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ABSTRACT 

' 

Variation of the t otal electron content of the . i onosphere with 
time has been determined by measurement• of group velocities of al r.ala 
propagated over a Vela sate111te·earth pith. By combining t otal e ec­
tron content with ionizing component mea1urementa, the primary mlaaion 
of Vela can be extended to include 1tudiea of a variety of phenomena 
connected with effects of solar radt.tion on the ionosphere. In par­
tieular, it appears that the Vela 1atelllte c•n provide high time 
resolution 111ea1urements on erratic variation• aaaociated with en.banced 
geomagnetic activity. particle precipitation, and other atmospheric 
diaturbancea. 
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AN EXPERIMENTAL MEASUREMENT OF THE 
TOO'AL ELECTR<JN CONTENT OF 

THE IONOSPHERE 

I. INTRODUCTION 

This report is concerned with the determination of the time 
varJation in total el~ctron content of the ionosphere by measurin& the 
differential delay 1n the ar,rlval of two quasi-monochromatic signals 
at a Vela satellite (n~ina\ 10S km propas-tion path length). The 
measurement waa made by use of sa~ellite surveillance receivers not 
primarily intended for dispersion studies. The maximum columnar 
electron content was found to be in the neighborhood of 4 x 1017 

electr ons m - 2 , a value not lnconsi.st.ent with value a determined by aore 
~conventional techniques. Accuracy of the measurement• is estimated to 

be within •2 x 1016 electrons m ""2 .. 

By c..,blnlng disperaion etudiea with studios of ionizing radia­
tion from the aun, the prLDery mission of Vela can be extended to in· 
elude s~dies of a variety of phenomena connected with the effectl of 
solar radiation on the ionosphere . Dispers ion meaaurements can be 
anal~zed to provide information on the relation between production and 
loll of electrons in the F region of the ionosphere and the specific 
i onizing component respona-tble. More pragmatically, it a ppeara that 
the Vela satellite can be u1ed to provide info~tion with high t~ 
reeolution on e·rratic variations ln the total electron content aaaociated 

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

The uae of tatellite radio beacon• in the study of the lonoaphere 
hal become well eatablished over the past aeveral years. Disperaion 
meaaur~menta made over propaaatlon patha between satellite radio bea­
con• and receivers on the around have been used extenaively to deter­
mine the total, or col umnar, electron content, i.e. , tbe inte~ated 
electron content of the ionoaphere over the propas-tion path. • 2 In 
principle, there ia no reason why measurements cannot be made with t he 
uae of signal sources on the ground and aatellite-borna receivera. This 

UN~IFfEDL'u 
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wrrangeee.nt bas oot been used because replacin.& fairly at.ple: beacons 
w-ith co.plex. receiving equi~t is lapractical for aatell.ite applic.a­
tlona. However , the receivins equipDent can be: conai.derably s implified 
f f the dis-persion ~~ea•ureaent 1-s carried out in the tilDe domain .rather 
than ln the fr.equency domain. 

During the late 1940'1, with tbe aecende:nc:y of radio astronCJIIIY, 

obJervers noted variation• in tbe apparent poaitlone of radio stars.' 
TMae variat-ions we,re: attributed to refraction efie<:t-a connected wit:h 

t.he total ioniz.aUon of the ionosphere. In fact, eatt.utes were ID8de 
o f t~ total iooiutioa of the F re&Um, indudinS t~ part above the 
~~~aalmu:111 of ionization, &c.. observat:ions of the •an1tude of the vari­
ation. ~ theory of ionoaphert.c: refraction had been rblisbed much 
earlier in t:he claaelcal papera by Taylor and Hulburt, and by Breit 
and 1\Jve.s 

Since the early daya of radar astronomy, the obaerved slow fading 
of .oon echoes vas att.ributed to rotation of tbe plane of polarization 
of the radio ,..ves u ~y paoo throulh tbe ionosphere (t~ Fuaday 
effect6) . Estimates o f c.he integrated electron content of the iono­
apbere were obtained fr011 eeaau~eaents of the: anaular rout ton of the 

plane of polarization of lunar ecboea.7•8 Studiea of the total iono­
apheric electron content by observation of the Faraday effect on 
aatellite signals began shortly after the launcbina of the first 

Utellite in 1958.9 At the oame time, it was recosni&ed that in.for­
aetion on ionospheric elect:ron content could alao be obtained by 
meuurements of t~ Doppler ohift of .satellite 11snah.10• ll If there 

were no ionosphere, the Doppler shift in the frequency, observed on 
dw around, of signata tran-.itted fr01111 a satellite would be determined 
oolely by ~ cc.ponent o f t~ veloc:i~ of tbe aatell.ite in the direc­
tion of t~ otraf.&itt line be~ ~ satellite and t~ receiver. 
Preaence of the ioaotpber·e modifies t.bis Doppler ahift Iince r -efraction 

cauaes a deviation fr0a1 a attaight-li.ne propagation peth. 

It follows, then, that if the propasation path 1o distorted by 
the ionosphere, inference• on the ionospheric electron content can 
alao be ~rawn by aeaauring the time ioterval for a atsnal to pass over 
t~ diltorted path and by cOOiparlns tbil interval with tbe tU. re­
quired for a sip>al to propaaate over the otrailht-line patb. Sucb a 

procedure would r&quire a knovledse o f tbe aatellite orbit eleooento to 

Q!iJT"J T~8L~~=:H1 U 
6 

• 



UNCLASSIFIED

UNCLASSIFIED

a much high~r degree of accuracy than one is ever likely to possess. 
However , when signals of tvo different frequencies can be t ransmitted 
simultaneously, it should be possible to ascertain the e ffect of the 
ionospher e by simply ~aauring the difference in arrival time of the 
two signals of different frequencies. Use of this technique has not 
been reported l .n the literature. l t is, essentially. the time- domefn 
analog of the- t ;wo -beacon r"ppler techniqueJ in which ionospheric 
i n tormation is ex t r acted from simultaneous measurement s of the varia­
tion in f requency of two phase-coherent CW emieeions. Either method 
obviates the need to know orbita l dat• t o a.n impossibly high order of 
precision. 

In order to simplify the analysis which follows, a sta tic iono­
sphere is assuaaed and the high-fr equency approxiiDat.ion for the refrac­
tive index of the ionosphere is used. Effecte of electron collisions 
and of the geomagnetic field have been neglected. Additional simpli · 
fication is achieved by aesuming a flat en·th geomet1 y. Finally, the 
"group velocity" is regarded as the velocity with whi ch the modulation 
envelope travels, i.e., the propagation velocity of the energy con­
tained in the signal. Implicit in this statement is the assumption 
thot the modu lation envelope , which can become severely distorted 1n 
hi&hly disper aive media , retains itl shape. 

II. THEORY 

Because the ionosphere is a dispersive medium, a quasi­
monochromatic eignal, i .e., a pulse of radio energy with most of ita 
spectral components centered about an angular frequency, w, travel• 
through the ionosphere with a group velocity diiferent from the phaae 
velocity associated with the angular frequ~ncy, m. The effective 
group path length P' ia given by 

P• • .( 1.1 1 dt I (1) 

whor·e the group refractive index 

~ • • !. (ow) • I' + ,. ~ , (2) 
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Under conditions in which the magneto-ionic splitting of t he raya can 
be ignored , 

\Ohere 

and 

1-1
2 • 1 - X , 

N = nUIIIber density of f ree electrons, 
e • charge on an electron, 

t 0 • electric permittivity of free space, end 
m • mass of an electron. 

() ) 

At VHF, X will be small compared wi~ unity, and it 11 appropriate to 
t.ake 

(4) 

The excess 61 1 of the group path l ength over the free apace propagation 
path length is given by 

6t • • f (<>' - 1) dt "'f (l - 1' ) dt,. ~ fo" X dt (5) 

The group-path delay is, of course, simply 

(6) 

From (6) , the integrated eleetron density along the propagation path ie 

(MltS) (7) 
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For a flat earth. a11u.in1 ~~ ~•Y pa~h doet not devLate appce­

ciebly fro. a etra isht line , on ch.ngins the variable of integration 
we have, to a first order, 

(8) 

Wit h reference to Fi&· l, 1 is t he loc.al zenith angle, while 10 ia the 
zenith ausle a t tbe aurface.. Tbe tntep:.al J N db ia the columnar 
electron content, which 1• equiv4lent to the total number of electrons 
in a column of unit base e x tendina froaa the around to the aat.ellite.. 

An explanat ion of the approximation used in (8) is in order. 
Froaa Soe:ll 1 s 1 Mof ~ 

"o oin io • 1.1 •in i (9) 

and, from (3) , on taking "o c 1, we han 

(10) 

SUbati.tuting (~) in (10) and retaining only the firat-ordor t e rm in 
the expen~ion of t:he radical, 

By restricting 10 to moderately amall values , t he aecond and third 
ter.s i.naide the bracket are n egli gibly ..all compar ed to unity. (Rote 
aloo that X<< 1.) 

Tbe group tt. de lay ca nnot be determined without a knowledge o f 
the propagation time over the optical path. HDwever, the different·tal 
group tt. daley, 6t

11
, betwen t100 quao i11011ochr011111ti.c oignala of 

- -.. ----.. ; 
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Fig. 1 
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Trane-ionspherlc propagation of 
quaai-monochromatic signata 
(slab ionsphere). 

frequencies w1 and w2 can be measured. In terms of t he differential 
group time delay, th~ columnar electron content to t he first order, 
from (7) ond (8), is given by 

f 
~ . 1o5 .. l_\.~t,. cos 1 

II dh ,. --...,(,.,2,r-=-2~}!'---=0- • (HKS) 
w2 - «~1 

(12) 

Use of numerical techniques to include the effect• of magneto~ 
ionie splitting, or of more complicated geometriee, a.g. , a.~ber1,cal 

atratification , and to take into account contribution• from second­
order terms, although entirely feaaible, is unwarranted for present 
purpoaea . 

10 
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III. INSTRUHEHTATION 

Satellite 

The primary mission of the Vela satellite experiment is to de­
tect a nuclear detonation. This is accomplished in part by sensing th~ 
EHP or ~adioflaah emission associated with the explosion . For present 
pur-poses, it is suffic i ent to state that the Vela tV satellite provided 

surveillance of a number of discrete channels in the dekametric wave• 
longth band. Additi6na l circuitry was incorporated into the satellite 
payload to provide a ver-y coarse .easure.ent of the time interval 

be~een the arrival of two signals having significant, i.e., detect­
able , energy in the passbands of the receiver s. 

Figure 2 shows a block dla&ram of the satellite instrumentation 
used In the dispersion experiment. Video outputs of each receiver ar e 
fed to trigger generators which produce trigger pulses of uniform 
amplitude and duration anytime the receiver outputs exceed preset 
levels. Becaueo the group delay time is inversely proportional to the 
square of the carrier frequency, the tri&Ser from the hiah·frequency 
receiv•r i.s used to ope_n a g.at.e which 11 subsequently closed by • 
trigger from the low-frequency receiver. The t ime interval between 
tht> two s:lgnala is proportionilll to the number of clock pulaes from the 
262-k.Hz. spacecraft cloc k that pass throush the. pte to the counter. 
Counter st.ates are telemetered to the trackin.g stations. 

Receivers used in the dlapersion measureaent are sLDple TRF 
(tuned radio frequency) receivers with three RF stages, each with a 
gain of 20 dB , followed by a simple diode detec tor and a video output 
stage. The bandwidth of each receiver ie roughly 1/30 of the center 

frequency. Noelnal s"noitivity h -90 dlla> and the d,...ic raniJO b 
about 40 dB . 

The receivers are fed fcoca several whip antennas, apac:ed at 
60-de~ree inte~vals around the apacecraft and located slightly off ~he 
equator. Antennas are phased to produce circularly polarized rediation 
patterns. The epacecraft orientation in orbit i• such thAt the vhip 
ant.ennas are normal to the radiue vector from eart:h to the sat.elltte. 
Measurements on a boiler plate model indicated a probable sensitivity 
of r oughly 4 microvolta/meter, which ia consistent with the calculated 

11 
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free-ap.~~ce estimate, •••UIIIin.g a.rnity eat:enna gain. a }~B antenna 
coupling l oss , and a receiver sensitivity of -90 dill. 

Fig. 2 Receiver configuration for dieperaion measurement. 

Transmitte r 

The tt:ansmitters uted for dispersion me.aaurementt belong to a 
fa~ily of spark-gap trantDitters developed by Stanford Research Insti­
tu t e (SRI ) under ARPA oponooroh1p.12 Figure } ohowo a schematic dia· 

sr•• of the transmitter which consisted, essentially, o f a coaxi.al 
c.apt~citor and e gap-type switch.. Witb helf-nve elements directly 
attached, thi.s tr-anhlltter t erved as the driven elnent i n a yagi 
orny (Fig. 4). 

RFC 

I~--E~~~~3---1 ENERGY STORAGE I CA"pjiCITOR 

R, Rc 

+SOKY 

12 . ··--

Fig. :5 
~,.hPm• t-ie di.asrau. 
of the opark-pp 
tran81111tter . 
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Fig. 4 Spark-gap tranamitter antenna array. 
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Some of the features of this novel design warrant special mention 
he·re. By using a tap water dielectric with a dielectric constant of 
eo, the volume of the capacitor, and therefore the lead inductance, was 
minimized and a high self-resonant frequency was achieved. Impulse 
charging. requiring auxiliary spark gaps, was necessary because of the 

high conductivity of the water. lnconveniences resulting from this 
compli.cation are mitigated by some additional advantages. These are 
the Lmmediate self-healing properties of the water when flashover 
occurs, and the ease of cooling at high power levels and at high pulse 
repetition rates, simply by changing the water continUously. Safing 
procedures are simplified since dangerous charges canno: be retained 
in the presence of a lossy dielectric. 

When the central gap fires, a quasi~onochromatic u•c11lutucy 
discharge is developed. Because the spark-gap resistanee dec·reasea 
with time during the initial portion of the RF pulse, the pulse gener­
ated has a rlse time of several RF cycles. Typically, the overall 
pulse envelope, as shown in Fig. 5, appears to be fairly smooth and 
pseudo-Gaussian. Meaning of the terms quasi-monochromatic and pseudo­
Gaussian should be evident from an examination of Fig. 5· 

The substitution method was used to measure tran&Jitter pulse 
power in the far field region. By replacing the pulsed element in the 
yagi array with a CW source of known strength and comparing envelope 
amplitudes, the ncmlnal effective radiated power was found to be 10 MW 
at the frequencies of interest. The peak power ~roduced by the trans· 
mitter was estimated to be 1.6 HW. 

The transmitting antennas were five-element, horizontally polar· 
ized arrays with £Bins of roughly 8 da and beamwidths of 25 degrees. 
Tracking was facilitated by making the antennas steerable. 

Completing the description of the transmitting equipment, the 
overall turn-on jitter was from } to 5 nsec , pulse delay was continu­
ously adjuvtable between channels, and the pulae repetition rate waa 
continuously adjustable from 0 to }0 pulses per second. 

14 
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IV. OBSERVATIONAL METHOD 

The obeervations reported here cover the period from October 6 
to October 15. 1967. It ahou1-d be clurly underotood that the meaoure­
ments of total eleet:r-on c-ont.ent repreaent an ad ~ te.lt. The fact 
that the electron content waa inferred from the observation should be 
regarded as a dividend from a test specifically designed to calibrate 
Lhe satellite surveille~nce ayatem and to verify tha t diepersion could 

indeed be l i &nificant under cer tain conditions. That dieperaion waa 
a factor to be considered in the deaign of the Vela ayatem was con­
sidered early in the planning phase of the satellite program.1} 

Initial t~sta were conduc ted during the latter part of July and 
the firat part of August 1967. During thtao flrat teote, certain 
operational difficultlea became apparent. After aome remedial work 
on the transmitting equ ipoent, t ests were resumed durin& the first two 

weeks of October 1967, when tbe data reported here were acquired. 
Preoccupation of the involved personnel with other mattera, together 
with problems concerned with classification difficulties connected with 
the data reported here, delayed publication of the data analysis until 
now, althouah raw disper1ion d•ta per!! have been publl1hed elsewhere.• 

Fisure 6 shows a comparison of the el.ectton content measurPd 
simultaneouely over three distinct pathe on a particular day, Octo­
ber 15, 1967. Calculation• are baaed on l!q . (12). Dlto points 
denoted paths 1, 2 were obtained from differential 
made at two different frequencies ; a different set 
used to obtain the data points denoted paths 2, 3. 

delay meaa~rementa 
of f requencies wa1 
It ehould be noted 

that the ordinate scale ta logarithmic , 10 that the agreement between 
corresponding data pointe at small zenith angle• ia roushly comparable 
to the agreement between data points at large zenith ansles. 

•R. E. Spalding. Sandia Loboratoriea1 U. S. Technical Paper 
presented at the Ei@l1th Meeting of the United 'Statea-United ltingdom 
Joint Working Group 16, }1 October-1,2 Novamber 1967. 
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Because of the peuibilicy of -tfieatJ.Oil 1o tbe -ulatJ.on 
envelope reaultiog froe puloe diaperoion, it lo diffiClll t to specify a 
comparative error e1 for thia experiment. However, provialon waa ude 
for delayed trigger of the signal aources. Accordingly, errors in­
volved in wuuriog differential croup time delays sbould be consider­
ably less than tbe }.8 .... nc time ioterval be<-en clock pulses (see 
Ftg. 2). An ioapection of the opread of data peinta indicated in 
F1.g.. 6 seems to indicate that a value of •2 x 1016 electrons m .. 2 i1 a 
reaaonable estimate for the aceur•cy in ~aurement. Th,ia value 11 
conaiatent with transmitter Ji.tt:er, a a well a a the fi-e.quencies and 
bandvldths aaaoc iated with the receiving equi~at and the gross 
aatumption of a slab ionosphere. 

Fi~re 6 shows data acquired duriog a typical satellite pest 
la1ting 6 houra, altbousb most patsea were of aborter duration. By 

uintainlng telephonic coatUnication between the transmitter site at 
SRI and the Satellite Tracking Center at Sunnyvale , California, defi ­
nit·e c.orre lation between trannd..esion and reception of t he pulses va• 
e•teblisbed. When the ttan&ll.itt.era were turned on and the antennae 
oriented in the d~rectlon of the aatellite, pulaes were detected by 
the aetellite. In general , tri&Bering was marginal, requiring low 
nolle conditiona and favorable satellite look angles for the teata. 
However , e-ven under favorable conditions, tri.ge.r1ng VIII not alwaya 
a chi.eved. Thia w.a mOlt likely cauaed by ttan•1tter belulvior, par· 
tfcularly a tendency to drift off frequency. Ae techniques improved, 
more reliable triggering waa acc:ompliahed. At time1, of course, aolar 
stor.s oc.curred, and the background no1ae levela exceeded eienal 
lt.vela from the ttannitters, cauaina oc:caa1onal interruptions in t .he 
acquieition of data .• 

Y. PIIEsarrJ.nOII OF MTA 

Total electron-content data typically take the form of a cyclical 
preeentation (total electron content verau• time by daya), a mode of 
preaentatioo that tenda to emphuize tbe diurnal variation 1o total 
eleetton content. Tbi.a type of data preaent.atioa ia generally eatla .. 

factory becauae groaa change• in electron den1ity with ttme are not 
r.apid. but occur slowly. For pre1ent purpoeee, the dat• diaplayed in 
F1&•· 7 and 8 have been auper!Jopeeed on ao hourly plot to .. phaaize 
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rapid changes (s~conds to minutes) in electron density, r·eaulting 
possibly from solar flares or SID (Sudden tonoepheric Disturbance). 
Figure 7 shows the buildup in total free elec tron content with time 
as a result of the absorption of ultreviolet or x-ray photons from 
the sun. 
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Absolute values for. the t~tal electron content for three separate 
passes in October 1967 were calculated from Eq. (12), uaing the maxi· 
mum meaaured di£ferentt.l group delay t-tmea. fortunately, in moat in ... 
stances, the z.e:nitb anglea are small, ao that the loc.al daylight time 
corresponding to each d•t.a point~ althou&h appll.cable only to tbe 
t ransmitter site, can alao bP considered to be the local mean time at 
the interaoction of the propagation path with the slab ionosphere. 

Even thouSh the data points are few in lllllllber, muaurementa on 
the three claya indicated ahow the diurnal variation c:barac:te.riatic: of 
integrated elec·ttoo density measurementl. Ila general, t.be daytime 
electron content is about an order-of-magnitude greater than the 
nighttime content. The abaolute value& given do not deviate signifi­
cantly frOG! those values. aenerally assumed for tho ionosphere at tbe 

indicated timea. For example, on the baeia of Doppler ahlft data , 
de Hendooc.a reported nocaJ.nal va_lues frOG 4 to 5 .x 1017 at noon~ 14 

Furtbt.ri:Dore, according to atudies by Lllvrence !,E. al. , cqvering t:be 
~riod from September 1958 throuSh December 1959, tho uaual total 
electron content changed from t 'ouShly 8 x to16tm2 to 8 x to17tm2 

d iurndly,15 Theu studies ere cited here simply to lend credence to 
t.be valuea siven in Fi1~ 7. Unfortunately, corroborati.n& data for the 
dat.e-s: of iotereat from i :ndependent sources and obtAined by Faraday 
rotation or Doppler shif t CDe&ll.lt'et:De.nta, are unav-ailable. (Admittedly, 

total electron content c.an vary an order of magnitude in either direc­
cion, depending on the aeaaon and the position in the aunapot cycle. 
However, the val ues cited here do correspond roughly with respect to 
geographical position, aeaeon, and •unapot cycle.) 

Figure 8 shows the free electron 1110rpbolog;y durin& the period 
following attaina>ent of ~·k ionization, nominally 1200 Llll'. The 
graph ahows data for five paasea during tho p.!riod from October 6 
through October 1?, 1967.. Note that the electron cont.ent remains 
essentially con.stant .from 1200 to 1600. Du-ring -=hi.a period, a state 
of equilibriue tx:iata in the region wbere moat o£ tbe electrons are 
1ocated, the rate of electron reproduction balanclns the rate of 1011. 
Decay of electron• increaaea substantially after 1600. 

21 
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Although the data presented in Figs. 7 and 8 are insufficient to 
warrant extensive analyala, they do merit some dtscuaaion, at least for 
tutorial purposes. As et.oted above, it ehould be noted :that tbe pri­

mary objective of the experiment wae to determine a range of group 
delays applicable to certain frequency bands of interest. A secondary 
obje~tive of the study reported here was to determine electron morphol­
ogy and associated ion chemistry as a function of tf.me. First let us 
note that it is reasonable to restrict the analyaia wbicb followa to 
the themospbere, wh i ch for present purposes we c:onaider to be the F 
region of the ionosphere. Contributions to the total electron content 
from electrons in the exosphere, the region above '60 km~ and from 
electrons in the £ and 0 regions, which extend downwards from 120 km, 
can be neglected since electron densities in theae regions, typically, 
run from one to two orders of magnitude leas than electron densities 
in the F region. Therefore, it appears justifiable to ~ke as our 
model a slab of electrons in which the ion chemiatry conforms to that 
generally appropria te for the F region. 16•17 Continuing along this 
1 i.ne, we assu:te that the major neutral constituent• are 0 and N2 ritb 

aooe o 2 • Tbe ioos produced by photoionization are o•, N~, and o;, with 
N; ~nd o• concentrations roughly equal at 110 km, with o+ predominating 
above this altitude. Because 02 is a minor conetituent of this part of 
the atmosphere,. moat of the o2 ions are produced by transfer reactlona, 
i.e., charge exchange or ion atom interchanse. The principal loss mecha• 
niem for electrons it aasumed to be d1ssoc1at1ve recombination of the type 

(1}) 

where the asterl.ak d.enote• that the atom.s may be left in excited atate1. 
The nitric oxide is fo~ed by the ~ reactions 

(14) 

and 

N~ + 0 -NO+ + N • (15) 

22 
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The ~ime derivative of electron density n at a heisht h above 
the earth ' s surface ia given by the equation of continuity 

~ • q • t(n) · div(nv) , (16) 

wbere q is the ra te of production of electrona by ionizLns radiation 
ond t is tho loss rate of ~l~ocrona. The divergence term is a gener• 
alized movement term which includes the effects of diffusi on and of 
mass motion produced by electromagnetic and tidal fore••· In order to 
staplify the analysis, it can be 111umed that hor·iz.ontal gradient• can 
be neglected and that, for present purposes, only the vertic.al deriva­
tives are important. Integrating both sidea of (16) with respect to h 
and taking n a 0 at both low and high altitudes, we obtain 

(17) 

The physical meaning here is that the integrated number of electron• 
re=ains unchanged, although they may move vertically. 

It is generally accepted that the dominant ion species in the 
upper F region is o+. At sunrise, the o+ ion• do not recomb!n• vt.tb 

el.ect:rons d i rectly except by a very slow r•diative proceaa. Instead, 
they recomb·ine with electrons through the two .. atep proceaa 

NO+ + e - N + 0 • (1,) 

Reaction (1') proceed& to rapidly compared vith reaction (14) that the 
overall loss rate is determined by the reaction rate o£ (1~). In thie 
case, the loss term fn the continuity equation l s simply p-roportional 
to the number of electrons present, and the equation of continuity can 
be written 

¥. + ~N • Q(t) , (18) 
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a simplified equa tion of continuity in which Q and SN are the inte• 
graced prOduction and loss tel"lll•, retpe:ctlvely, wi.th dimen aions m'""2 

·1 s sec: , and is an effective aeteclatnt coeffic ict. 

In reality, Eq . (18) it a pplicable only for large aolar zenith 
angles. At later times, as the eol•r zenith angle decreaaea and the 
ioni.z in& radiation re.eehes the lower regiona , tn part icular the F1 
region (nominally 1:10·18o lcm). tbe loss ten~ in the continuity equation 
ta 'kea the form 

The moat likely dia tomic ion-atom interchanaea are 

and 

Again, el ectrons produced in the ionizing process are removed by 

dissociative recombination, reaction (1}). 

(19) 

Unfortunately, measurement• of t he totel e lectron content do not 
permit differentiation between the particular ion speciea i nvC\lved in 

the reactions. Only info~tion on the groae behavior of the iono• 
spher e can be oUtC~lm:'-'• However , by assuming a1111ple modele of the 
ionosphere and by conducting measur~~ts dvr ing those tt.ea that one 
of the loaa proceaaea described above is dominant, inferences can be 
drawn on possible aources for the production of electrona.l8~20 
Furthermore, by aeauming an appropriate profile for the electron 
density, en equivalent ~slab thickness," defined aa the ratio of the 
total electron content to the ~·~ electron concentration, ean be 
estiJDat .ed. Bec.auae the alai-- tblcknesa is relat ed t·o t .he "plasma 
temperat·ure " of the lonosph'-'"l'e, measurement• of the tiM rate of 
ebanse of slab thickness provide a potential source of lnformat~on on 
•udden time varia tions in the tmperature of the the:rmoaphere. In 

:be dilcuuion wbicb follows, special emphuil will be plAiced oo tbe 
unique poaaibiliti.el of application of the Vela to tbeae ty"'P":• of 
studi ... 
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Wi th reference to Figa 7, clearly the data pointe for October 15 
show a reeaonable fit to a straight line. The corroaponding empir ical 
rela tionship for the buildup in electron density is siven by 

(20) 

where N0 • 4 x 1016 electrons m-2 and v • 1.2 x lo-4 sec·1• Further­
more, data points acquired during the buildup between 0900 and 1100 
LDT on October 6 and October 10 show fair agreement with the same plot. 
Obviou•ly , neit her of the fo~ given above for the loee terms are 
applicable for the entire period of interest covered in Fig. 7. There­
fore , it is quite remarkable that auch a complex set of ionization 
phenomena could be represented by ~he 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 varl­
et}' of ~xperimental t.echniques. 

In view of the close fit of the data points to the empirical 
curve of Fig. 7, the apperent marked increase in electron content 
between 0800 and 0900 LDT on October 10 is particularly interesting. 
At the time of interest, the space~raft had just emersed from the 
magneto abield into the solar vind . For heishts above 160 lao durin& 
the daytime, effective abeorption eroaa sections for ioni.zing electrons 
in the 102 and to' eV range are one or two orders of ~gnitude greater 
t~n thoae expected for solor ul traviol et radiat1on . 21 Now the Vela 
satellit e• aro equipped to provide information on 1Uub:lnH parcicle 
fluxes. However J electron detectors on the pa.rticular satell ite used 
in this experiment fa Ued to i ndicate 8f.y unusual particle fluxes at 
t he time of inter est. • It should be noted that no 10lar x-ray flares 
were reported on October 10 (see Appendix A). Except for a few minor 
subflarea occurring between 0700 ar1d 1000 LOT, 22 the only unusual 
chromo1pheric activity reported wa s eome active l imb prominence reglon a 
between 064:! and 1222 LDT (1814-18~0 U'f Saeramento Peak Observatory). 23 
However, Appendix A (the Abbreviated Calendar Record) lists October 10 
as •one of five most magneti.cally diaturbed days." At the time of the · 
marked deviation of the total electron content irom the empir1c:8l curve 

---.. ,..,s-.-JT".-Bi=me ~ LASL, peraonal COCIIDU1)1cation .. 

j 
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of Fig. 7, the geo.osnetic activity index Kp increased to 5. That it, 

the urked deviaUon (if it ia atatutically alsnificant) -Y very well 

be rela~ed to the masnetic activity. 

With reference now ·to Fig. 8, the steady et:ate value of the total 
. 17 

electron content bet·ween 1200 and 1600 appeara to be roughly 4 x. 10 
electrons m: - 2• lf an equivalent tlab ionorGhere "t.Mcknell of 260 laD, 

e.xteodin& from 120 to }80 b, iJ assumed, tbe average electton ~cn­

si~ ia 1.5 ' 106 electroos om·}. MoFeover, in order to eiliplify tho 
model further, we aleo assume that this electron density 11 appropriat• 
to the transition region where molecular 1ona juet begin to predominate 
over atomic ion.s and, in particular, tbat tbe loas rate ia dete.mined 
by tho apecific reaction 

~+O-RO++ II, (15) 

which bas a laboratory rate coeffic1ent24 of 

rn t .hc ateedy state (an/Ot) ,. 0, the lou terao for a reac tion involvins 

a GIOlecul..ar ion is of the form o.n~, and t:ne continuity equation (1~) 
can therefore be vritten 

(21) 

Tho corresponding moxt- intesrated prodUct ton rote Q0 ['1) 1a 
1 •. 1014 -2 -1 ..... m aec. 

By extrapolating total electron content eea1urement1 made at 
Alnriae wben the rate of production of lon·elec:tron pairl in the 
ionoapbere is much larger than d\e rate: of 1011 of electron•, Garriott 
and Sm1th19 have calculated the integrated production rate for aa 
overhead aun.• From observation• of Syncom III, autumnal tranamiealona 

lin tbe c••• of a Vela experiment, the incLdent photon flux can 
be Malured directly and the integrated production rat·• for aa overhead 
sun eetimated on the baaia of an aeaumed ionizing efficiency .. 
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at Hawaii, substantiated by independent meaaurem.nta at Stanford, the 
integrated electron production rate was calculated to be 1.4 (•0.}) x 

1014 m -:> sec -1, with liet1e variation reported from day to day. The 

calculation assum~d a single-constituent, at~ie oxygen atmosphere. 
The loss rate, of course, was of the form eN. 

All we are implying here is that, at equilibrium, the rate of 
electron loss resulting from dissociative recombina tion (aN2 type loaa) 
i a probably roughly equal to the electron loss reaulting from an ion• 
atom interchange reaction (~N type loss ) . 

With furthQr rQfQrence to Fig. 8, between 1600 and 1800 the tot1l 
electron content decayl (denoting 1600 LDT as z~ro ti~e) approximately 
as the empirical relation1hip 

f N dh • 4 X 1017 exp(-8 X 10-5-t) (22) 

During this two-hour period, the electro~s decrease with a half life 
of about 8.65 x to' 1ec. This progress i ve decrease in electron densi ty 
ie the result of the deerease i,n effectiveneaa of the sun•s radiation 
in maintaining ioni&ation a 1 night approach~•· At 160o LDT, th~re 

should be little chanse in the electron density in the F2 region. 
Moreover, we have di sregarded E and D region contributions to the total 
electron content. Therefore, we must conclude that ' the obaerved de­
crease in total electron content must be the reault of dissociative 
r ecombination of electrons in the lower F1 region. Becauae the ions 
i,n this region are predCNDinantly molecular, an etNe type loss must occur. 
A lower limit to the value of ~ can be obtained by writing the continu­
ity equat ion in the fono 

bn ? 
lit - a.n • 

Taking 6t equal to the half life t 112• we obtain 

(?J) 

. (~) 

?7 
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AIIUII.ing a seandard profile, it i1 reasonable to chooee an electron 
dentity about an order of ma&nitude less tban t hat ueed for the pok 
electron density in tho F2 region. Accordingly, the rate constant 
siven by (24) for an electron density of the order of l o5 em"} ia 
roughly 5 x 10"10• The moat likely reactions are 

and 

Examination of Fi g. 8 6how1 conaid~rable acatter of data points 
ebout the assumed equilibrium value. Although the apparent teatter may 
be attributable either to experimental error or to fluctuations in the 
ionizing radiation, an alternative, but highly intriguing, interpreta• 
tion can be !iven. • First, it should be noted that moat of the scatter 
occurs at noJn and durtna the period bet~en 1200 and 1800. Second , 
moat of the ionization occur1 at 200 km where the iona are predomi· 
n•ntly o•. gven with the assumption of a two-constituent ioaospbere, 
the principal nitrogen ion react.ion could be the simple char'e transfer 

mechanism 

(~) 

In any case, the o+ formed either by photoionizatlon or charse transfer 
inter~ots with nit-rogen to form. nitric oxide in the ion-.a c:om Llterchan&c 

reaction 

•Tne authors are indebted tor. P. Hud1on for calling their 
attentlon to this pouibiUty. 
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Now, if tbe N2 is vibrationall y excited, the rate constant for the­
reaction 

(26} 

.ia increased by a fact:CJr of about 20 a t a vibrational ~emperature (Tv) 
of epprox~tcly )OOO•k over che rate constant for the ground vibra­
tional stete N2.25•26 Becauee reactlon (26) converta an atomic ion with 
a lov electron rec:cabination coefflclent to a molecut.r ion with a large 
electron recombination coefficient , any change• in the rate conatant of 
reaction (26) would produce a marked effect on electron den1ity. 

ldative ogaf.n to Appendix A, lt should be noted thot alulost the 
...,tire period be"-en October 6 ond October 1,5, 1967, coul d be cbacac­
teri,&ed as a period of ~rked magnetic activity. Now, a nu~ber of 
observers have correlated periods of high magnetic activity with changes 
in total electron content.l5,2J, 2B However, of particular interest to 
uo in thu connection 1o o ougg~stloa by Sc:hmeltelcopf ll ol. 25 that 

1U.petic atom• NY affect nitrogen •ibratiol\lll excitation, thereby 
changing the reac tion rate of (26). Further discussion of possible 
rela tionships between sudden geomagnttic commencement• and the total 
ionoapheric electron con t.ent is beyond the 1cope of the preaent paper. 
However, it very well may be that the Vela sat.ellite cou .! be used to 
provide additional info~tion on the relationship between magnetic 
activity and the vibrational temperature of molecular nitrogen in the 
tbenooapbere. 

Admittedly, the treatment of the data preaented here has been 
superficial. In order to a~plify the presentation, some of our 
aiiUIDptious hllve been ve.ry Nlive.. On the other hand the criticism 
could be l eveled that too ... cb baa been inferred fr0111 o fair l y .... n 
aample of data. Nevertbeleea , the t wofold objective of the present 
paper should be kept in mind. Firat, we have ottempted to justify 
exteneion o f the Vela aat.ellite proaram to eubatantially ex t .end our 
knowledge of te.poral variation• in the total e l ectron content of the 

a t:IDOapbere. Second.., i t ia hoped that tbe pr·eaent pa,per may serve aa a n 
outline for a mor• comprehensive study if one should be undertaken. 
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VII. CONCLUSTONS ANh ~£r~NJJATIONS 

The variation of the total electron content of the ionosphere with 
time has been dete~ined by measurements Of differential group delays 
of s i gnals propagated over an earth-Vela satellite path. Although 
launched in 1966. the Vela IV satellites uaed in the experiments are 
stil l operational and presumably could be made available for a ~o~tinua· 
tion of the cursory studies reported here. Conti nued iaterest by com­
munications engineers in the effects of dispersion on signal propagation 
over earth-satellite propagation :~ths is almost sufficient to warrant 
a more vigorous experimental program. 

The experimental technique used here is obviously superior to 
lunar echo OOYndin& methoda iu deterta:~ il-liug tlte toc..l c::l-=ct,;vn \:Unt:fi:lnt 

because of the higher sigaal•noise ra t ios obtainable over the abort 
(18 earth radii) propaga t ion path length to the Vela satellite. The 
advantage of the group ve l ocity 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. Nightt~ measur~ents would be 
useful ~n studies of ionization possibly induced by energetic electrons, 
a mechanism often nentioned as responsible for the maintenance of the 
F region at night. 

In recent years, interest in temporal changes in total electron 
content has increased with the availability of geostationary satellite 
beacons. Although the Vela IV satellite is in a nonaync-hronoua orbit, 
it is uniquely equ ipped for total electron content measurements. In 
addition to thQ dispersion measurement capability described here , it 
should be noted thtt the Vela satellites are equipped with sensors 
which analyze the ultraviolet flux in the range 1~-900 A. Therefore, 
it should be feasible to corr.elate changes in the total electron 
~ontent with changes in the photon flux responsible for moat of the 
ionization observed. Moreover, the satellite i s equipped with ele~tron .. 
proton spectrometers covering a range of energies from }3 keV to 20 eV, 
a specially useful range of ' energies in ~onnection with studies Qf 
corpuscularly induced F region ionization. 
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Final l y, as the relationship betveen slab thickness and plasma 
tomperaturea becomes better understood, the pr~ry mission of the 
Vela IV satell ites , existiug inatl'\Dtnta l facilitie.a, can profitably 
be extended to provide experimental data on hi&h·altitude sources of 
vibrational energy. 

In conjunction ,.rith other techniques, it •ppears that this unique 
focllity can provide information on a variety of transient phenomena 
connected with the F reglon of the atmosphere, a very dynamic region 
of the earth•e environment. 

'1 
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