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ABSTRACT

Varlation of the total electron content of the ionosphere with
time has been determined by measurements of group velocities of signals
propagated over a Vela satellite-earth path. By combining total elec-
tron content with lonizing component measurements, the prfmry migsion
of Vela can be extended to include studies of a variety of phenomena
connected with effects of solar radiation on the fonosphere. In par-
ticular, it appears that the Vela satellite can provide hipgh time
resolution measurements on erratic variations associated with enhanced
g:n?agﬂztic activity, particle precipitation, and other atmospheric

sturbances.
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AN EXPERIMENTAL MEASUREMENT OF THE
TOTAL ELECTRON CONTENT OF
THE I0ONOSFHERE

I. INTRODUCTION

This report 1s concerned with the determination of the time
variation in total electron content of the ionosphere by measuring the
differential delay in the arrival of two quasi-monochromatic signals
at a Vela satellite (nominal 10° propagation path length). The
measurement was made by use of satellite surveillance receivers not
primarily intended for dispersion studies. The maximum colummar
electron content was found to be in the neighborhood of 4 x 10'7
electrons u'E. a value not inconsistent with wvalues determined by more
\t;nnwntinnal techniques. Accuracy of the measurements is estimated to

e within 42 x 10'® clectrons m~2.

By combining dispersion studies with studies of ionizing radia-
tion from the sun, the primary mission of Vela can be extended to in-
clude studies of & variety of phenomena connected with the effects of
solar radiation on the ilonosphere. Dispersion measurements can be
analyzed to provide informatiom on the relation bectween production and
loss of electrons in the F region of the ionosphere and the specific
ionizing component responsible. More pragmatically, it appears that
the Vela satellite can be used to provide information with high time
resolution on erratic variations in the total electron content associated

with enhanced geomagnetic activity, particle precipitation, and atmos-
pheric disturbances.

The use of satellite radio beacons in the study of the ionosphere
has become well established over the past several years. Dispersion
measurements made over propagatiom paths between satellite radio bea-
cons and receivers on the ground have been used extensively to deter-
mine the total, or columnar, electron content, i.e., the integrated
electron content of the ionosphere over the propagation path. 2 1n
principle, there is no reason why measurements cannot be made with the
use of signal sources on the ground and utnllite-hnrn- receivers. This
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arrangement has not been used because replacing falirly simple beacons
with complex receiving equipment is impractical for satellite applica-
tions. However. the receiving equipment can be considerably simplified
if the dispersion measurement 1s carried out in the time domain rather
than in the frequency domain.

During the late 1940's, with the ascendency of radio astronomy,
observers noted variations in the apparent positions of radio stlrs-}
These variations were attributed to refraction effects connected with
the total ionization of the fionosphere. In fact, estimates were made
of the total ionization of the F region. including the part sbove the
maximum of ionization, from chservetions of the magnitude of the vari-
ation. The theory of ionospheric refraction had been published much
earlier in the classical papers by Taylor and Hulburt,  and by Breit
and Tuve.”

Since the early days of radar sstronomy, the observed slow fading
of moon echoes was attributed to rotation of the plane of polarization
of the radio waves as they pass through the ionosphere (the Faraday
tffHI:EL Estimates of the integrated electron content of the ionmo-
sphere were obtained from measurements of the angular rotation of the
plane of polarization of lunar EI:I.'ID:I-.T'E Studies of the total iono-
spheric electron content by observation of the Faraday effect on
satellite signals began shortly after the launching of the first
satellite in 1‘9'!';.3.gl At the same time, it was recognized that infor-
mation on ionospheric electron content could also be obtained by
measurements of the Doppler shift of satellite limll.ln'u If there
were no lonosphere, the Doppler shift in the frequency, ocbserved on
the ground, of signals transmitted from & satellite would be determined
solely by the component of the velocity of the satellite in the direc-
tion of the straight line between the satellite and the receiver.
Presence of the ionosphere modifies this Doppler shift since refraction

causes a deviation from a straight-lime propagation path.

It follows, then, that if the propagation path is distorted by
the ionosphere, inferences on the fonocspheric electron content can
also be drawm by weasuring the time interval for a signal to pass over
the distorted path and by comparing this interval with the time re-
quired for a signal to propagate over the straight-line path. Such a
procedure would require a knowledge of the satellite orbit elements to

OiT9122 A.101 1
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a much higher degree of accuracy than one is ever likely to possess.
However. when signals of two different frequencies cean be transmitted
simultaneously, it should be possible to ascertain the effect of the
ionosphere by simply measuring the difference in arrival time of the
two signals of different frequencies. Use of this technique has not
been reported in the literature. It is, essentially, the time-domain
analog of the two-beacon Poppler technigque, in which ionospheric
informaction is extracted from simultaneocus measurements of the varia-
tion in frequency of two phase-coherent CW emissions. Either method
cbviates the need to know orbital date to an impossibly high order of
precision.

In order to simplify the analysis which follows, a static iono-
sphere is assumed and the high-frequency approximation for the refrac-
tive index of the ionosphere is used. Effects of electron collisions
and of the geomagneric field have been neglected. Additional simpli-
fication is achieved by assuming a flat earth geometiy. Finally, the
"group velocity" is regarded as the velocity with which the modulation
envelope travels, i.e., the propagation velocity of the energy con=-
talned in the signal. Tmplicit 4n this statement iz the assumption
that the modulation envelope, which can become severely distorted in
highly dispersive media, retains its shape.

II. THEORY

Because the ionosphere iz a dispersive medium, a quasi-
monochromatic signal, i.e., 2 pulse of radioc energy with most of its
spectral components centered about an engular frequency, w, travels
through the lonosphere with a group velocity dirferent from the phase
velocity mssoclated with the angular frequency, @. The effective
group path length P' is given by

Pl-fu'dl, (1)

where the group refractive index

' om s (ww) o (2)
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Under conditions in which the magneto-lonic splitting of the rays can
be ignored,

TP (3)

whare

X = wﬁ/ﬂuz = Hngfcumue

and

mumber density of free electroms,
charge on an electron,

electric permittivity of free space, and
mass of an electron.

32O m X
i

At VHF, X will be small compared with unicy, and it is appropriate to
take

um1-3x. (1)

The excess 2&' of the group pacth length over the free space propagation
path length is given by

M..f{ur-1}dtn=f{'1*u}d:u%f;x:l.t. (5)

The group-path delay is, of course, simply

2 5 -5
LT'{M'IEB“‘&;E;*#L ndx-ﬁﬁiﬂ—.f:ﬂdj_ (&)

From (6), the integrated electron density along the propagation path is

‘E Ndte2x 10°02(sT) . (MKS) (1)
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For a flat earth, assuming the ray path does not deviate appre-
ciably from a straight line, on changing the variable of integration
we have, to a first order,

flldl-fﬂna:ldhnle:iﬂfﬂdh. (8)

With reference to Fig. 1, 1 iz the local zenith angle, while i is the
zenith angle at the surface. The integral fH dh is the colummar
electron content, which is equivalent to the total pumber of electrons
in 2 column of unit base extending from the ground to the satellite.

An explanation of the approximation used in (B) is in order.
From Snell's l1aw,

Mg sin iﬂ-ul:[ni {9)

and, from (3), on taking Mg = 1, we have

U Eec 10

gec 1 = - - . {10)
Va? - atn® i, VA - X sec? i

Substituting (4) in (10) and retaining only the first-order term in
the expansion of the radieal,

sec 1 = sec 1ﬂ{1 - ']E.' I{l - gmgc ‘lﬂ) - I}-HE IE'I:E '.F.D] a {11)

By restricting i.u to moderately small wvalues, the second and third
terms inside the bracket are negligibly small compared to unity. (Note
also that X << 1.)

The group time delay cammot be determined without a knowledpe of
the propagation time over the optical path. However, the differential
group time dalay, “5' between two quesi-momochromatic signals of
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Fig. 1 Trans-ionspheric propagation of
uasi-monochromatic signals
?Ilﬂh ionsphere).

frequencies ¥, and @, can be measured. In terms of the differential

group time delay, the columnar electron content to the flrst order,
from (7) and (8}, is given by

2x loﬁmfwgdt cos 1, )

[ran iRt

Use of numerical techniques to include the effects of magneto-
ionic splicting, or of more complicated geometries, o.g., spherical
stratification, and to take into account contributions from second-
order terms, although entirely feasible, is unwarranted for present

{MKS) (12)

puUrposes.
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I1I. IKSTRUMENTATION
Batellite

The primary wission of the Vela satellite experiment is to de-
tect a nuclear detonatfon. This 15 accomplished in part by sensing the
EMF or radicflash emissfion associated with the explosion. For present
purposes, it is sufficfient to state that the Vela IV satellite provided
surveillance of a number of discrete channels in the dekametric wave-
length band. Additional circultry was incorporated into the satellite
payload to provide a very coarse measurement of the time interval
between the arrival of two signals having significant, i.e., detect-
able, energy in the passbands of the receivers.

Figure 2 shows a block diagram of the satellite instrumentation
used in the dispersion experiment. WVideo outputs of each receiver are
fed to trigger generators which produce trigger pulses of uniform
amplitude and duration anytime the receiver outputs exceed preset
levels. Because the group delay time is inversely proportional to the
square of the carrier Erequency, the trigger from the high-frequency
receiver is used to open a gate which is subsequently closed by a
trigger from the low-frequency receiver. The time interval between
the two signals is proportional to the number of clock pulses from the
262-kHz spacecraft clock that pass through the gate to the counter.
Counter states are telemetered to the tracking stations.

Receivers used in the dispersion measurement are simple TRF
(tuned radio frequency) receivers with three RF stages, each with a
gain of 20 dB, followed by 3 simple diode detector and a video output
stage. The bandwidth of each receiver is roughly 1/30 of the center
frequency. Nominal sensitivity is -00 dBe and the dynamic range is
about 40 dB.

The receivers are fed from several whip antennas, spaced at
60-degree intervals around the spacecraft and located slightly off the
equator, Antennas are phased to produce circularly polarized radiation
patterns. The spacecraft orienmtation in orbit is such that the whip
antennas are normal to the radius vector from earth to the satellite.
Measurements on & bollexr plate model indicated a probable sensitivity
of roughly 4 microvolts/meter, which is consistent with the calculated

UNCLASSIFIED 11
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free-space estimate, assuming unity e&ntemna gain, a 3-dB antenns
coupling loss, and a receiver sensitivity of -90 dBm.

‘ HI CH TRIGGER
ACVR GEMN
H ISTABLE
ir FL mFLﬂF'}— el ] herte e
LOw M TR GE R 2ud KH[
BL VR GEM CLOCK

Fig. 2 Receiver configuration for dispersion measurement.

Transmitter

The transmitters used for dispersion measurements belong to a
family of spark-gap transmitters developed by Stanford Research Insti-
tute (SRI) under ARPA spnnluuhlp.le Figure 3 shows a schematic dis-
gram of the transmitter which consisted, essentially, of a coaxial
capacitor and a gap-type switch. With half-wave elements directly
attached, this transmitter served as the driven element in a yegi

array (Fig. 4).

Ny g %
o — _—
MAIN GAP Fig. 3
RFC RFC Rghmt:l.c- diagram
of the spark-gap
CHARGING GAP BN R TORAGE  tranemitter.
o Ot-1-0 O
Rc ﬂI:
+50KV TRIGGER ~50KV
PULSE
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Fig. 4 Spark-gap transmitter antenna arcay.
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Some of the features of this novel design warrant special mention
here. By using 8 tap water dielectric with a dielectriec constant of
80, the volume of the capacitor, and therefore the lead inductance, was
minimized and a high self-resonant frequency was achlieved. Impulse
charging., requiring auxiliary spark gaps, was necessary because of the
high conductivity of the water. Inconveniences resulting from this
complication are mitigated by some additional advantages. These are
the immediate self-healing properties of the water when flashover
oceurs, and the ease of cooling at high power levels and at high pulse
repeticion rates, simply by changing the weter contimiously. Safing
procedures are simplified since dangercus charges canno: be retained
in the presence of a lossy dielectric.

When the central gap fires, &8 guasi-monochromatic wvsclllatocy
discharge is developed. Because the spark-gap resistance decreases
with time during the initial portion of the RF pulse, the pulse gener-
ated has a rise time of several RF cycles. Typically, the overall
pulse envelope, as shown Iin Fig. 5, appears toc be fairly smooth and
pseudo-Gaussian. Meaning of the terms gquasi-monochromatic and pseudo-
Gaussian should be evident from an examination of Fig. 5.

The substitution method was used to measure transuitter pulse
power in the far field region. By replacing the pulsed element in the
yagl array with a CW source of known strength and comparing envelope
amplicudes, the nominal effective radiated power was found to be 10 MW

at the freguencies of Iinterest. The peak power produced by the trans-
mitter was estimated to be 1.6 MW.

The transmitting antennas were five-element, horizontally polar-
ized arrays with gains of roughly 8 dB and beamwidths of 25 deprees.
Tracking was facilitated by making the antennas steerable.

Completing the description of the transmitting equipment, the
overall turn-on jitter was from 3 to 5 nsec, pulse delay was continu-
ously adjustable tetween channels, and the pulse repetition rate was
continuously adjustable from O to 30 pulses per second.

L} UNCLASSIFIED
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Fig. 5 Typical pulse envelope.
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IV. OBSERVATIONAL METHOD

The observations reported here cover the period from October 6
to October 15, 1967. 1t should be clearly understood that the measure-
ments of total electron content represent an ad hoe test. The fact
that the electron content was Inferred from the observation should be
regarded as a dividend from a test specifically designed to calibrate
the satellice surveillance system and to verify that dispersion could
indeed be significant under certain conditions. That dispersion was
& factor to be considered in the design of the Vela system was con-
sidered early in the planning phase of the satellite ptn;:lm.l3

Initial tests were conducted during the latter part of July and
the first part of August 1967. During these First tests, certain
operational difficulties became apparent. After some remedial work
on the transmitting equipment, tests were resumed during the firsc two
weeks of October 1967, when the data reported here were acquired.
Preoccupation of the involved personnel with other matters, together
with problems concerned with classification difficulties connected with
the data reported here, delayed publication of the data analysis until
now, although raw dispersion data per se have been published elsewhere.*

Figure & shows a comparison of the electron content measured
Simultaneously over three distinct paths on a particular day, Octo-
ber 15, 1967, Calculations are based on Eq. (12). Data points
denoted paths 1, 2 were obtained from differential delay measurements
made at two different frequencies; a different set of frequencies was
used to obtain the data points denoted paths 2, 3. 1t should be noted
that the ordinate scale is logarithmic, soc that the agreement between
corresponding data pointe at small zenith angles 18 roughly comparable
to the agreement between data points at large zenith angles.

T ¥, E. Spalding, Sandia Laboratories, U. 5. Technical Paper
presented at the Eighth Meeting of the United States-United Kingdom

Joint Working Group 16, 31 October-1,2 November 1967.
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Fig. 6 Slab ionosphere columnar electron content
measured simultaneocusly over several
propagation paths.
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Because of the possibility of modification in the modulation
envelope resulting from pulse dispersion, it is difficult to specify a
comparative error £y for this experiment. However, provision was made
for delayed trigger of the signal sources. Accordingly, errors in-
volved in measuring differential group time delays should be consider-
ably less than the 3.B-usec time interval between clock pulses (see
Fig. 2). An inspection of the spread of dats points indicated in
Fig. © seems to indicate that a value of 22 x lnlﬁ electrons m - is a
reasonable estimate for the accuracy in measurement. This value is
consistent with transmitter jitter, as well as the frequencies and
bandwidths assoclated with the receiving equipment and the gross
assumption of a slab ionosphere.

Figure & shows data acquired during a typical satellite pass
lasting © hours, although most passes were of shorter duration. By
maintaining telephonic communication between the transmitter site ac
SRI and the Satellite Tracking Center at Sunnyvale, Californis, defl-
nite correlation between transmission and reception of the pulses was
established. When the transmitters were turned on and the antennas
oriented in the direction of the satellite, pulses were detected by
the satellite. In general, triggering was marginal, requiring low
noilse conditions and favorable satellite look angles for the tests.
However, even under favorable conditions, triggering was not always
achieved. This was most likely caused by transmitter behavior, par-
ticularly a tendency to drift off frequency. As techniques improved,
more reliable trigpgering was accomplished. At times, of course, solar
storms occurred, and the background noise levels exceeded signal
levels from the transmitters, causing occasional interruptions in the
acquisition of data.

V. PRESENTATION OF DATA

Total electron-content data typically take the form of a eyclical
presentation (total electrom content versus time by days), a mode of
presentation that tends to emphasize the diurmal variation in total
electron content. This type of data presentation is generally satis-
factory because gross changes in electron density with time are not
rapid, but ocecur slowly. For present purposes, the data displayed in
Figs. 7 end B have been superimposed on an hourly plot to emphasize

18 UNCLASSIFIED
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rapid changes (seconds to minutes) in electron density, resulting

possibly from solar flares or SID (Sudden Tonospheric Disturbance ).
Figure 7 shows the buildup in total free electronm content with time
as 8 result of the absorption of ultravioclet or x-ray photoms from

the sun.
50
& m’ﬁ ,..-'f
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Fig. 7 Slab ionosphere colummar electron

content versus time (local daylighc),
October 1567.

UNCLASSIFIED

13




UNCLASSIFIED

*19AT Aeqola) ‘am}] snsaaa

Jvajuos UoIJ=a = JPBENTOI .I..._.I.._.u.HﬂEu..H aQeis @ *314

(L07 SWNOH) 3WIL

) B A -1 Sl vl €l 2l
I
21/01 o
! nfor o
8/01 X
5 h___‘_“m_ -
8, 9/01 o
——— 0O
#I._...N
o %00
o f.ﬁﬂuﬁ_
"y,
M,
J.r......._ DU
- - - I |
s m_-_%if mﬁnﬂnnuﬂuﬂ q
= 0y oF oo™
m..h.r_ ¥ 0

UNCLASSIFIED




UNCLASSIFIED

Absolute values for the total electron content for three separate
passes in October 1967 were calculated from Eq. (12), using the maxi-
mum measured differential group delay times. Fortunately, in most in-
stances, the zenith angles are small, so that the local daylight time
corresponding to each data point, zlthough applicable only to the
transmitter site, can also be considered to be the local mean time at
the intersection of the propagation path with the slab lonosphere.

Even though the data points are few in number, measurements on
the three days indicated show the diurnal variation characteristic of
integrated electron deneity messurements. In general, the daytime
electron content is about an order-pf-magnitude greater than the
nighttime content, The absolute values given do not deviate signifi-
cantly from those values generally assumed for tha ionosphere at the
indicated times. For example, on the basis of Doppler shift data,
de Mendonca reported nominal values from 4 to § X lﬂn at ﬂﬂﬂn.lﬁ
Furthermore, according to studies by Lawrence et al., covering the
period from September 1958 through December 1959, the usual total
electron content changed from roughly B8 x 1016 /m2 to 8 x 107
diurnglly,'? These studies ere cited here simply to lend credence to
the values given in Fig. 7. Unfortunately, corroborating data for the
dates of Interest from independent sources and obtained by Faraday
rotation or Doppler shift measurements, are unavailable. (Admittedly,
total electron content can vary an order of magnitude in either direc-
tion, depending on the season and the position in the sunsépot cycle.
However, the values cited here do correspond roughly with respect to
geographical position, season, and sunspot cycle.)

Figure B shows the free electron morphology during the pericd
following attainment of peak ionization, nominally 1200 LDT. The
graph shows data for five passes during the period from October &
through October 12, 1967. MNote that the electrom content remains
essentially constant from 1200 to 1600. During this period, a2 state
of equilibrium exists in the region where most of the electrons are
located, the rate of electron reproduction balancing the rate of loss.
Decay of electrons Increases substantially after 1600,

UNCLASSIFIED 21
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VI. INTERFPRETATION OF DATA

Although the data presented in Figs. 7 and 8 are insufficient to
warrant extensive analysis, they do merit some discussion, at least for
tutorial purposes. As stated above, it should be noted that the pri-
mary objective of the experiment was to determine a range of group
delays applicable to certain frequency bands of interest. A secondary
objective of the study reported here was to determine electrom morphol-
ogy and associated ion chemistry as a function of time. First let us
note that it is reasonable to restrict the analysis which follows to
the thermosphere, which for present purposes we consider to be the F
region of the ionosphere. Contributions to the total electrom content
from electrons in the exosphere, the region above 380 km, and from
electrons in the E and D reglons, which extend downwards from 120 km,
can be neglected since electron densicies in these regions, typically,
run from one to two orders of magnitude less than electron densities
in the F regiom. Therefore, it appears justifiable to take as our
model a slab of electrons in which the iom chemistry conforms to chat
generally appropriate for the F regiun.lﬁ'lT Continuing along this
line, we assume that the major neutral constituents are O and Hé with
Bome BE* The fions produced by photoionization are D*, HE. and n*. with
H; and OF concentrations roughly equal at 110 lm, with ot predominating
above thie altitude. Because O, is g winor constituent of this part of
the atmosphere, most of the DE ions are produced by transfer reactions,
i.e., charge exchange or ion atom interchange. The principal loss mecha-
nlem for electrong is assumed to be dissoclative recombination of the type

NOT + e —N* + O* , (13)

where the asterisk denotes that the atoms may be left in excited states.
The nitric oxide is formed by the two reactions

0% + Ny—NO" + N (14)
and

H;-r-u—-wu"'q-u A (15)

o UNCLASSIFIED
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The time derivative of electron density n at a height h above
the earth's surface is given by the equation of comtinulcy

an

o Tl t{n) - divinv) , (16}

where g is the rate of production of electrons by ionizing radiacion
and £ is the less rate of electrona. The divergence term is a gener=
alized movement term which includes the effects of diffusion and of
mass motion produced by electromagnetic and tidal forces. 1In order to
simplify the analysis, it can be assumed that horizontal gradients can
be neglected and that, for present purposes, only the vertical deriva-
tives are important. Integrating both sides of (16) with respect te h
and taking n = 0 at both low and high altitudes, we obtain

gi_fn-ndhm‘)g.qdh-j:ldh. (17)

The physical meaning here is that the integrated number of electronms
remains unchanged, although they may move wvertically.

It ia generally accepted that the dominant ion specfes in the
upper F reglon is 0%. At sunrise, the 0" ioms do not recombine with
electrons directly except by a very slow radiative process. Instead,
they recombine with electrons through the two-step process

D++H?—-HD++H h (14)

Wo" + e —+N+0 . (13)

Reaction (13) proceeds so rapidly compared with reaction (14) that the
overall loss rate is determimed by the reaction rate of (14). 1In this
case, the loss term in the continuity equation 1s simply proportional
to the number of electrons present, and the equation of continuity can
be written

N 4 BN = Q(t) , (18)
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g simplified equation of continuity in which Q end BN are the inte=
grated production and loss terms, respectively, with dimensions o ©
SEJ:'I. and £ is an effective attachment coefficient.

In reality, Eq. (1B) is appliceble only for large solar zenith
angles. At later times, as the soler zenith angle decreases end the
ionizing radiation reaches the lower regions, in particular the Fl
region (nominally 120-180 km), the lcss term in the continmuity equation
takes the form

L = aN® | (19)

The most likely diatomic ion-atom interchanges are

H; + 000" + N

and
05 + N—=xo" + 0.

Again, electroms produced im the ionizing process are removed by
dissoclative recombination, reactiom (13).

Unfortunately, messurements of the total electron content do not
permit differentiacion between the particular fon species Invelved in
the reactions. Only informetionm on the gross behavior of the icono-
aphere can be obtelped. However, by assuming simple models of the
ionosphere and by conducting measurements during those times that one
of the loss processes described above iz dominant, inferences can be
drawn on possible pources for the production of nlectrunl.lﬂ'au
Furthermore, by assuming an appropriate profile for the electron
density, an equivalent "slab thickness," defined as the ratio of the
total electrom content to the maximm electron concentration, can be
estimated. Because the slat thickness is related to the "plasma
temperature” of the lonosphute, measurements of the time rate of
change of slab thickness provide a potential source of information on
sudden time variations in the temperature of the thermospheéere. 1In
the discussion which follows, specisl emphasis will be placed on the

unique possibilities of application of the Vela to these types of
studies.
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With reference to Fig. 7, clearly the data points for October 15
show a reasonable £it to a straight line. The corresponding empirical
relationship for the buildup in electron density is given by

N=Bye'®, (20)
where N, = 4y x 1018 electrons m™ 2 and ¥ = 1.2 ¥ 1074 sec”l. Further-
more, data polnts acquired during the buildup between 0900 and 1100
LDT on October & and October 10 show fair agreement with the same plot.
Obviously, neither of the forms given above for the loss terms are
applicable for the entire pericd of interest covered in Fig. 7. There-
fore, it is quite remarkable that sueh a complex set of ionization
phenomena could be represented by :the simple empirical form given by
Eq. (20). However, the time dependence shown in Fig. 7 is typical of

the temporal variation in total electron content determined by a vari-
ety of experimental techniques.

In view of the close fit of the data points to the empirical
curve of Fig. 7, the apparent marked increase in electron content
between OBOO and 0900 LDT on October 10 is particularly interesting.

At the time of interest, the spacecraft had just emerged from the
magneto shield into the solar wind. For heights above 160 km during
the daytime, effective abscorption cross sections for ionizing electrons
in the 10° and 10° eV range are one or two orders of magnitude greater
than those expected for solar ultraviolet radiatinn.al ¥ow the Vela
satallites are equipped to provide information ou lvnlzlng parcicle
fluxes, However, electron detectors on the particular satellite used
in this experiment failed to indicate ary unusual particle fluxes at
the time of interest.®* It should be noted that no sclar x-rey flares
were reported on October 10 (see Appendix A). Except for a few minor
subflares occurring between 0700 ard 1000 LDT.EE the only unusual
chromogpheric activity reported was some active limb prominence regions
between 0647 and 1222 LDT (1814-1820 UT Sacramento Peak nhaervatnry].E}
However, Appendix A (the Abbreviated Calendar Record) lists October 10
as "one of five most magnetically disturbed days."™ At the time of the-
marked deviation of the total electronm content from the empirical curve

5. J. Bame, LASL, personal commsunication.
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of Fig. 7, the geomagnetic activity index HP Increased to 5. That 1s,
the marked deviation (if it is statistically significant) may very well
be related to the magnetic activity.

Wicth reference now to Fig. B, the steady state value of the total
electron content between 1200 and 1600 appears to be roughly 4§ x 107
electrons m <. If an equivalent slab 1m:m;Eh!:|:l thickness of 260 km,
extending from 120 to 380 km, is nnsu-ed,l the everage eleccron len-
sity 1s 1.5 » 10° electrons cm™. Moreover, in order to aimplify the
model further, we also assume that this electron density 1s appropriate
to the transition region where molecular iona just begin to predominate
over atomic ioms and, in particular, that the loss rate is determined
by the specific reaction -

H;+ﬂn-'ﬂﬂ++ﬂ s (15)

which has a laboratory rate :mffi:i&nrﬂu of

z = 2.5 % 10720 cp® gec™? .

In the steady state (3n/3t) = 0, the loss term for a reaction involving
a molecular ion is of the form nnf. and the contimuity equacion (16)
can therefore be written

qu[H;]nﬂ-nf = 5.6 x 102 cn™ sec”) . (21)

The corresponding maximum integrated production rate QD[H;] is
1.4 x 10% 02 gec”l,

By extrapolating total electron content measurements made at
sunrise when the rate of production of ion-electrom pairs in the
ionosphere i= much larger than the rate of loss of electrons, Garriott
and Emith15 have calculated the integrated production rate for an
overhead sun.* From observations of Syncom III, autummal transmissions

~— ¥In the case of a Vela experiment, the incident photon flux can
be measured directly and the integrated productiom rate for an overhead
sun estimated on the basis of an assumed ionizing efficiency.
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at Hawali, substantiated by independent measurements at Stanford, the
integrated electron production rate was calculated to be 1.4 (:0.3) x
10" ™ sec™!, with little variation reported from day to day. The
calculation assumed a single-constituent, atomic oxygen atmosphére.
The loss rate, of course, was of the form BN.

All we are implying here is that, at equilibrium, the rate of
electron loss resulting from dissociative recombination {GHE type loss)
is probably roughly equal to the electron loss resulting from an ion-
atom interchange reaction (EN type loss).

With further reference to Fig. 8, between 1600 and 1800 the total
electron content decays (denoting 1600 LDT as zero tiwe) approximately
as the empirical relationship

fgq dh = 4 x 10'7 exp(-8 x 1072¢) . (22)

During this two-hour period, the electrons decrease with a half 1ife
of about B.65 x 10° sec. This progressive decrease in electron density
is the result of the decrease in effectiveness of the sun's radiation
in maintaining ionization as night approaches. At 1500 LDT, there
should be little change in the electron density in the F, region.
Moreover, we have disregarded E and D region contributions to the total
glectron content. Therefore, we must conclude that the observed de-
crease in total electron content must be the result of dissociative
recombination of electrons in the lower F1 t*miu:m;ll Because the ions

in this region are predominantly molecular, an 2N® type loss must occur.
A lower limit to the value of & can be obtained by writing the continu-
ity equation in the form

f
Ig ~an® . (23)
Taking &t equal to the half life tle. we obtain

“”El'r;' (2
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Assuming a standard profile, it is reasonable to choose an electron
density about an order of magnitude less than that used for the peak
electron density in the FE reglon. Accordingly, the rate constant
given by (24) for an electron density of the order of 10° cm™ 1is
roughly 5 x 10°'%, The most likely reactions are

+
H; + 0,—= N, + 0]

and

ﬂ;+-::---u+m"‘_

Examination of Fig. B shows considerable scatter of dacta points
about the pssumed egquilibrium value. Although the apparent scatter may
be attributable either to experimental error or to fluctuations in the
fonizing radlation, an alternative, but highly intriguing, interpreta-
tion can be given.* First, it should be noted that most of the scatter
occurs at noon and during the period between 1200 and 1800. Second,
most of the fonization occurs at 200 km where the ions are predomi-
nantly 0*. Zven with the assumption of a two-constituent iomosphere,
the principal nitrogen ion reaction could be the simple charge transfer
mechanlsm

N;+n-n"‘+HE. {25)

In any case, the 0" formed either by photoionization or charge transfer
interacts with nitrogen te form nitric oxide inm the lon-atom loterchange
reaction

0" + Ny =N+ w0* .

¥"The authors are indebted to F. P. Hudson for calling their
attention to this possibilicy.
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Now, if the N
reaction

2 is vibrationally excited, the rate constant for the

ﬂ++N2{T“]—-H + not (26)

is increased by a factor of about 20 at a vibrational temperature [Tv}
ef approximately 30C0°K over the rate constant for the ground vibra-
tional state HE.EE‘EE Because reactlon ([26) converts an atomic ion with
8 low electron recombination coefficient to a molecular iom with a large
electron recombination coefficient, any changes in the rate constant of
reaction {26) would produce a marked effect on electron density.

Relative again to Appendix A, it should be noted that almost the
entire period between October & and October 15, 1957, could be charac-
terired as s period of marked magnetic activity. HNow, a number of
observers have correlated feriuds of high magnetic activity with changes
in total electron content. 5,27,28 However, of particular interest to
us in this connection is a suggestiom by Schmeltekopf ELI.-E that
magnetic storms may affect nitrogen vibrational excitation, thereby
changing the reaction rate of {26), Further discussion of possible
relationships between sudden geomagnetic commencements and the total
ionospheric electron content is beyond the scope of the present paper.
However, it very well may be that the Vela satellite cou Jd be used to
provide additional informationm on the relationship between magnetic
activity and the vibrational temperature of molecular nitrogen in the
thermosphere.

Admittedly, the treatment of the data presented here has been
superficial. 1In order to simplify the presentation, some of our
assumptions have been very maive. On the other hand the eriticism
could be leveled that too much has been inferred from a fairly small
sample of data. Nevertheless, the twofold objective of the present
paper should be kept in mind. First, we have attempted to justify
extension of the Vela satellite program to substantially extend our
knowledge of temporal variations in the total electron content of the
atmosphere. Second, it is hoped that the present paper may serve as an
outline for a more comprehensive study if one should be undertaken.
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WIT. CONCLUSTONS AHND REMOMMENDATIORS

The variation of the total electron content of the iomosphere with
time has been determined by measurements of differential group delays
of signals propagated over an earth-Vela satellite path. Although
launched in 1966, the Vela IV satellites used in the experiments are
still operational and presumably could be made available for a continua-
tion of the cursory studies reported here. Continved interest by com-
munications engineers in the effects of dispersion on signal propagation
over earth-satellite propagation naths is almost sufficient to warrant
a more vigorous experimental program.

The experimental technique used here is obviously superior to
lunar echo socunding mechods in determiniung tle total electicun comntenl
because of the higher signal-noise ratios obtainable over the short
{18 earth radii) propagation path length to the Vela satellite. The
advantage of the group velocity technique over the Faraday rotation
technique is more subtle, At night, and especially during periods of
low electron densities, Faraday fading rates become comparable to
satellite spin stabilization rates. MNighttime measurements would be
useful in studies of ionlization possibly induced by energetic electroms,
a mechanism cften nentioned as responsible for the maintenance of the
F region at night,

In recent years, interest in temporal chenges in totel electron
content has increased with the availability of peostationary satellite
beacons. Although the Vela IV satellite is in a nonsynchronous orbit,
it is uniquely equipped for total electron content measurements. In
addicion to the dispersion weasurement capabllity described here, it
should be poted theat the Vela satellites are eqgquipped with sensors
which analyze the ultraviclet flux in the range 120-000 i. Tharafore,
it should be feasible to correlate changes in the total electron
content with changes in the pheoton flux responsible for most of the
ionization observed. Moreover, the satellite is equipped with electrom-
proton spectrometers covering & range of energles from 33 keV to 20 eV,
& epecially useful range of energles in connection with studies of
corpuscularly induced F region ionization.
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Finally, as the relationship between slab thickness and plasma
temperatures becomes better understood, the primary mission of the

Vela IV satellites, existing instrumental facilities, can profitably
be extended to provide experimental data on high-altitude sources of

vibrational enmergy.

In conjunction with other techniques, it appears that this unique
facility can provide information on a variety of transient phenomena
connected with the F reglon of the atmosphere, a very dynamic region
of the earth's environment.
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AFPFENDIXK A

Abbreviated Calendar Records*
(October 6, 10, 15, 1967)
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Abbreviated Calendar Records
(October 7, 8, 11, 12, 1967)
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