hpqy
for (a) the whole day, {b) 0900 — 1200 EST, {c} 1200 — 1500 EST, (d) 1500 — 1800 EST in winter.
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Fig. 27. The values for scale height H; plotted os a funcfion
of true height h for the winter day period 1200 — 1560 EST.
The straight line is a lecst-meon-square fit to the points.
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TABLE 1}

THE MEAN VARIATION OF THE SCALE HEIGHT H: WITH HEIGHT ABOVE THE LEVEL
OF Nmux (h_hmox) FOR SUMMER AND WINTER BACKSCATTER OBSERVATIONS, 1960-61

Winter Summer
H. ot hh =250 dh; Hiath-h =250 dh;
Pericd ({km) AHi d(h_hmux) Period (km} AH; d(h-hmclx)
All day 170 +7 0.40 All day 232 7 +14 0.36
09 —12 167 +14 0.43 07 - 10 309 423 0.68
1215 170 +8 0.35 1014 223 +i5 0.43
15-18 155 +6 0.40 14 -17 200 +£10 0.57

TABLE IV
THE MEAN VARIATION OF SCALE HE!GHT H; WITH TRUE HEIGHT h
FOR SUMMER AND WINTER BACKSCATTER OBSERVATIONS, 1960-61
Winter Summer

—_ Hi at h = 500 hmax Hi at h =500
Period (km) (km) dHi/dh Period {km) {km) dHi/dh
All day 157 0.32 All day 224 0.26
09-12 | 270.5 158 0.25 07 -10 | 230.0 304 0.56
12-15 | 297.9 156 0.25 10-14 | 268.8 211 0.42
15-18 | 272.8 152 0.30 1417 | 273.1 197 0.29
Night ~380 132 0.28
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attraction. Since the electrons are considerably lighter, and would in the absence of the iong
form their own equilibrium distribution with a much larger scale height, their presence modifies

the digtribution achieved by the ions. The net result is that the scale height of the ionization Hi

ig given by

k(T _ + T.}
_ & i
B2 me (3)
where
T _ = electron tempefature R

ion temperafure

m. = ionic mass )

g = acceleration due to gravity

Bauer and Jackson2f have argued that the rocket results can be interpreted as indicating that
ion diffusion is the controlling factor in this region, and that (Te + Ti) equals a constant. An iso-
thermal region above about 300 km was postulated by Nicolet34 on theoretical grounds concerning
the conductivity in this region, and a constant temperature for this region has been assurmed in
the atmospheric model published by Johnson.35 However, the author‘16 has pointed out that (a) as
Fig. 18 shows, not all the rocket profiles indicate a constant scale height Hi‘ {b) sometimes the
backscatter profiles indicate an almost constant value for Hi’ but more often they do not, §2c_]41
(c) the scale height observed for the neutral particles HN from satellite drag observations

all tend to increase with height. In Fig.28, values for the ecale height of the neutral particles

120
/
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SUMMER DAY /

ool (1000-1400EST] ==y
I’

s
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/,"*‘- WINTER DAY

B0 — {0900-1500EST)
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Fig. 28. The midday summer and winter values for the scale height of the neutral par-
ticles My obtained from the backscatter values of Hj by assuming Hn = H;i/2, together
with satellite drag valuesfor Hpjaccording toverious authors, 38~
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TABLE V
THE RATIO OF THE NUMBER OF ELECTRONS n,
ABOVE N TO THE NUMBER BELOW b
(Wm’rer Day Cbservations)

Date . Ration_:n
(1960) Time (EST) a"'b
18 Mar 1400 - 1550 1.93
2 Nov : 1550 - 1605 2.30
2 Dec ) 1422 1455 2.20
15 Dec 1529 ~ 1550 1.90
19 Dec 1621 — 1625 1.97
20 Dec 1002 — 1110 .64
21 Dec 1628 — 1653 2.05
21 Dec 1653 - 1713 2.06
29 Dec 1114 - 1132 1.32
30 Dec 1429 — 1451 1.91

Mean =1.93 = 0,26

obtained by various authors are compared with the scale height of the ionizable constituent ob-
tained from the backscatter results by using Eq. (3) and assuming Te = Ti' That is, the scale
height of the ionizable constituent has been assumed to be half that of the ionization H.. Tt can be

seen that the summer and winter curves bracket most of the cther observations.

4, The Total Electron Content of the lonosphere

Values for the total electron content of the ionosphere have been obtained by several workers
using a variety of techniques. From their measurements values have been obtained for the ratio
between the number of electrons n above N__ _  to the number below - The most recently pub-
lished values for this ratio were obtalned at“J‘Sgrell Bank during the winter of 1959,42' by means
of the moon-echo technique. These results yielded an average daytime ratio of about 3:4. The
winter profiles shown in Fig. 22 were used for comparison and the values listed in Table V for
n_ :n_ were obtained. These values were obtained by plotting the density as a linear function of
h‘éigkult and extrapolating the profiie both above and below Nmax' Below Nmax’ the small amount
of necessary extrapolation can be performed with a fair degree of confidence by following the
curve of Fig.‘f-l(b) obtained on 18 March. Abhove Nmax‘ the electron density was extrapolated to
800 km, beyond which it was assumed {o decay with a constant scale height of Hi = 450 km. The
ionization above 800 km constituted about 10 percent of n,.

The mean value of the ratio na:nb obtained in this way is about 2 to 1, which is significantly
lower than that obtained at Jodrell Bank. It is possible that the moon-echo result is too high be-
cause n, , when obtained from icnosonde data, is toc low .21‘22 However, Seddon43 doubts this
explana;ion since his studies indicate good agreement between rocket and iocnosonde measure-
ments. Taylor44 has suggested that the coblique path of the rays through the ionosphere in the
moon-eche work may introduce erronecus values in the ration ny if there are marked variations
in the electron content as a function of latitude. Millman and Rose?*> have reported measure-

ments of n,m at Trinidad (11°N} and found daytime ratios lying between 1:1 and 2:1, It seems

b
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probable, therefore, that this ratio may be a function of latitude, so that a comparison of the
results obtained at Millstone {42°N) with those at Jodreil Bank (54°N) or Trinidad (11 °N) would

be improper.
111, SPECTRUM MEASUREMENTS
A. Introduction

A measurement of the spectral distribution of the energy in the reflected signal contains at
leagt ag much information as a measurement of the electron density profile. This is true because
the shape of the spectrum depends upon the ratio of electron temperature to ion temperature,
Te:Ti' This dependence is shown in Fig. 29, where curves obtained by F‘ejer6 for the distribution

0s

3-319-7349

©
4

&

Fig. 29. The theoretical power specira computed by
Feier6 for different values of the ratio hetween the
electron and ion temperatures Tg: T.

©
&

POWER (arbitrary units)

6z Q6 10 la 18 22 26

of echo power with frequency for different ratios T :T; are reproduced. It should he made clear
that the spectra are double-sided with only one half shown in Fig. 29. This figure is valid for the
case where the radio wavelength A is considerébly greater than the Debye length ) [Eq.{2)], and
therefore is applicable to the results reported in this paper. The abscissa in Fig.29 is the Doppler
shift f normalized by muliiplying by the radio wavelength A and a term related to the velocity of
sound for the ions where m, equals mass of the ions, k equals Boltzmann's constant and T.l equals
ion temperature. Other assumptions used in the derivation of Fig. 29 are {a) all the atoms are
gingly charged, (b) only one type of icn is present, {c} collisions are infrequent and may be
neglected and (d) the ray path is not inclined at an angle to the magnetic
Several authors7’9’ii have investigated magnetic field effects, i.e., the removal of restric-
tion {(d), and Pineo and Hynek“"6 have reported an experimental investigation of these effects.
Pineo and Hynek found good qualitative agreement between their results and theoretical specira
computed by Renau, Camnitz and F100d47 for different inclinations between the ray path and ihe
field lines. In order to perform this investigation, Pineo and Hynek were compelled to make use
of & high-power radar system on Trinidad. It ig not possible by use of the Millstone Hill radar
to achieve a ray path at right angles to the magnetic field lines above a height of 100km {in the
F-region). Hence, for any measurements made here, restriction (d) is observed. Fejer has
considered the effect of the removal of restriction (b) and presented curves showing the spectra
for different mixtures of oxygen and helium atoms. This choice was presumably dictated by the
current view that at most F-region heights O+ is the principal ion., The theoretical arguments
for this viewpoint have been summarized by Rishbeth,48 and satellite-borne mass-spectrometer

measurements which confirm this result have been reported by 'Polaslmv49 and Istomin.50
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Nicolet51 has argued that the outermost part of the earth's atmosphere {beyond approximately
1000 km altitude} consists of a helium layer, and Bauer,52 and Bauer and Jackson53 present
evidence in the form of an electron density profile to 4600 km (obtained by a rocket fired from
Wallops Island, Virginia) which supports this view. With the present equipment, spectrum meas-
urements can be obtained only up to a height of approximately 600 km, where the expected number
of helium ions would be insufficient to influence the spectral shape. For these observations,
therefore, we should expect, on the basis of the available evidence, that condition (b) will be ful-
filled, and that the mass of the ion my will be that of oxygen (mi = 2.675 X 10"23grams). It fol-
lows that the width of the spectrum may be used to determine T,.

Ratcliffe and Weel-;ess4 suggest that at F-region heights ‘che1 collision frequency of the elec-
trons is approximately 1 keps (most collisions being with other charged particles). Since this
frequency is so low compared to the radio frequency, if is appropriate to assume that condition
{c} will be fulfilled. The presence of doubly or i{riply charged ions remains an open question at
the present time. However, since the number of neutral particles exceeds the number of charged
particles at most F-region heights by two or more orders of magnitude, we might expect singly
charged atoms to predominate by a large margin.

Spectral measurements of the signals observed at Millstone Hill have been reporied by
Pineo, et £_13,15,29_ 9
most parts of the day Te ~ ZTi‘ bui at night Te ~ Ti' The nonequilibrium condition of the elec-

Pinec and Hynekz conclude from the shape of the spectra that over

iron and ion temperatures in the daytime is supported by the rocket measurements of
Spencer, et %.55 in which temperature could be inferred from the voli-ampere curves of a dumb-
bell probe. Also, Bowless6 has reported that the electron cross section decreases around sun-
rise, which would indicate that, at least over this period, the equilibrium conditions are dis-
turbed. This evidence is contrary to the generally accepted view that equilibrium between the
5?) and

to the experimental measurements reported by Serbu, et 51_1.58 using Explorer VIII. Clearly,

electron and ion temperatures prevails throughout most parts of the ionosphere (Johnson

there is much to be gained by further spectrum measurements.

? was as follows. The normal receiver filter,

The method employed by Pineo and Hynekz'
nominally 411 kcps; is replaced by a narrow-band (800-cps) filter, and the integration process is
performed repeatedly as this filter is tuned across the signal. The electron densities corre-
sponding to a given height are then selected from each dengity profile and plotted as a function
of the offset frequency of the filter to yield a spectrum. Usually about an hour's time is required
to obtain a curve containing, say, 6 peints. The method suffers from the obvious disadvantage
that any changes of the electron density as a function of time will show up as a distortion of the
spectrum obtained in this way. In order to overcome this problem, the author constructed a

spectrum analyzer.
B. The New Spectrum Analyzer

The rebuilding of the Millstone Hill radar during 1962 provided an opportunity to acquire a
large number of crystal filters. These filters have a response resembling that of a single-pole
filter (i.e., approximately Gaussian) and a bandwidth between half-power points of 160 cps. The
filters have center freguencies in the vicinity of 200 keps, but are spaced at 160-cps intervals.
The twenty-four filters selected spanned the range from 200 to 2412 keps at approximately 500-cps
intervals and permitted the upper sideband of the reflected signals to be examined over a Doppler

frequency range of 0 to 12kecps. Thefilters aredriven by a gated amplifier (Fig. 30), which selects
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Fig. 30. Block diagram of the new spectral analyzer.

from the time base a region corresponding to a given height interval. Each filter is followed by
an amplifier capable of delivering a £100-volt peak signal fo the detector. The detectors are sil~-
icon diodes in a simple half-wave circuit, which, when driven by these large signals, behave as
almost identical linear detectors. (It was not considered feasible to make and match twenty-four
square-law devices.) The currents from the detectors are summed by integrators (Fig. 30).
Each integrator circuit consists of a chopper-stabilized DC amplifier (Philbrick USA 4JX) ar-
ranged in a Miller ¢ircuit with a self-time constant of severzal hours. During a 5-minute inte-
gration period the voltages build up to approximately 60 volts and far exceed the voltage intro-

talea 04 onali) MNno stternt wae mada
Ly WL ovoat), N2 atl empl watk mate

Asvrvmandd ey Aawdifin A T AFPaAto S Fha T anand
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to match the gains of each of the 24 channels. Instead, after each measurement of signal energy,
the timing circuits were adjusted to place the gated portion of the time base at a range where no

signal could be expected, and the measurements were repeated on background noise alone. Ra-

noise

L I T N

tios are then iaken of each of the two voltages, which are nexi squared to yield the signal~to-
ratio at each frequency. The filters in the region 8 to 12 keps sample only noise during either
measurement, because at 440 Mcps the spectrum is only approximately £6 keps wide: It follows,
therefore, that the mean of the ratios observed for these filters should be 1:4. If not, it can be
presumed that the gain (or the ambient noise level) of the receiver ahead of the gated stage has
changed between runs (the duration of each run is timed to within t msec). All the points may

then be scaled by some constant factor to bring the mean ratio observed for the last 8 (or so) fil-
ters to unity. In thig way a specirum measurement containing 24 points is obtained in 5 or 10 min-
utes, which does not suffer from any of the ambiguities that arise from use of the earlier method.
Unfortunately, the spectrum is measured only at a single height. In order to obtain spectra at a
range of different heights, a period of approximately 1 hour is required during the day and approx-

imately two hours at night when the signals are much weaker.

C. Resulis of Observations in 1962

On 4 days early in 1962 (15 to 16 February, 13 to 14 and 26 to 27 March and 1 to 2 April)
observations were made over a complete 24-hour period. The inclusion of some of the results

of these measurements in this report is warranted by their bearing on the interpretation of the

results presented in Sec.II.
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The compromise belween range resolution and echo intensity discussed in Sec.II is further
complicated during spectral measurements by the need for a long pulse in order to minimize the
gpectral width of the transmissions. For most measurements a pulse length of 1 msec was chosen.
Such a pulse would add approximately 500 cps, or 10 percent, to the half-width of the signals, but
for some measurements a pulse length of 2 msec combined with a very low elevation (9°) was used
for better frequency resolution. In order to achieve & reasonable degree of range resolution, all
measurements were made at elevation angles of 50° ar less, in contrast to those of Pineo and

Hynek,‘29

who tock the measurements in the zenith. A point was chosen on the surface of the earth
in the vicinity of Washington, . C., and all the measurements were made at ranges corresponding
to different heights vertically aboveithis point. This seemed to provide about the best compro-
mise between range resolufion, frequency resolution and signal intensity. Thus, in order to illu-
minate different height intervals, the antenna elevation was changed, and the gated portion of the
time base was adjusted to an accuracy of #5psec. Measuremenis were made at ranges corre-
sponding to heights of 206, 300, 400, 500, 600 and 700 km, though on most days only 400 and
600 km or 500 and 700 km of the iast four were examined. Because the signals are exceedingly
weak at night, a 15-minute periecd of integration was employed for most observations. The com-
plete sequence of heights could then be examined only once every 2 hours.

Figure 31 presents a series of spectra corresponding to a height of 300 km and obtained dur~

ing the period 1 to 2 April. (The aciual region illuminated by the pulse was from 265 to 335km.)
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Fig. 31. Spectra obtained for incoherent backscatter |

\\'E.E_Efl___'_ l signals at a delay corresponding to 300 km height,
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These results were obtained by using i-msec transmitter pulses together with a 1~-msec receiver
gate width. Although the absolute signal-to-noise ratio is a function of the receiver noise figure
and transmitter power — neither of which is wholly stable — there is a clear diurnal variation of
the intensity of the signals. What is more important, there is élso a clear diurnal variation of
the spectral width of the signals, together with small changes in the spectrum shape.

The bandwidth of each of the spectra has been measured in the following way. The half-power
point, taken as the frequency at which the power is half the value observed in the wing of the curve,
is first extracted. These values are reduced hy 500 cps for curves obtained using 1-msec pulses
and 250 cps where 2-msec pulses were employed. These correction factors are not precise but
serve to make a first-order correction for the increased width of the spectra because of the fi-
nite spectral width of the pulses. The values for the bandwidth obtained in this way at 200, 300,
400, 500, 600 and 700km height are shown in Figs. 32(a~e), respectively. The values obtained
at 600 and 700 km were few in number because of the poor quality of the results obtainabie at
these heights, and are presented fogether in Fig, 32(e}. Some of the spectral measurements were
spoiled by interference during either the signal or the noise calibration run. The average night-
time {2200-0300 EST) and daytime (0900-1500 EST) values for the bandwidth as a function of height
are shown in Fig.33. The vertical bars associated with the points in these curves represent the
height interval ocecupied by the pulse, whereas the horizontal bars indicate the rms scatter of the
values. It will be noted that above 300 km the bandwidth does not vary rapidly with height. This
behavior is to be expected, since the bandwidth is proportional to the square root of the ion tem-
perature Ti and thig region is thought to be isothermal.“ However, these experimental results
confirm the supposition that the electron density profiles above 300km are not in systematic er-
ror because the signal bandwidth changes as a function of height. Such an error could occur if
the receiver bandwidth were as narrow as or narrower than the signal because then the energy
density in the pass band would vary if the spectral width varied with height.

D. Temperature Values

In order to make use of the spectra (Fig. 31) to determine values of the ion tempersature T,
a series of theoretical spectra have been computed for values of the electron-to~ion temperatuﬂtre
ratio Te:Ti in the range 1.0 to 4.0. This work was undes‘rtaken by Dr. M. Loewenthal of Group 33
at the author's request. The theory presented by Fejer~ was employed to calculate the spectra
and an IBM 7090 digital computer was used to make the actual computations. The spectra were
calculated on the assumption that atomic oxygen is the only ion present and that the radio wave-
length A is ter‘1 times the value of the Debye length Ap (the curves obtained being indistinguishable
from those for K/AD = =}, and are presented in Fig. 34, from which two additional curves are ob-
tained. Figure 35 shows the ratio of the echo power at the peak of the wing to the power at the
center frequency asg a function of the ratio Te:Ti. This curve hag been used to determine the tem-~
perature ratio from experimental data as in Fig.31. In Fig. 36 the position of the half-power point
has been plotted as a function of the temperature ratio Te:Ti. It can be seen that the bandwidth
of the signals increases as the temperature ratio increases. Thus, if the spectral shape is not
well known, the variation of the signal bandwidth shown in Fig. 32(a-e} cannot be accurately in-
terpreted as being caused by a variation of Ti alone, the ratio Te:Ti, or a combination of these
effects.

The shapes of the spectra are well-defined for 200 km height and indicate that at all times
T = Ti’ i.e., equilibrium prevails. Thus, the small bandwidth variation seen in Fig. 32(a) is the

T

result of equal increases in the electron and ion temperatures during the daytime.
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The values for the power ratic between the wing and center observed at 300 and 400 km
are shown in Fig.37. It seems clear that at both these heights a power ratio of approximately
1.1:1 exists during the hours of darkness, indicating equilibrium {Te = T;) as in Fig. 35, During
the daytime the value increases roughly in proportion to the sun's altitude, but the scatter of the
values is very large, because this measurement is difficult to make. Therefore, it seems im-
possible to decide whether the diurnal variation observed at 400km is greater or less than that
at 300 km.

At 300 km the quality of the spectra varies because some spectra were obtained by using
a 2-msec pulse at a very low elevation {9°) and others with a 1-msec pulse at a much higher el-
evation {22.5°). The values for the wing-to-center power ratios obtained from each of the spec-
tra have been weighted according to the signal-to-noise ratio (measured at the center frequency),
and a weighted mean computed for each hour. These mean values are shown in Fig.38. The er~
rors shown are the weighted rms deviations. The scatter of the points is quite large and must
partly reflect different conditions on the three days (13 to 14 and 26 to 27 March, 1 to 2 April),
which have been included in Fig. 38. The right-hand axis of this figure shows the values for the
electron-to~ion temperature ratios Te:']f‘i corresponding to the power ratios plotted along the
left-hand ordinaie. It would appear that maximum in the ratio between the temperatures exists
just before noon, possibly near 1000 EST. This might be taken as evidence in favor of the sec-

ond source of atmospheric heating suggested by Harris and Priester.59

Yet, the results are not
sufficiently precise to exclude the possibility that the peak cecurs at noon, and that the variation
during the day is directly proportional to the sun's altitude. If seems likely that the diurnal var-
iation shown in Fig. 38 will change both with season and with the solar sunspot cycle.

Above 400 km the shape of the profiles is not sufficiently well defined to determine anything
but the bandwidth. Thus, in interpreting the results to obtain values for the daytime tempera-
ture, we are faced with various possibilities, of which the following represent two extremes:

{1) Above 300km, T, may be constant with height. the increase in the band-
width of the signals being caused solely by an increase in the ratio T :T;.
{2} Above 300 km the ratio Te:Ti may be constant {and follow the variation at
300 kmj, with the increase in bandwidth caused by an increase in T; {and
a corresponding increase in T.).
Tt is possible to reject a third possibility that above 300 km the ratio Te:Ti rapidly declines to
unity, since the ratios of ’I‘e:Ti observed at 400 km are at least as large as those at 300 km.
Also, since the collision frequency decreases with height, we might expect the time it takes the
electrons to reach equilibrium with the ions to increase rather than decrease. However, this
trend can only continue for a limited distance because the solar energy absorbed by the atmos-
phere alsc decreases with height.

The temperature distributions corresponding to the two hypotheses (1) and (2} are shown in
Fig.39. Of the two hypotheses, the curves for (2} seem the better choice since, from satellite
drag results, a large diurnal variation of the temperature of the neutral particles TN is known
to take place at heights in the order of 500 to 700 km. (It can be presumed that TN = Ti because
of the similar masses of the ions and neutral particles.) The temperatures "I"i shown in Fig. 39
for a height of 300 km agree well with the variation assumed in the model developed by Harris
and Priester for a 10.7-cm wavelength solar flux of S =100 to 150 units.ﬁ0 However, the region

above 300 km does not seem to be isothermal, as these authors suppose.
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Fig. 36. The position of the "“half-bandwidth" point
as o function of T : T (obtained from Fig. 34).
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The large difference between the electron and ion temperatures above 300 km invalidates
the atiempts of various workers {Van Zandt and Bowles,61 Hangon and McKibbin,zs Jackson and
B'en.uer26 and Evansié) to determine the aimospheric temperature from electron density profiles
by assuming Te = Ti' Instead,:t:’he results demongtrate the existence of the large diurnal vari-
ation reported by Serbu, et al.,”” together with the nonequilibrium conditions first reported by
Spencer, et 31.55 The most important feature of the new results seems to be the diurnzal varia-

tion of the ratio Te:Ti shown in Fig. 38.

The electron and ion temperatures are in equilibrium at all times over the height interval
of 470 to 230km. Somewhat higher, in the region 265 to 335km, a pronounced departure from
equilibrium takes place in the daytime. Evidently, the transition region is quite small. The
extent of the nonequilibrium condition could be determined at only 300- and 400-km heights. The
wide scaifer of values represented by the points makes it impossible to decide whether the effect
was any more or less pronounced at 400 than at 300 km. The greatest ratio between the electron
and ion temperatures appeared to occur near noon when T _:T, ~1.6. The values for the midday
and midnight temperatures Te and Ti’ compiited on the as;un;ption that their ratio at 300 km
would still hold at 600 to 700km, are given in Table V1.

TABLE VI
TEMPERATURES DERIVED FROM THE SPECTRUM MEASUREMENTS
ACCORDING TO HYPOTHESIS (2)
Height T.= Te (night) T, {day) T, {day)
{km) °K °K °K
200 686 =18 920 + 83 920 + B3
300 775 £ 48 1230 = 41 1770 + 59
400 866 + 43 1280 + 64 1840 % 93
500 838z 1450+ 90 2080 +130
600/700 1000 £110 1530 =110 2210 £ 170

IV. ABSOLUTE SCATTERING CROSS SECTION OF THE ELECTRONS
A, Introduction
Gordon1 gave a value for the scattering cross section of the electrons as
s 22

o, = ( € 2) in Gaussian units, (4)
ma

and this is the cross section normalized to unit solid angle. Thus, the radar cross section

. . 3,6-1
O = 41rcre. Various theoretical workers 16-11

ducted at long wai;elengths and on the assumption that thermal equilibrium prevails in the iono-

soon showed that, where measurements are con-

sphere, Trn would be only half this value. This is true because the scattering cannot be thought
of as taking place from individual electrons but from their collective disturbed behavior caused
by the motion of the ions. Under these conditiong the expected value for o becomes

. (.,_H; = 4.99x107%% m? . ‘ (5
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The observed cross section will, however, depend on the electron-to~-ion temperature ratio
Te:Ti, as can be inferred from the variation of the area under the curves in Figs.29 and 34.
Bunema.n27 has discussed this aspect of the problem in some detail, and Fig.40 shows the vari-

ation of o as a function of Te:Ti obtained from his paper.
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g r Fig. 40. The theoretical variation of the scattering
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In an early paper Pineo, &f al. ,i?’ gave the misieading impression that the value for the ra-

dar cross section o obgerved at Millstone Radar was in good agréement with the value given by

G—ordon.1 This was later corrected by Pineo and Briscoe in Ref.14, where a value

o = 1.4%107%% m? (6)
m

was published.
Bowles56 has devoted considerable attention to the measurement of the cross se ction. Pro-

vided that a loss between 0.5 and 1.0db can be attributed to absorption in the lower ionosphere,

Bowles obtains values for the cross section o which are in good agreement with the theoretical

In addition, he took values for the echo power observed at Millstone by Pineo,
This in substan-

value in Eq. (5).
et al., and the parameters of the Millstone radar and obtained a value ¢ = 3.6.
tially better agreement with Eq. (5) than that found by Pineo, et al., in Bq. (6}. It would seem rel-

evant, therefore, to clear up this discrepancy before proceeding further with the derivation of a

new value for o
m

B. The Radar Equation for an Extended Target

BOW13556 has discussed at length the derivation of the radar equation applicable to incoherent

backscatter measurements, His account ia excellent in its detail, but seems to contain some mis~

takes. In Eq.(6) of his report the equation for the received echo power Pr is

2 2
Ptnr oCcTA

P_= — S'Sez(e,qa)dedcp ,
¥ 4287°R ey
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where the symbols used by Bowles are:

P, = peak transmitted power (assumed constant within the pulse) in watts,

n = efficiency of the feeder system {i.e., over-all resistive losses in the
antenna and feed wires),

2
g = total cross section per unit velume (m™)

= Nag
m
In these symbols

N = number of electrons/m3

_ 2 10
=1.24 fo X107, \gfhere
fO = critical frequency in Mcps;
Ty = CTOSS section of an electron (Fig. 45);
¢ = velocity of light {approx. 3 X 108 m/sec);

pulselength (sec);

-
I

R = range to the scattering volume;

G{B¢) = gain of the antenna over a lossless isotropic radiator at
angles © and ¢, where

© = angle measured from the axis of the principal lobe,

¢ = azimuth angle of the direction of the ray.

Bowles' Eq. (6) is in error because he has stated (Ref. 56, p.25) that the total scattering vol-

ume within a given incremental solid angle is

c1'R2 do de 7
z : )

In the coordinate system adopted by Bowles, Eq.{7) should be

2 o
cTR” sin© d6 de
A ‘ (8)

Thus, Bowles' Eq. (6} should have been stated as

y G%(0¢) sin0 dO do . (9)

2 2
) Pt"qro'cﬂt Sw
ave

P_= ——g c%(e) sine de . (10)
=]

Equation {10) can be developed very simply as follows. Consider a transmitter developing
a power Pt driving an isotropic anterna. The total power radiated will be Pt”r’ and at a dis-
tance R the flux density will be

Ptn r

4JTR2

watts/m?> . (11)

* Note added in proof: The mistake discussed here has since been rectified by the authors. See K. L. Bowles,
G.R. Ochs and J,L. Green, "On the Absolute Intensity of Incoherent Scatter Echoes from the lonosphere,”
J. Research Natl. Bur. Stendards 66D, 395 (1962).
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If the antenna ig replaced by one having a gain G over an isotropic antenna whose radiation pat-
tern is symmetrical about the axis of the main beam, then in any direction © from this axis the

flux will be

fiux = P—tngg wa’l:ts/m‘2 . (12)
4nR,

Now consider the annulug shown in Fig.41. The flux density across any part of this annulus is
stated in Eq.(12). The area of the annulus is ZTrRZ sin € d© mz. The pulge illuminates a region
having a depth e7/2; therefore, provided that er/2 << R, we may neglect the comcal nature of
the elemental volume shown in Fig. 41 and write the volume of the element as R cr gin © d© m3.
If N is the electron density per m® and it may be assumed that N is slowly changing with height
only, this elemental volume contains TRZeTN sin © d© electrons, each of which has a scattering

cross section A Where Ncrm = ¢, the total cross section provided by this elemental volume
becomes

cross section = ﬂchm gin & d© rn2 . (13)

Combining Eqgs. (42) and (13), we have for the total intercepted power 0.25 Ptan{G) ¢To sin © de
watts, of which a fraction is scattered back to the transmitting antenna where the flux density
{watts/ma) is given by the product of Eq.{13) and (41TR2)'1. The flux which falls within the antenna

3-34-T350
MAIN AXIS
GF ANTENNA
Rd8

Fig. 41. An elemental annulus lying in the ionosphere
at a distance R from the observer.

SPHERICALLY SYMMETRICAL
ANTENNA
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aperture is (partly) collected and conveyed to the antenna terminals. The collecting (or effec~

tive) area of the antenna for radiation at an angle © may be written as Aeff(e), where

2
—————G(i)w A (14)

Aeps(®) =

The resistive losses will be present during this process so that the received power from this

elemental volume can be written as

2 .
PtnTC'r'ch(e_} Aeff(e) sin & d©

power = watts . (15)

_}é 167R”
If we now consider all the possible elemental volumes corresponding to all 0, the total received

power Pr obiained is

2
Palcro pm/2
P =,_L§'_W....S‘

G{6) A ..(0) sin© d© watts . (16)
T ‘167TR2 6 eff

By substituting Eq. {14} into (16} it becomes

Ptﬂrz"C'TO'RZ r/2 2
PI‘ = ——ZZ—S\ G (9) 5in© do watts N ('17)
647"R =]
which is clearly the same as Eq.(10).

C. Approximate Radar Equation for a Millstone-Type Antenna

In Sec. B we developed a general expression for the radar equation to be employed for an
extended target illuminated by a spherically symmetrical antenna. In this section we shall de-
rive an approximate expression for an antenna of the type used at Millstone and compare it with
the approximate expressions used by Bowles56 and Pineo and Hynek.14

In Eq. (17} let G{©) be replaced by GezoF(e), where GG:O is the gain of the antenna meas-
ured along the axis (© = 0) and F(9) is unity at © = 0 and specifies how the gain falls off at other
angles. The Millstone aperture has a tapered feed distribution {(approximately Gaussian) and the
energy falling on the edges of the dish from the horn is about one-tenth of that in the center. The
radiation pattern of this antenna is such that the main lobe can be closely represented by a

Gaussian function; hence we shall write

F(6) = exp[——O.?GZ/ef/Z] , (18)

where 91/2 is the half beamwidth, i.e., the value for © for which F{€) = 1/2. Thus, the inte-
gral in Eq.(17) becomes

2 (™2,
1=GOS F°(6) sin 6 doO
[]

<62 {7 explrs (g2 7] emean (19

By making the transformation r = R© for small ©, Eq. (19) becomes
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Gc? = i 4r2'
I%—EMS rexp|-—55—|dr - (z0)
R o] R 91/2

This is the familiar integral fow X exp [— azxz] dx whose solution is I = 1/2a2. Therefore, Fq.{20)

yields
2 .2
G ©
a0 A2 {21}
28 _
For this type of antenna,”

TA
Go ™2 (22)

where A is the physical aperture. Thus, if we define

Ta Aedh @)

for this antenna

N ™ 7/4r . : (24)

Also, the beamwidth is

~ TOA
20,/ &iD (25)

where D = diameter. If Eq.{(22) is written as

a =~ 71rDZ
o 47&2
Eq.{21) becomes
77D> 70A 2
1=G ( ) (26)
[s} 2.8 % 4?\2. 114D
=~ 0.74 Go 27)

Actual substitution in Eq. {21) of the measured values for 61/2 and Go of the Millstone antenna

yvields I = 0.76 Go' Therefore, BEq.(17) becomes

Ptnfc-ra'hz
P =0.76 5 G, watts (28)
641 R
or
Ptnﬁcrcer
Pr=0.76 5 watts . (29)
167R

* Reference Data for Radio Engineers, p.700.
t Ibid.
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Pineo and Hynek14 have used this equation without the factor 0.76; hence, we should expect
values for G derived by these authors to be a factor of 0.76 of the true values.

Bowles3b has considered the effect of power radiated into the sidelobes, which is largely
wagted. He defines an efficiency factor ng as being the ratio of the power in the main lobe to
the total power radiated. Thus, his approximate Eq. (29) contains a term n: to account for this

factor. Power which is radiated at some angle © > & may rightly be regarded as wasted

max
since the ionosphere does not form a hemisphere above the observer. Therefore, in Eq. (17) the

upper limit of the integral sign (z/2) should be replaced by some lesser value of emax. Then
Bowles' term n: would be given by

%
e
,  J, ™% o) sine de
n_ = . {(30%
s [M%c*ersine de

This definition differs from that given by Bowles. The exact value of emax is debatable. Bowles
apparently takes the view that only power in the main lobe is useful, although for narrow-beam
antennas such as the one employed by him (61/*2 = 1°/2} and the one used by Pineo (91/2 = 1%,
the power contained in the sidelobes adjacent to the main lobe is not wasted. It is evident that

no simple criterion to determine emax can be laid down, but, as an order of magnitude, emax
may be taken as approximately 10 to 20° for narrow-beam antennas. It should be made clear that
the term Mg is warranted only by the extended nature of the target. No such term i“é_present in
the case of a point target as can be seen in Eq. (30) where, for such a target, the upper limit to
the integrals - 0 and Mg ™ 1. It is equally true that Mg cannot be determined from radar observa-
tions of a point target. This conclusion brings us to the second confusing part of Bowles' devel-
opment. Bowles apparently believes that even for a point target (e.g., a radio star) the received
power is proportional to Nalg A and, sincethis is acommon way to measure the antenna efficiency,
one actually measures the product NaTg- Thus, in his report Bowles gsiates that for Millstone,
where the antenna efficiency is 35 percent (the true value is nearer 40 percent), "nAnS = 0.35 and
if A is assumed to be 0.6 Mg ™ 0.58." Since n: occurs in the final equation, this isa large effect.
We labor this point {and indeed the whole of the preceding discussion) because the differences be-
tween the results of Pineo and Bowles center around the term Mg and how it is determined. Pineo
and Hynek have included no such term in their analysis, behevmg that Mg ™ 1 for a Millstone-
type antenna, so that their value for “ is about one-third of the value Wthh Bowles obtains from

the same data.

D. Values of A Ty and Mg for Millstone Radar

The total two-way feedline losses given in Table I are 2db. Hence, r,-rz = 0.63. A value of
0.40 for np €A be obtained from the ratio of the effective aperture (210 m2} to the physical aper-
ture (520 m2). This value is low compared to the efficiency stated in Eq. (24) and arizes as a re=-
sult of attempts to minimize the large sidelobe introduced by the feed support structure by using
a feed system which provides more than a 10-db taper of the primary illumination pattern.

This is necessary for tracking operations but unnecegsary for backscatter measurements. The
net effect is to decrease LIy and increase Mg though the increase in the latter is insufficient to

* Page 35.
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offset the decrease in ure The value for the effective aperture (Table I) is consistent with both
sbsolute gain measurements [Eq. (14}] and observations of intense radio stars.

A value for ng is more difficult to arrive at. It will be noted that, as defined in Eq. (30),
depends upon the square of the gain integrated between 0 and 9 ) x. Unfortunately, the contour
piots for the Millstone antenna given by Fritsch ~ do not cover a sufficiently wide
to permit g 10 be determined. Instead, we shall derive an approximate value using results ob~
tained by Rlcardl 63 Ricardi hag shown that if the antenna radiation pattern is broken into two

parts, a main lobe and an isotropic component, the peak intensity ratio between these two can be

found as follows:

gain at the peak of the main beam _ m&, (31
isdiropic component " m~—1

where

ideal gain Gi

(32)

m = ohserved gain Go !
in which the ideal gain Gi is given as
13(0, ;)2
- 1/2
Gi = yi (33)

For the Millstone antenna the beamwidth 26, /2" = 2.1° (0.369 radian); hence, the ideal gain, ob-
tained from Eq.(33), is 9544. The observed gam {corresponding to 37.5db} is 5623, which yields

= 1.7 in Eq. (32). Thus, the ratio {m/m — 1) = 2.4:4, and the ratio between the peak of the main
beam and the average sidelobe level is approx1mate1y 41.3dh. The ratic between the square of
these numbers is 82.6db, and this is so large that n is indistinguishable from unity.

A check on this conclusion was performed by computing the integral
© X 2
I= S maxX gy gin© d6 (34)

for the antenna pattern of a scale model of the new 200-ft parabolic antenna presently under con-

struction at Millstone Hill. This antenna has a half-power beamwidth 261/2 = 0.74°(0.0067 radian),

and for this value Eq.{(34), integrated numerically to ® . = i°, yielded I' = 0.0008243 steradian.

When the integral was re- -evaluated for angles up to emax = 4°, a value I" = 1.00012 I' was ob~
tained, and when emax = 60°, thenI™ = 1.00014 I'. Clearly, there is lzittle difference between
values of the integral computed for 1° < emax < 90° It follows that 7 g = 1 and that Pineo and
Hynek were right to ignore this term.

given in Eq. (24) for the solution of the integral in Eq.(17) has also been checked

by integrating numerically over the actual antenna pattern of the Millstone antenna.62' The result

obtained,
o?
G
[=_9 4/? 135
2 ¥ A i

is so close to the solution given in Eg. {21) that Eq. (29} can be taken as the correct equation to

use for the observations reported here. Equation {29) may be rewritten as
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2 2
0.76m P,cTA . (1.24 X 1077) f '@
P = r t° eff 5 2  watts {36)
167R
therefore,
i T 10
PrR ) 0.?6antcrAeff(1.24 X107 ) O
2 17 mks (37)
o]

By setting Pr = de, where Pd is the power density {watts/cps) and b is the effective bandwidth
of the signal, and introducing the pare{%eters given in Table I, Eg, (37) becomes

(1.2
P mks (38)

[
=1
o]
o
X
[
<&

mks . {39

The effective bandwidth b for most height intervals (Fig. 33) during the daytime is approximately
11 keps. Hence,

-18 T d 2 (40)

Q
i
(=
i
e
X
[
[en]

E. An Average Value for oy

In Eq.{39) we have grouped all the variable quantities on the left-hand side of the equation.
The computer program for the electron density profile calculates the value of PdRZ correspond-
ing to each point and multiplies these values by 1014 so that they appear as a four- to five-digit

number, The values obtamed correspoending to N for the profiles shown in Sec.II have been

max
plotted as a function of f in Fig. 42 for those measurements that were made using the t1-kcps
receiver bandwidth, The Fi. Belvoir Values for f were used throughout It can be seen that al-

though the normalized power density PdR does increase as f increases, there is a wide scat-
-11

ter of values. The mean value for P Rz/f2 for all points shown in Fzg 42 ig 1.35 X 10 mks,
which, when inserted into Eq. (40) ylelds 2 value o~ 1.81% 107%% 1 ‘
200 Ti%icTizsoi] .
& e e
© e
T L e
Fig. 42. The variation of the product of the power den- 4 .
sity Py of the reflected signals and the square of the range < 2 R i
R2'as a function of the square of the F2 layer critical fre- 2| LY
quency fy,. The values for P ddR correspond to the peak of z ... '// .
the Icyer ‘and were obtained for all the profiles shown in 2 s -
Figs.3 through 17 where a receiver bandwidth of 11 kcps = | A
had been employed. The values for fo are those obtained g . //.'.- -
at Ft. Belvoir (BS’. 5 .| PR
R
- - -
e
- —1 “\_‘ | 1 I L 1 "I‘ 1 4”];“ | —
u 20 40 (= (=14 s (-1
s ><lol (cps)
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There are several sources of error in the above value. Presumably, there are systematic
errors in the estimation of the transmitier power Pt’ the effective antenna aperture Aeff’ the
feeder losses M and possibly the method of calibrating the recei_ver. An outside limit on each
of these values would be approximately £0.5db, so that the probable error would be approximaiely
=1db. Also, there are errors of measurement of both Py and fo' Undoubtedly these are partly
responsible for the scatter of the peoints In Fig.42, although small changes in Pt from one run to
the next may make a contribution. WVariations of Te:Ti must also contribute somewhat to the scat-
ter in the values. )

Two systematic errors which act to reduce the observed value for ¢ deserve comment.

The first is the error in the profile for the electron density due to the convelution of the pulse

ha
ax 5 been

discussed in Sec.Il. By observing the trend of the electron density vs pulselength {actually an-
tenna elevation} such as that shown in Fig. 3, it can be estimated that the observed density at
Nmax may be only 90 percent of the true value, even for obgervations at 15° elevation. The sec-
ond error arises from the use of an eguivalent bandwidth b in Eq.(38). Figure 43 shows the ac-

tual response of the filter used.in the receiver for all the measurements made with a receiver

with the true distribution. This error, which is most serious in the vicinity of N

bandwidth of 11 keps. By convolving this response curve with the actual echo power distribution
fe.g., Fig.31), one can examine the effect of the filter on the spectrum. The filter bandwidth has
been chosen to maximize the signal-to-noige ratio, but ig by no means a perfect match to the sig-
nal spectrum. The observed signal-to-noise ratio, therefore, appears to be approximately

80 percent of that which would be obtained with an ideal filter. These two systematic errors act
in a manner which would cause o O be underestimated, and have a value of only 70 + 10 percent

of the true value during the daytime.

R Ia

;
R
T

— b =105 keps
Fig. 43. The response curve for the matched "11-keps"

filter employed in the recejver.

RESPONSE {db)
; S
T

-8 L i £l ) 4 1 i
-8 -4 a 4 a

DOPPLER FREQUENCY (kops)

Finally, in view of the variation of O with the temperature ratio Te:Ti we might expect, on
the basis of the gpectrum measurements, that O will exhibit a diurnal variation. In order to
look for this it was considered necessary to correct for the effect of the convelution of the pulse
with the true distribution. Accordingly, the values for N .. shown in Fig. 3 were plotted against
the effective pulse length and the relationship obtained was found to be linear. This law could be
extrapolated to yield the value of Nmax’ whiéh might have been observed with an exceedingly short
pulse. The correction factors derived from this relation are given in Table VII. For analysis
we chose values for the product PdR2 correaponding to the peak electron density on each of the
profiles shown in Figs. 4 through 18, where an 11-keps receiver bandwidth was employed. These
values were scaled up according to Table VII, and increased by a factor 1.25 to allow for the mis-
match between the signal spectrum and the receiver filter. Finally, these correcied values were
used to provide values for ¢ _, by use of Eq.{40). The average values for ¢ for each hourly in-
terval over the day are given in Table VIII. It can be seen that, although there is a slight tendency
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CORRECTION FACTORS FOR VALUES
FOR chx PLOTTED AGAINST PULSE LENGTH

TABLE VIl

Elevation Angle

Coirection Factor

20°
60°

45°

30°
20°'
150

1
1
1
1
1
i

433
.365
274
.212
.146
116

TABLE VIII
AVERAGE VALUES FOR o

Mean Value of ¢

Local Time m

(EST) (X10-292) rms Deviction
07 ~ 08 1.57 (single value)
08 — 09 2.94 +0,238 X 10727 2
09-10 2.67 £0.99 X 10727 2
1011 2.72 £0.71 X 10727 2
1M1 -12 3.73 {single value)
12213
13- 14 2.72 £0.35% 10727 12
14-15 2,41 +0.42 %1072 2
15-16 3.12 +0.49X 10727 12
16 - 17 3,20 £0.77 X 10727 1,2
17 .18
1819
19 - 20 3.27 (single value)
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TABLE 1X

VALUES FOR THE 1ON TEMPERATURE T; DEDUCED
FROM THE SCALE HEIGHT MEASUREMENTS (Sec.!l} ASSUMING T = 1.6 T

Winter Day Summer Day
True Height {0900 — 1500 EST) {1000 — 1400 EST)
(km) (°K) {°K)
400 783 1090
500 980 1320
600 1100 - 1530
700 1220 1740

for T to decrease near midday (as might be expected), the rms deviations of the points are too
large for this result to be regarded as conclusive. Presumably the large experimental errors
tend to mask whatever variation may exist. A weighted mean value for o obtained from Table IX
zor the hours 0800 to 1700 EST is o = 2.82 % 0.49 X 10-2% m%. The #1cb uncertainty as to the
equipment parameters increases the probable error, so that the final result for the average day-

time value for o__ is
m
o = 28+08x10 9 m® . (41)

This value is somewhat lower than would be expected for a maximum temperature ratic
Te:Ti = 1.6, for which the average daytime value of T would be ~ 4 X 10_29 mz. It seems pos-
sible that the discrepancy could be resolved if the temperature ratio TE:Ti were higzléer than 1.6
during 1960-61. A value for Te:Ti of 2 or more, as suggested by Pineo and Hynelk, would bring

the observed and expected cross sections into closer agreement.

F. Summary

We have derived a radar equation applicable to backscatter observations made with a eircu~
larly symmetrical beam. We have seen that Eq.(29) differs from that employed by Pineo and
Hynek by a factor of 0.76, and from that used by Bowles for the Millstone Radar by a factor of
0.76 u:. Bowles has argued that, for Millstone, nsz = 0.323 and we have shown that this conclu-
sion is incorrect. For a parabola with a tapered feed, mg ig indistinguishable from unity.

We have employed the radar equation together with the results reported in Sec.Il to obtain
an average &aytime value o = 2.8+0.8X% '10_29 m2 for the period reported. This average is
somewhat lower than expected for electrons at a temperature Te = 1.6 Ti’ but is compatible with
a value Te =2 Ti‘ Even after an attempt was made to correct the values of Nmax for the differ-
ent elevations employed in the measurements, no systematic variation of Tn during the daytime

was evident.

V. CONCLUSION

Trom results for the density distribution of the electrons above N {summarized in
Tables III and IV) and those of the spectrum measurements (Table Vi), we have seen that the var-
iation of the bandwidth of the signals above h_ . is small and hence cannot be a factor influenc-
ing the density distribution. The departure from equilibrium conditions near midday will, how-

ever, cause a distortion in the electron density profiles obtained near this time.

54

e



It is clear from the remarks in Sec.III that the values for the scale height of the neutral
particles derived from Table IV and plotted in Fig. 28 by assuming both diffusive equilibrium and
temperature equilibrium (T _ = T,) are in error. The correct values will be somewhat lower, but
in view of the probable dependence of the electron-to-ion temperature ratio on the sunspot cycle,
a proper correction factor cannot easily be applied. We may, however, reinterpret the scale
height measurements by making the same set of agssumptions that have been made in the temper-
ature measurements to see if they are consistent. Table IX gives the temperatures derived from
the scale height measurements {Table IV) when the following assumptions are made:

{a) The scale height Hi is related to the electron and ion temperatures by
Eq. (3}, v

k(T +T))

H = ——
i m. g

i.e., diffusive equilibrium is in operation.

(b) The ratio Tg: T appropriate to the values for the scale height observed in
the period closest to midday is 1.6:1 for both summer and winter at all
heights above 300 km.

(c) Oxygen is the principal ion.

Assumptions (b) and (c} are in essence contained in the derivation of the temperatures from the
spectrum measurements {Table VI). Thus, agreement between Tables VI and IX would support
assumption (a).

As shown in Fig. 44 where these temperature values for T, are plotted, the agreement be-
tween the temperatures derived by the two methods is poor. At first sight, it would seem that
this does not necessarily invalidate assumption (a), because the effect of the ratio Te:Ti [as-

sumption (b}] on the two measurements is different. The ratio Te:Ti has little effect on the value

800
VALUES OBTAINED =
FROM THE SUMMER 7
DAY SGALE HEIGHT H
700 \ /
VALUES OBTAINED /
FROM THE WINTER
DAY SCALE HEIGHT\ //
600 — /
. . * » - E
Fig. 44. This figure provides a comparison of the =
temperatures deduced directly from the spectral %
measurements and those obtained from the scale 2 . .|
T

height measurements after making certain assump-
tions listed in the text.

400
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for Ti derived from the spectrum measurements in Fig. 36. By varying this parameter the tem-
peratures deduced from the scale height measurements can be adjusted. It seems likely that
there will be marked seasonal variations in Ti’ and we should not expect the three curves in
Fig. 44 to be superimposed, though we might expect that they would have similar slopes. This
would require that Te:Ti increase with height [in agreement with hypothesis (b} in Sec. I1I-D].
However, such an increase would cause the scattering cross section T to decrease in propor-
tion, o that the over-all density profile cannot be adjusted by large amounts in this way. Con-
sequently, we are forced to conclude that unless the measurements are subject to serious sys-
tematic errors, they imply that the region above hmax up to about 600 to 700 km is not in diffu-

sive equilibrium.
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