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ABSTRACT 

Radar equipment operating at a frequency of 106.5 

Mc/s was used to investigate polar aurora. Radio 

reflections were observed and their characteristics 

determined by means of directive aerial arraye, one of 

which was rotatable about a vertical axis. The 

reflections were found to arise from many small reflecting 

centres situated within the auroral structures, and 

located about 100 km above the surface of the Earth. A 

free electron density of at least 108 cm-3, within the 

reflecting centres, was deduced. Auroral echoes were not 

observed at altitude angles greater than ?.5o (altitude 

angles between ?.5° and 130 were not investigated). An 

explanation of this fact is suggested. The auroral echoes 

apparently arose only during the operation of the primary 

ionizing mechanism. The experimental evidence concerning 

the occurrence of auroral echoes during the daylight hours 

is inconclusive. Some of these resulte are incompatible 

with the views held by earlier workers. 
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An tmportant consideration in experimental investigations 

of polar aurora is the choice of a suitable location. The 

author was particularly fortunate in being permitted to do 

the experimental work at Saskatoon where the excellent 

facilities of the University of Saskatchewan were available. 

Dr. B.W. Currie of that University supervised the experi­

mental work at Saskatoon during the summer months, and 

Professer G.A. Woonton ~lpervised the work at McGill 

University, which consisted principally of the analysis 

and interpretation of the accumulated data. 

The research progressed in three stages corresponding 

to experimental work done during the summers of 1949, 

1950, and 1951, however, this chronological division is 

largely ignored in the organization of the thesis. Instead. 

the material is divided, somewhat arbitrarily, into three 

parts each concerned with one aspect of the reflection 

problem. These three parts correspond to Chapters III, IV 

and v. Chapter I contains a general introduction to the 

problem as well as a brief description of the research. 

Chapter II gives a theoretical discussion of various 

reflection mechanisms including the one which Herlofson 

considere to be responsible for the reflection of radio 

waves by auroral structures. 'Evidence supporting the 

auroral origin of the observed radio echoes is presented in 

Chapter III. The reflection process is examined from the 
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experimental point of view in Chapter IV, where it is shown 

that the observed radio echoes are not explained adequately 

by Herlofson•s theory. In Chapter V further experimental 

evidence is presented and the influence of atmospheric 

absorption on the reception of radio echoes is discussed. 

Also in Chapter V a qualitative picture of the distribution 

of ionization in an auroral structure is described and is 

shown to be consistent wi th the experimental observa,tions. 

In Chapter VI the resulta are summarized and their 

significance is indicated. Sorne suggestions concerning 

further work in the field are also made in Chapter vr. 

The first Appendix is devoted to an elementary 

derivation of the various expressions which enter into 

the theoretical discussions. Sorne technical details of 

the equipment are given in the second Appendix. 

The author wishes to acknowledge his indebtedness to 

those who contributed to the research. At McGill University, 

he benefited from the guidance provided by Professor G.A. 

Woonton and from association with various students working 

in the Eaton Laboratory. In particular, discussions with 

Mr. J.H. Chapman were helpful in clarifying the author's 

ideas concerning the upper atmosphere. 

While at the University of Saskatchewan the author 

was fortunate to receive guidance from Dr. B.w. Currie, 

who gave generously of his extensive knowledge of auroral 
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prooesses. Dr. Currie first suggested the reaearoh and 
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Dr. w. Petrie made many useful suggestions derived from 

his spectroscopie etudies of aurora. 

Mr. F.E. vawter assisted with all the observations 

and undertook muoh of the routine maintenance of the 

equipment. Without this assistance it would have been 

neoessary to confine the researoh to a muoh more modest 

pro gram. 

During the period of continuous operation mentioned 

in section 5.06, Messrs. G.R. Small and R.E. Jensen carried 

out the observations made during the daylight hours. Mr. 

C.H. Costain assisted with the observations d~ring May and 

June, 1951. 

The airoraft flights mentioned in section 4.04 were 

arranged through the cooperation of Wing Commander J. Baillie, 

Commanding Officer, 406 Squadron, R.C.A.F. (Reserve). Wing 

Commander Baillie took a personal interest in the research 

and piloted one of the airoraft. 

The project was sponsored by the Defence Research Board 
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of the United States Air Force) was loaned to the Defence 

Research Board for the project, through the cooperation of the 

Geophysical Research Directorate, A.F. Cambridge Researoh 

Laboratories. 
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Introduction 

!:.2,! Early and contemporary experimenta 

Iuch of the present knowledge concerning auroral 

processes was derived from observation and analysis of the 

light emitted by the various auroral fo:rms. 8u.ch innsti• 

gations have yielded information about the height and frequena,r 

ot occurrence of aurora aa well as a large bo~ of epectro• 

soopic data, but it is still not known to What extent the 

upper ataosphere is ionized dnring auroral displays. The 

problea of auroral ionization is currently the subject of 

considerable interest, both becanse of ita influence on high 

latitude communications and because it representa important 

evidence in any general theory of aurora. 

etudies of this proble. are inconclusive. 

As yet spectroscopie 

Radio observations 

of the polar ionosphere ha'te shown that radio waves are 

highly abaorbed in passing through the lower ionosphere during 

auroral periode (64). These observations are interpreted 

as indicating an increase of 1onization at auch ttaes. The 

radio observations of Appleton, Naismith and Ingram ( 5) may 

include instances in~lving reflection of the radio waves 

from auroral structures but the first specifie investigation 

of this effect seems to be that of Harang and Stoffregan 

which was started at îro.mso in 1938 (48). !bey used equipment 

operating at a frequency of 40 Ic/s and observed echoes of 

amall amplitude Which they associated with auroral displaya. 



In 194? radio echoes aesociated with aurora were observed 

by Pierce Who used ionoaPberic equipment operatin& at a 

trequency of 3.5 Xc/a (?3), and by LoTell, Clegg and Ellyett 

Wbo used aeteor detection equipaent operating at a trequency 

ot 46 Kc/a (5~). ~e latter authora interpreted their 

aeasurements as indicating that the tree electron denaity 

within the auroral structure waa about 3 x 10? cm·3J however, 

Herlotson pointed out that their observations could have 

reaulted from a auch lower electron density (49). In 1950 

Aspinall and Hawkins uaed Rerlofaon's aethod to calculate 

the electron density from data provided by Lovell, Clegs and 

Ellyett and alao from their own resulte which they obtained 

ueing equipaent operating at a frequency of 12 Kc/e (6). 

They found that the electron denaity within an auroral 

structure was approxtmately ? x 105 œa•Z, or alightly higher 

than that which exista in the normal E-region during the 

day. Radio reflectione aasociated with aurora were alao 

obaerved by KcK1nl*,r and Millman in the course of meteor 

etudiee (56). T.heir equipment operates at a frequency of 

32.? Ic/s. 

Gereon hae analyaed the observations made on the night 

of Bovember 19, 1949 by a number of radio amateurs and 

concluded that the signala received at a frequency of 50 

Kc/s were reflected by aurora! structures (42). Observations 

stmilar to those of Pierce were made by Davidson, w.ho used 

equipment operating on freq~encies of 3.4 Ic/s and 1?.3 

Mc/s (31). 
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The highest frequency at Which auroral reflections have 

been reported is 106.5 Mc/s. Observations at this fre~lency 

were first made by the a1~thor in 1949 ( 35). 

~ Nature of the problem 

!he present reeearch is an outgrowth of an earlier radio 

investigation of aurora in Which the author participated. 

This earlier work was started in 1948 and made use of 

equipment operating at a frequency of 3,000 Mc/s. No 

reflections were obaerved Which could be associated with 

aurora but short bursts of electromagnetic energy at this 

frequency were received. The energy was emitted apparently 

b.Y partieular auroral structures, notably by active for.ms 

exh1b1t1ng much struet11re ( 36). CoVington has measured 

the radiation received from the sky by a receiver tuned 

to 3,000 Mc/s. He recently reported an increase of such 

radiation during auroral periode ( 2'1). His resulta would 

see.m to offer a partial confirmation of the earlier 

obserTations. The phenomenon suggests the presence of 

small volumes of intense ionization (as high as 1oll free 

electrons per cub1c centtmetre) within the auroral structures 

(3?). So.me support for this interpretation is found in the 

calculations of Barbier(?), but there remains a large 

discrepancy between the exper~ental resulta obtained in 

Great Britain and those obtained in Canada. 

1.03 Object of the research -
This thesis is concerned with a s.yste.matic investigation 

of radio reflections associated with aurora. Several new 
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techniques were employed in an attempt to gain information 

concerning the reflection mechanism and thereby concerning 

auroral electron densities. With this object in view 

a number of separate experimenta were conducted, each designed 

to provide seme additional information about the reflection 

process. The choice of a frequency above lOO Mc/a had 

a twofold purpose: firstly, the observation of radio 

reflections at so high a frequency had not been reported 

previously; secondly, directive aerial systems were considered 

desirable, and these are easier to build for the higher 

frequencies. 

~Qi Subsidiary resulta 

In the course of the experimentait became apparent 

that the techniques employed were well suited to the general 

study of polar aurora. However, this demanda tha.t the individual 

experimente be continued over long periode of time. No 

effort was made to accumulate sufficient data for statistical 

purposea. The capabilities of various techniques are 

demonetrated by examples drawn from the data collected by 

the author. He wishes to make it clear that meaeurements 

of the occurrence, duration and movement of auroral structures, 

contained in this theaia, are only intended to illustrate 

the capabilities of the radio method. No claim is made that 

the resulta are stati stically reliable. The only justifica.tion 

for their inclusion is the evident advantages offered by 

the radio technique a over tho se previously employed. 
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1.05 Description of the research 

The research made use of radar equipment operating at 

a frequency of 106.5 Mc/s. A short pulse of electromagnetic 

energy was sent out from the transmi tter, and the time taken 

for the energy to reach the auroral display and return to the 

receiver was taken as a measure of the range to the 

reflecting surface. The use of directive aerial systems 

wi th equipment penni tted tl:_e further localization of 

the reflecting surface. 

Photographie methode were used to record the amplitude, 

range, direction and duration of the radio echoes. Direct 

photography of the visible aurora was also u.sed to provide 

a record of the location and type of aurora present. One 

of the aerial systems was rotatable about a vertical axis 

so that records could be made of the echoes returned from 

different parts of an auroral display or, alternatively, 

continuous records could be made of the echoes returned 

from a given direction. 

The extensive use of photographie recording was 

dictated by the nature of the experimente. The occurrence 

and duration of an auroral display are not readily predicted. 

In addition, seme of the experimente could only be performed 

when the sky was clear and the aurora in a particular 

location. For these reaaons, it was necessary to observe 

almost continuously during the dark hours. Hov1ever, only a 

small fraction of the time spent in observation (lesa than 
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l/500th for most of the expertœents) was spent in the actual 

taking of records. It was expedient, therefore, to record 

photographically as much information as possible àaring 

the auroral displ~s, leaving the analysis and interpretation 

of the data to a later time. 

The conclusions drawn in the thesis are based upon 

a considerably larger volume of data than has hitherte 

been available. The versatility of the equipment and the 

geographical location of the project ha.a been important 

factors in deter.mining the amount of data collected. 

~ Location of the project 

~he experimental part of the research project was 

carried out at Saskatoon (52.1° B; 106.6° W). Aside from 

the excellent tacilities for anroral etudies available at 

the University of Saskatchewan, the geographical location 

was found singularly appropriate. The auroral zone (the 

zone of maximwm frequency of auroral occurrence) lies seme 

800 km nortn of Saskatoon, the nearest point lying in a 

direction samewhat east of north. While overhead aurora! 

displays occur frequently at SaSkatoon, by far the sreatest 

number of visible displays occur near the northern horizon 

at a range of from 600 to 1000 km. These displays were 

well suited to radio investigat1ons of the type described 

in this thesis. 

1.0? Aurora! designations .......... 
In describing the various auroral for.ms different 
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authors nan resorted to diflerent classifications. In the 

following pages tne designations of auroral for..s (e.g. arc, 

band, ray arc, ray band, isolated ray, etc.) correspond 

to those used in the Photographie Atlas of Auroral For.ms, 

International Geodet~c and Geophysical Union, 19~0. In 

addition, 1t somet~mes w~ll be necessary to describe the 

aurora as "act~ve• or •exhibiting structure•. The latter 

descr1ptJ.on w1ll include all those foms, euc.n ae ray 

arcs, ray bands, draperies, etc., which e:xhibit vertical 

dJ.scont~nuJ.tJ.es as observed Tièually. The ter.m •actJ.Te" 

w~.l.l 1nclude all t onns in w.tuch rapid movement 1 s n sually 

observable. 
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Reflection :t'rom an J.onized. .M.edium 
~--~~~~----~~~~--~----

2.01 1ntroduct1on 

When a radio wave passes ïrom free space into a 

region conta1n1ng free electrons part or all o:t:· tne 

energy is re1·1ected or eeattered. 'l'be mount 01 energy 

which ie returned along the path ot the 1ncident wave is 

determined by the following factors: 

(1) T.be power density in the incident wave; 

(ii) The rrequency of the incident wave; 

(iii) The density of free electrons; 

(iv) The electron density gradient at the 

boundary of the ionized region; 

(v) The Shape of the ionized region; 

(vi) The aize of the ionized region; 

2.01 

(vii) The absorption losa, i.e., the amount of power 

lost within the ion!zed region as a result of 

collisions between the free electrons and 

heavier partiales. 

The purpose of this chapter is to review the influence of 

these parameters. Four separate processes are discussed, 

each corresponding to a different range of the parametere. 

In Chapter IV the experimental evidence will be examined 

with a view to deoiding Which of the processee beat describes 

the production of auroral radio echoes. The influence of 

(iv), (v), (vi) and (vii) will be disctuseed again in more 

detail in Chapters IV and v. 
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While these four procesaes are discussed separately 

in the following sections, it should be borne in mind that 

more than one of them aay operate stmultaneoualy in the same 

part or different parts of the ionized region. 

The discussion mates use of two reflection coefficients. 

The first, Ba• ia the •optieal• reflection coefficient 

which representa the ratio of the amplitude of the 

reflected wave to that of the incident waTe. The second, 

Rp• is the power reflection coefficient which representa 

the correaponding ratio··of power clerusitiea in the reflected 

and incident wavea. 

!:.2! ~omplete• reflection 

It is shown in Appendix I that for a gi ven wave 

frequency, f, there ia a eritical free electron clenait.y, 

J'0 , 11 Ten by', (Equation VI, Appendix I), 

J'0 • 1.24 x 1o·8:r2• 

If the electron density, J' (cm-3), risee above this 

critical value, the wave can not penetrate the ionized 

region. If the absorption loas ia saall (see section 5.02), 

the apparent refleotion coefficient of auch a region is unity 

and the proceaa ia independant of the electron density 

&radient between the ionized and non-ionized regions. 

~ Partial reflection at a boundary 

Let us now consider an ionized region in which the 

electron denaity is conaiderably lesa than N0 • The index 
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of refraction of aach a region is gi ven by, (Equation VII, 

Appendix I), 

where the expression in braoketa representa the affect 

of electron collisions. 

We must now consider the influence of the electron 

density gradient at the boundar,r. First, let us asSŒme 

that the transition region between the ionized and 

non-ionized regions is ma!J3" wavelengths thick and that the 

electron density gradient is nowhere a rapidly varying 

function. !hen, as the wave penetratea the region the change 

of index of refraction which it experiences per wavelength 

of travel ie amall campared with the total change. This 

situation 1s analogoua to a tapered junction between 

two transmission lines of different characteristic tm-

pedances. There is no appreciable reflection of energy 

and the reflection coefficient ie effectively zero. •ow, 

1et us sradna11y reduce the thickneae of the transition 

region. Again, by analogy to the case of transmission 

11nes, appreciable reflection of energy begins to occur when 

the thiekneas is reduoed to the order of a wavelength. As 

the thickness ia further reduced to values aaall compared 

with the wavelength, the reflected energy reaches a 

ltmiting value. This situation is similar to tbat encountered 

in optica when reflection occurs at the interface between 

two media of differing indices of refraction. The appropriate 
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optical retlection coefficient hae been derived from 

electromagnetic theor.y b.y Slater and Frank (19). It ie, 

Ra•l-n. 
1 + n 

Iegleoting the absorption losa and re.œembering that we 

aeswaed li saall campared with I 0 , i.e., n approxtmately 

e~al to unity, then we may write, 

Ra ~ _li;;;;.,o,e2_ • 

41Tilt2 

The power reflection coefficient, Rpt ia just 

2 Rp == Ra • 

Equivalent expressions have been develcped by Herlofson (49). 

~ Electron seattering from a anall cluster of electrons 

When the electron density in the ionized region is ao 

low that the index of retraction differa ver,y little from 

unity,then each electron may scatter energy independently. 

This problem has been treated by Lovell and Clegg in con­

nection with radio reflections from meteor trails (54). 

The scattering cross-section of a single free electron 

may be deduced from classical acattering theory (aee, for 

e~ple, Slater and Frank (80)). Since the frequency of 

the incident radiation is much higher than the natural 

frequency of oscillation of the scatterer (in this case the 

natural fre~ency is zero sinee the electron ia free), the 

appropriate croas-section is the Thomson scattering cross­

aection, neunely, 



-12-

Lovell and Clegg have Bhown that this croas-section 

may be modified to include the e!fect of electron collisions 

by multiplying it by the factor, 

• 

we may define a power acattering coefficient, Sp1 auch 

that it representa the ratio of the total power scattered 

by the electrons encountered by one cm2 of the wave front 

to that in the original wave. For a small cluster of 

electrons Where the dimension of the cluster in the 

direction of wave travel is small compared with the wave· 

length, all the electrons move in unison. Since we are 

interested only in radiation returned along the incident path 

we may treat the cluster of electrons as a coherent source 

and add the amplitudes of the waves acattered by individual 

electrons. Thua the power scattering coefficient becomes 

~ • ê!. ( e2) 2 It 2 ' 
:5 (mc2) 

Where Bt ie the total number of electrons encountered by 

one am2 of the wavefront. 

Lovell and Clegg have alao pointed out that the 

electrons do not scatter uniformly in all directions but 

rather as Hertzian dipoles so that the power scattered back 

along the incident path will be 1.5 times as great as that 

calculated for a unifor.m scatterer. 



-13- 2.05 

2.05 Electron scattering from a large cluster of electrons 

The treatment of scattering from a large cluster oï 

electrons ts similar to that given in the :preceding section 

exce:pt for the following considera.t ion. If the dimension 

of the cluster in the direction of wave travel is large 

com:pared with the wavelength, the electrons do not vibrate 

in unison and they cannot be considered as coherent 

scat terers. In this instance, 1 t i s ne ce ssary to add. the 

intensities of the scattered waves and the :power scattering 

coefficient becomes 

Sp = 8~ ( e2)2Nt • 
3 {mc2) 

2. 06 Reflection from a :plane surfa.ce 

In the preceding sections we have been concerned with 

the evaluation of reflection and scattering coefficients. 

We now consider the utilization of these coefficients in the 

calculation of the a.mount of power returned. to a receiver 

(coïncident with the transmitter) by reflection from an 

ionized region. 

The auroral echo received by Lovell, Clegg and Ellyett 

{55) was interpreted by them as being due to the process 

outlined in section 2.02. This process normally o:perates 

in the ionosphere and :permits the measurement of critical 

reflection frequencies and, hence, the calculation of electron 

den si ties. The above-mentioned authors assumed that reflection 

took place at a large :plane sarface at vertical incidence in 



-14- 2.06 

the same manner as ionospheric reflections. The critical 

electron density, N0 , is 2.6 x 101 cœ-3 for the frequency 

which they used. The calculation of the returned power in 

auch a situation is eomparatively simple. The only condition 

under which appreciable power will be reflected to the 

receiver is that of nor.mal incidence on the plane (specular 

reflection). For this condition the received power is 

calculated eimply from the inverse square law. If 

PT is the transmitted power, the power density at any 

distance, r, is given by 

watt cm-2, 

where GT is the aerial gain which is defined as the ratio of 

the power radiated in the direction concerned to that which 

would be radiated in the same direction by an isotropie 

radiator. If the effective area of the receiving aerial 

isAR, the power received is, 

PR :~~ PTGrAR , 
41r( 2d) 2 

where d is the range of the reflecting surface. Friis and 

Lewis have shown from reciprocity considerations that the 

following simple relation, between gain and effective area, 

holds for any aerial (39); 

G = 41TA , -~2 
where À i s the wavelength. 
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Herlofson (49) made these calculations for the echo 

received by Lovell, Clegg and Ellyett and found that 

the ratio between the receiTed power and that given by 

the equation deriTed above waa 5 x lo-1. He therefore 

assumed that this ~igure represented the reflection coefficient. 

B,y further asswning that the boundary of the ionized region 

was sharp he was able to calculate the electron density, w, 
which he found to be 4 x 104 aa·3. This value ia con­

aiderably lower tban that found in the normal E-region 

during the day. However, he pointed out that diffusenesa 

in the boundar,y of the order of a wavelength would cause 

the electron density to be underestimated. 

~ Reflection from a cylindrical surface 

In order to interpret the echoes whieh they observed, 

Aspinall and Hawkins (6) elassified them as "diffuse" or 

"discrete•. The latter type were assoeiated with aurora! 

rays and theae were ueed in the calculation of electron 

densit1es. They asswœed that reflectione occurred at the 

eurface of an ionized region in the for.m of a homogeneoua 

cylinder with aharp boundariea. From the vieual appearance 

of rays, they estimated the radius to be 1 km. 

The power reflected from a large cylinder may be 

caleulated from ray theory in the following stmple manner. 

Sinoe no appreciable power Yill be reflected from the 

eylinder unlees the condition for epecular reflection is 

fulfilled, i.e., the direction of incidence perpendioular 
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to the axis of the cylinder, let ua assume a system of 

rectangular coordinates with the transœ1tting-rece1Ting 

aerial located at the origin and the cylinder located a 

distance, d, along the y axis with its axis parallel to the 

z axis. We may tsagine a square of unit cross-section 

parallel to the x-z plane and situated a unit distance from 

the origin along the y axis. The power density on this 

square will be Pr/4v. If we project raya passing through 

this s~are back to the x-z plane after reflection by 

the oylinder, we find a rectangle with x dimension 

2d(a·+ d) 
a 

and y dimension 2d, Where a ie the radius of the cylinder. 

The power density at the receiver is found directly tram 

the ratio of the area of the square to that of the 

projected rectangle. Using the symbole of the previous 

section, the power receiTed is given by, 

P.R • RpPTGTAR ( a ) , 
41r( 2d) 2 (a + d) 

Where the reflection coefficient, Rp, has been inoluded. 

Aspinall and Hawkins, using an equivalent expression given 

by Smith (81) to calculate the reflection coefficient, tound 

an electron density in the aurora of 6 x 105 a.·~. Upon 

recalculating the data of LoTell, Clegg and Ellyett, 

according to these asswœptions, they found a T&lue of 

9 x 105 cm·~. These values are slightly in excess of the 
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electron density in the nor.mal daytime ~-region, and 

approxtmately equal to that in the normal night-ttme F-region. 

~ Reflection fram a small target 

In this section we consider the power returned from 

a amall, roughly spherical reflector. If this power is 

to be detectable, and if the aize of the sphere is to be 

no larger than reasonably may be associated with an 

auroral structure (a diameter of lees than, say, a kilometer), 

the reflection coefficient at the surface of the sphere 

must be of the order of unity. Such a sphere may be 

as~ed to scatter the incident power unifor.mly in all 

directions {cf. Burrows and Attwood (13)). This problem 

is treated by first finding the power density at the 

target. The reflected power density at the receiTer 

may be found by assœœing that the power intercepted by 

the target ia scattered unifor.mly in all directions. 

This resulta in the •radar e~ation•, one form of which 

i s as follows: 

PR • PTGTA.pS , 

161T2d4 

where As is the projected area of the target and K is 

a constant, often called the •target gain•, introduced 

to allow for deviation from the ideal isotropie scatterer. 

(K = 1 for an isotropie scatterer). 

If many auch acatterers are present, we must add 
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intensities of the scattered waves. Thus, the apparent 

target area will be Just the SWD of the individual target 

are a a. 

~ Electron acattering in an extended region 

The power received from a anall element of an 

extended ionized region by the process of section 2.04 

2.08 

may be calculated by the method of the preceding section. 

This power may be converted into the corresponding wave 

amplitude or receiver voltage amplitude by the usual 

methode. The contributions of all the elements must then 

be combined by the use of the appropriate for.m of Fresnel' a 

intesral. This bas been done for the particular case of 

a long thin cylinder by Lovell and Clegg (54). Since 

their development is concerned specifically with meteor 

echoes, no attempt will be made to summarize it here; 

however, it is perhaps necessary to point out that re­

flections arising in this manner are extremely sensitive 

to the angle of incidence. The condition for specular 

refleotion must be fulfilled, if echoes of appreciable 

amplitude are to be observed. 

The calculation of power scattered by the process 

of section 2.05 involves the evaluation of the total power 

scattering cross-section for the ionized region. The 

expression given in section 2.08 may then be used to 

calculate the power recèived. However, when radar 

techniques are employed to study auch a region, only a 
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finite volœae of the region may contribute to the 

scattered power at any instant in time. In order that 

the energies scattered fram different parts of the 

region be additive they must arrive at the reeeiver 

simultaneously. If the energy is transmitted for a time, 

t, then the waves scattered by two electrons situated 

at distances r1 and r 2 may combine only if 

Since radar tranamitters are designed to transmit 

energy for only a few microseconde at a time, very 

sensit1Te eqŒipment would be necessary to detect the 

sœall amount of power scattered by this process. 
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CH.A.PT.ml II 1 

The Auroral Origin of the Radio Echoes 

3.01 Introduction -
Radio echoes occurring simultaneously with aurora 

were reported by a number of workers (see section 1.01); 

however, a close association between the two phenomena 

has not been demonstrated previously. The lack of positiTe 

evidence linking the radio reflections to the visible 

aurora has caused some confusion regarding auroral ioniza• 

tion. Many casual observations made by radio amateurs 

see.m to indicate radio reflections from visible aurora 

but it is probable that many of the instances reported 

represent reflection from clouds of "Sporadic E" 

ionization (cf. reference (85)). The folloWing sections 

of thia chapter are devoted to an examination of the ex­

perimental evidence with a view to determining whether or 

not the radio echoes have their origin in the visible aurora. 

~ Characteristics of the radar equipment 

The principal characteristics of the radar equipment 

used for this experiment may be sœmmarized as follows: 

Transmit ter: 

Fre~ency ••••••••••••••••••• l06.5 Kc/e (À= 2.8 metres) 

Peak Jower •••••••••••••••••• variable, usually about 10 kw 

PUlse length •••••••••••••••• 30 microseconde 

Pulse recurrence frequency •• l25 per second 
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Aerial array: 

Height •••••••••••••••••••••• 2À 

Width•••••••••••••••••••••••4À 

Height of centre •••••••••••• IÀ aboTe surrounding terrain 

Radiation pattern: 

Horizontal width •••••••••• ~l5o 

EleTation of prtœar.r lobe ••• maxt.um at 4.8° above horizontal 

Field of Tiew ••••••••••••••• clear Tiew of horizon except for 

the sector between 080° and 

240° (true bearings) 

Most of the ene~if radiated was contained in the prtmar,y 

lobe, so that radar obserT&tion was effectiTely ltmited 

to an angle of lese than 10oabove the horizon. The 

region in space illuminated by the radiated energy ie ahown 

schematieally in Figure 3.01. The centre of the radar 

beaœ interaected the aurora! region between 600 and 1000 

km from the radar station, ao that true auroral echoea 

were expected to oceur predominantly between these ranges. 

The aerial array rotated about a vertical axis and could 

be caused to sweep continuoualy between predeter.mined 

azimuth bearings. 

~ The radar displays 

The radar echoes were observed stmultaneously on two 

oscilloscopes. In each case the ttme base represented a 

total range of 400 km but the start of the ttme base oould 

be delayed by various fixed intervals after the occurrence 
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of the transnitter pulse. A switching arrangement provided 

delay times corresponding to ranges of o, 300, eoo and 

900 kilametrea. In practioe, auroral echoes were observed 

only on the last two range ecales {600 - 1000 km and 

900 • 1300 km). The succeeding transmitter pulse appeared 

on the last time base at an apparent range of 1200 km so 

that there was an ambiguity in range between 0 to 100 km 

and 1200 to 1300 km, but no echoes were observed at these 

ranges. 

One of the displaya was operated in the for.m of a 

~onventional range presentation. This type of presentation 

corresponds to a graph drawn with reference to a rectangular 

set of ooordinates. The base line consista of a horizontal 

line and distance along this line is proportional to range. 

The echoes are presented as vertical deflections from the 

base line, the amplitude of deflection being proportional 

to the amplitude of the received signal. 

The eecond display was a modification of the con­

ventional Plan Position Indicator (P.P.I.). In this 

presentation the trace is a faint radial line originating 

at the centre of the face of the cathode ray tube. Radial 

distance fram the centre corresponds to range. The trace 

rotates about the centre of the tube face in synchronisa 

wiih the aerial array and is intensity modulated, i.e., 

an echo producea a bright spot; its position on the face 

of the cathode ray tube corresponding to the range and 

bearing of the reflecting object. The conventional for.m of 
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P.P.I. display presenta a map or plan view of the reflecting 

objecta within range of the radar equipment, but when it is 

used with a delayed ttme base, (as in the present instance), 

the configuration of extended echoes is badly distorted. 

Bach of the presentations was displayed on a 12-inch cathode 

ray tube. Technical details of the circuits employed to 

produce these displays are given in Appendix II. 

~ Auroral photography 

In order to proTide a record of the aurora, the 8k,y 

was photographed by a remotely controlled camera. This 

camera had a lene of aperture f/1.25 and by using the 

faster cammercial films good photographe of the brighter 

auroral features could be obtained in a few seconds. 

However, exposure times as long as 36 seconds were often 

necessar,y to record the distant a~rora because of a low­

lying atmospheric haze. The camera was mounted on a 

remotely controlled turn-table and f1xed at a small 

elevation angle so that the region covered b,y the radar 

beam would fall near the centre of its field of Tiew. 

From the radar operating position the auroral camera 

could be rotated to any azimuth position, the &hutter 

opened for a predeter-mined interval and the film advanced. 

FUrther details of the camera are g1ven in Appendix II. 

~ The recording procedure 

The radar records were ts.ken in the for.m. of phetographa 

of each of the radar displays. The procedure may be summarized 
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&8 follows: The radar aerial array was caused to neep 

eontinuously through a chosen angle, uaually about 120° 

eentred on magnetie north. When eehoes were observed the 

P.P.I. camera was exposed for one sweep of the aerial 

array. At the same time the auroral camera wa.s rotated 

to an appropriate azimuth bearing and exposed. As the 

rotating P.P.I. trace swept through the echoes it was 

mo.mentarily brightened by a manually operated control 

and at the same t ime a photograph was taken of the range 

displ~. The resultant bright line on the P.P.I. 

photograph indicated the bearing corresponding to the 

range display photograph. This procedure resalted in three 

photographe, two of the radar displays and one of the 

aurora, all taken as nearly as possible at the eame time. 

Sets of photographe were taken as often as possible while 

the echoea persiated. This usually resulted in one set 

of photographe every two minutes but occaaionally rates as 

high as one set every minute were obtained for short periode. 

This experiment was one of the least productive of records. 

Even on apparently clear nights it was found that the presence 

of a slight low-lying haze interfered with aurora! photo­

graphy. In addition many echoes were observed Which only 

lasted for a fraction of a minute and these echoes could not 

be recorded using the procedure outlined above. The latter 

limitation is due to the nature of the experiment and does 

not represent a true ltmitation of the radar method for 
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auroral investisation. Transient echoes may be recorded 

and, in fact, were recorded in the course of ether 

expertments (see Chapter v). Ievertheless, some ?0 

complete sets of photographe were secured and these 

proved adequate fer the intended purpose. A typical 

set o! photographe is reproduced in Figure 3.02. 

~ Analysis of the records 

In order to eetablish a positional correspondence 

between the visible aurora and the point of origin of the 

radar echoes it was assumed that the lower edge of each 

display was located between eo and 130 km above the 

surface of the Barth and further tbat at any one time 

this height was nearly constant along the length of the 

display. Eoth these assumptions are in accord with the 

kncwn characteristics of aurcral displays. It was thus 

possible to ascertain the approxtmate range to any part 

of the auroral displ~ by measuring the angle between the 

horizon and the corresponding part of the lower edge. 

3.05 

Even though the uncertainty as to the precise height Which 

anould have been used in each case led to a relatively 

large uncertainty in range, it was possible to make use of 

the second asswmption (constant height) to deter.mine the 

configuration of the auroral display as projected on the 

IBrth's surface. This configuration could then be compared 

with that obtained from the radar echces. 
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Figure 3.02 - (a) Auroral photogra~, (b) P.P.I. photograph, 
(c) Range displ.ay photogra~, all taken at 22 hrs, 26 min 
on the night of August 15, 1949 • 
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Altitude angles corresponding to various parts 

of the auroral display were measured directly fram the 

enlarged auroral photographe. For this purpose the 

auroral camera was calibrated by photographing various 

stars while they were in known positions. The auroral 

3.06 

range was calculated for each degree in azimuth for asswmed 

auroral heights of 80, 90, 100 and 120 km. These rangee were 

then plotted for comparison with the radar echoes. Xxcept 

for the initial determination of the altitude angles the 

method used is essentially that used by Currie and Jones 

to find the directional characteristics of anroral displays (29). 

!he simplified method used to obtain the altitude angles 

in the present instance is only valid for anall angles. 

The range Which was plotted was actually the true or 

slant range. The relation between the slant range and 

ground range (range along the Earth's surface to a point 

under the display) for points situated 100 km above the 

Earth's surface is shown in Figure 3.03. The slant range 

exceeds the ground range by approximately 10 km for ranges 

between 600 and 1000 km. 

The measurement of relative bearing from the anroral 

photographe was much more accurate than the deduced range, 

whereas for the radar photographe the converse was true. 

For this reason the positional correspondence could only 

be taken as significant when the radar echoes were 

sufficiently extensive, so that they presented a distinctive 
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configuration. SUch echoes were recorded on three 

occasions when nine complete sets of photographe were 

seoured. The resulte found by analyste of these photographe 

are ahown in Figures 3.04, 3.05 and 3.06. In each case 

0° represente true north. The local magnetic deolination 

is about 20° Kast. In Figures 3.05 and 3.06(a), the 

auroral positions corresponding to two different aesumed 

heights are included and serve to indicate the sensitivity 

of the method to auroral height. In the remainder only 

the auroral curve which falls closest to the echoes is 

plotted. In figuree 3.05(a) and 3.06(a), (b) and (d), 

it was necessary to apply a bearing correction of about 

+70 to the radar echoes in order to obtain the agreement 

âhown. This wae found to correspond to an errer which 

sametimes occurred in the bearing transmission system 

between the aerial array and the P.P.I. cathode ray tube. 

The aurora plotted in Figure 3.04 was in the form of 

an arc with some structure. That in Figures 3.05 and 3.06 

consisted of active bande. The aurora of Figure 3.06 

e:xhibited much movement. 

~ Determination of the apparent height of aurora 

The records which exhibited only single or small 

groups of echoes were used in an alternative test of the 

echoes tor auroral origin. The radar ranges and the 

auroral altitude angles were deter.mined from the records 

as before. These were then combined to deter.mine the 
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apparent height of the lower edge of the aurora. If the 

reflecting centres were looated within the visible aurora, 

then the heights found in this manner should agree with 

the heights Which have been found by other workers from 

double station photographe. 

The uncertainty in the true bearing of a single radar 

echo as deter.mined from the P.P.I. photographe was of the 

order of ! 1° so that it was necessary to take 1nto account 

tne total variation of the auroral altitude angle within 

these ltmits. The accuracy of the height found was thus a 

funotion of the rate of change of the auroral altitude 

angle in the neighbourhood of the reflecting centre. 

The resulte of this analysis are sl:u:nm in Figure 

3.0? Where the detennined heights are plotted against 

range. The length of each vertical line representa 

the inaccuraoy mentioned in the preceding paragraph. 

The most precise determinations are represented by lines 

having a length corresponding to 5 km. The inherent accuracy 

of the method is well within this value. Each amall circle 

representa a more accurate determination made by the method 

of the preceding section, while the horizontal line 

associated with the circle indicates the total extent of 

the echoes in range. The lack of any consistent trend 

in deter.mined height with increasing range is taken to 

indicate the absence of any s,ystematic error in the 

determination of either range or auroral altitude angle. 
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The number of records involved hardly could represent 

an adequate sample of aurora at Saskatoon; however, the 

distribution of frequenoy of occurrence with height shows an 

excellent correlation with that found by other methode. 

A1ty and Wilson used a double station photographie method 

to find the height of aurora at Saskatoon. They found 

a similar distribution for a muoh larger number of displays 

~ich occurred during the International Polar Year of 

1932-33 (1). Both these distributions are plotted in 

Figure 3.08. In plotting the frequency distribution 

for the radar method eaoh determination was given the same 

weight, and a height increment of 5 km was used. 

It should be noted that the height found by this 

method can be only the height of the lo~er edge of the 

visible aurora and need not bear any relation to the 

height of the retlecting region. It was assumed implicitly 

that the range to the retlecting region and that to the 

lower edge of the aurora differed by a negligible amount. 

~ Conclusions 

The evidence presented in the preoeding sections 

indicates that the echoes were closely associated with 

the visible aurora. The direct evidence refere only to 

positional correspondance in a two-dimensional sense. 

The determination of the height of reflection will be 

discussed in Chapter IV eince it is closely related to 



160 

140 

-. 120 
E 
~ 
............. 

+-.r; 
0'\ -
Q) 

:c 

1 ~ 
!OC 

80ï ..___ 
~Radar- photographie method 

60 

'-._Double station photographie method 

Relative Number 
Figure 3.08 - Distribution of frequency of occurrence with height as round 

by Alty and Wilson (double station photographie method) and as round by 
the radar-photographie method. 

1 

~ 
w 
1 



-44- 3.08 

the proble.a Whioh is treated there. In the meanttme, 

however, it is worth noting that the approximate height 

of reflection may be inferred from Figure 3.0?. The 

eohoes were distributed in range about the point Where 

the principal maximum of· the radar beam interseoted 

the 100 km level. The extensive eohoes were ooncentrated 

near this point. This distribution indicates that the 

reflecting region was located about lOO km above the 

surface of the earth. It is not possible to infer the 

thickness of the reflecting region from resulte of this 

experiment but it is evident that the reflecting centres 

must have been looated within or just below the visible 

aurora. 

In order to measure range the radar equipment measures 

the time elapsing between the transmission of the electro­

magnetic energy and the reception of that portion of it 

which is refleoted by the distant target. The range is 

derived by asswœing that the velooity of propagation of 

the energy is constant and equal to its free space value 

(3 x lolO am sec-1). The fact that the radar rangea 

measured in this experiment appear to have been the 

true ranges to the auroral structures indicates that 

there was no appreciable retardation of the wave during 

its passage to and from the aurora. 

~ Subsidiar.y reB1lts 

Radio reflections are well suited to the study of 
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the occurrence and motion of active auroral displays. 

In eoœe respects they offer a distinct advantage over 

photographie methode. Rapidly moving aurora is difficult 

to record photographically but may be studied by the 

radar method. Double station photographe of distant 

aurora yield aecurate resulta only When the two stations 

are separated by a great distance. The same information 

may be obtained by combining radar observations with 

single station visual or photographie records. 

The movement in range of auroral structures is 

evident in Figures 3.04, 3.05 and 3.06. While the for.m of 

the records was not the most suitable, it wae possible 

also to asoertain the apparent vertical motion of particular 

structures over significant periode of ttœe. Three such 

instances are Sbown in Figure 3.09. The auroral heights 

were derived by the method of section 3.07. In each case, 

the records involve the same structure over the periode 

shown, although in Figure 3.09{b) the band faded for a 

Short interval about the middle of the period. 
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CHAPTBR IV 

The Reflection Process 

!LQ! Characteristics of auroral echoes 

Typical range display photographe of auroral eohoea 

are reproduced in ~igure 4.01. The eehoes Show a multiple 

fine structure which suggests that they are caaposite 

echoes arising from a large number of indiTidual reflecting 

centres. The indiTidual components vary rapidly in 

amplitude, as might be expected if the refleeting centres 

were continuously being for:med and diseipated. The 

surfaces of the reflecting centres would thus be in motitJn.~· 

relative to one another and the waves renected from 

different centres would interfere in a complicated manner 

giTing riae to the amplitude fluctuation. The echoes are 

also characteristically triangular in shape. The triangle 

has a narrow base when the radar beam is directed at right 

angles to the length of the auroral display and a wide 

base w.hen the beam makes a amall angle with the display. 

This ia apparently due to the fact that in the first case 

all the reflecting centres are at approximately the sruœe 

range whereas in the second the radar beam illuminates 

reflecting centres widely distributed in range. The 

horizontal radiation pattern of the radar beam has a 

central maxtœum and the power falls off unifor.mly on 

either aide. Thus, When the beam makes a small angle with 

the length of the display, the weak extremities of the 

echo may be associated with the weak edges of the beam 
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Figure 4.01 - Typical photographe of the range display showing 
aurora! echoes. 'lhose in the left haad.. col't.lllD were taken 
wit~ long exposures to show the outliD• of the echo, whereaa 
the others were taken with short exposures to show the fine 
structure. 



and the central maximum of the echo with that of the beam. 

Radar echoes were not observed at this frequency 

frœa all auroral displays. Echoes were usually observed 

when the aurora exhibited seme structure and was moderately 

bright, but same echoes were observed that apparently 

originated in weak aurora. The presence of structure 

seemed to be more important than the visible brightness 

of the display. The duration of the echoes was variable 

between wide limite and rarely coincided with that of the 

display itself. The echoee usually appeared and die­

appeared many times at different bearings during the 

course of the dieplay. Persistent echoes were obtained 

from stable auroral arcs and sporadic echoes from the 

more active for.ms. The duration of ~rions auroral echoes 

may be noted frcm the eontinuous recor4s reproduced in 

Chapter v. 
~ Echoes arising from aurora in the west 

A tew echoes arising from aurora in the west were 

observed. These echoes were not recorded but, because of 

their importance in the discussion to follow, they are 

described here. The observations were made during two 

nights when the auroral dieplaye were particularly intense 

and various auroral. structures were frequently overhead. 

During the observations the radar operator was in telephonie 

communication with an observer situated eo that he had a 

clear view of both the Bk,y and the radar aerial array. 
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In particular, the observations concern occasions wben a 

ray arc passed nearly oTerhead and extended to the western 

horizon in an unbroken curve. Usually no echoes were 

received fram the extremity of auch an arc, but short 

echoes were observed when the arc developed a sharp 

bend near the horizon. These echoes were observed at 

aztmuth bearings between 280° and 290o and at ranges 

between 700 and 800 km. Similar observations could not be 

made on the eastern ends of the displays because various 

buildings limi ted the view of the radar equipnent and of 

the Tisual observer. 

!LQA Atmoapheric refraction 

We digress for a mament to diseuse the effect of at• 

mospheric refraction on the radar measurements. The subject 

of refraction of radio wa?es in the lower atmosphere has 

been disoussed theroughly by Burrows and Attwood (14, 15, 

16, 17,). The index of refraction, n, of the atmosphere 

ie giwn approximate1y by, 

(n - 1)10
6 

• AE - ~ + Be 
T 'l' Ti 

where, p- barometric pressure (millibars)l 

e • water vapor pressure (millibars) ; 

T • temperature ( o.t<:) ; 

A• 79; 

B • 3.8 x 105; 

D= 11. 
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It is custamary to diseuse the modified index of 

refraction, K, given by 

where 

» • ~(n- 1) + ~~10~ , 

h • height of point considered; 

a = radius of the Rarth. 

For the •standard• atmosphere, i.e., the average atmoephere 

for the middle latitudes, M decreasee linearly with height 

and, to a good approximation, is given by 

where 

(M - M0 }1o·6 • h_, 
ka 

M0 • value of M at the surface of the Earth; 

k • 4/3. 

Rays leaving the transmitter at low angles are actually 

ourved but for the purpose of calculation may be replaced 

by straight rays if the radius of the Earth, a, is replaced 

by a modified radius, ka. This method of calculation may 

be used with confidence for the region of the atmosphere 

extending up to about 10 km above the Earth's surface. 

For the part of the atmosphere between 10 km and lOO km 

there is a paucity of reliable data fro.a which to calculate 

the index of refraction; however, at least for the upper 

region it is certain that the density is sc low and the 

index of refraction so near unity that refraction is ver,y 

slight. 

For the purpose of this thesis, calculations dependent 



upon refractive effects were made twice -- once assuming 

that the standard atmosphere existed up to the 100 km 

level and again neglecting all atmospheric refraction. It 

is assumed that the correct reeult lies somewhere between 

the two. In this respect it may be noted that for a ray 

leaving the E&rth tangentially and reaching the lOO km level 

almost l/3 of its path length lies below the 10 km level. 

Thus, if there is no anomalous refraction near the 80 km 

level, (Which is unique in so many ways), a mean between the 

two calculated values may well be a close approx~ation to 

the true value. 

4.04 Height of·reflection 

The approxtmate height of reflection was mentioned 

in section 3.08. That determination was dependent upon 

a knowledge of the angular position of the primary lobe 

maximum in the radiation pattern. The positions of the 

maxima of several of the lower lobes were calculated by 

simple theory in order to find their approximate positions. 

Arrangements were then made to have an aircraft fly at a 

constant height (20,000 ft) and constant bearing. The 

amplitude of the echo returned from the airoraft was 

plotted against range giving a graph which exhibited max~ 

oorresponding to the maxima in the radiation pattern. The 

angular positions of these maxima were then established 

from the geometry of the situation. Since the echo arose 

in the lower atmosphere refraction was taken into account 
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in the determination. 

Ideally, each lobe of the radiation pattern should 

exhibit a single maximum and the power should fall uniformly 

to zero above and below the maximum. However, when a 

large aerial array is situated close to the ground, the 

finite aize of the array and local irregularities in the 

terrain give rise to interference effects which may cause 

irregularities in the outline of the lowest lobe. tt 

was evident that if a distinctive irregularity could be 

found in the radiation pattern it could be used to 

deteDBine the height of reflection. 

The frequency of occurrence of echoes wa.s plotted 

against range :for varions aztmuth sectors. Since aurora! 

photographe were not needed, many more records were available 

for this purpose then for the analysis of the previous 

chapter. The graph for echoes obtained in the sector 

350° - 0100 is given in Figure 4.02(a.) and shows a distinctive 

mintmum at about 875 km range. An aircraft flight was 

arranged to measure the radiation pattern in this sector. 

The radar cross-section of an aircraft is ver,y sensitive 

to aspect so that it was essential that the aircraft 

maintain a constant course as well as a constant altitude 

during the flight. The success of the experiment was due 

largely to the skill of the aircrew. Two flights were 

made, one at an altitude of 10,300 feet and a.zimuth bearing 

of 003°, the second at an altitude of 9,300 feet, the course 
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Figure 4.02 (a) - Frequency of occurrence of auroral echoes 
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Figure 4.02 (c) - Data of (b) projected to lOO tm leval. 
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being the reciprocal of the first. The data from 

the second flight was projected geometrically to the same 

height as the first and the two sets of data were then 

averaged. The resulting graph of echo amplitude versus 

range is given in Figure 4.02(b). Figure 4.02(c) Shows 

the same data projected to an altitude of lOO km, 

refraction being neglected. The signal amplitude varies 

as the inverse s~are of the range (the intensity varies 

as the inverse fourth power). This variation was included 

in the calculations involved in projecting the data to 

the higher level. There is •ualitative agreement between 

this graph and that of Figure 4.02(a), but since small errors 

in close range measurements in Figure 4.02(b) are greatly 

accentuated in Figure 4.02(c), no attempt was made to 

obtain a positional correspondance between all the 

features of the two graphs. Instead, the minimum at about 

855 km range in the latter graph was identified with 

that at 875 km range in the former. This minimum was 

found to correspond to an angle of 3.6° above the horizontal 

(we refer here to the ray which leaves the radar station 

at this angle, its inclination may be changed by refraction). 

For a standard atmosphere extending up to the reflecting 

region the height of reflection was found to be 98 km 

above the surface of the Earth. When refraction was 

neglected the corresponding height was 114 km. The 



inaccuracy of the measurement is probably somewhat lees 

than the difference between these two values. 

The height of reflection, as found in this section, 

is in good agreement with that found in section 3.08 

but the greatest value of the determination is to Show 

that there was a disorete level from which the auroral 

echoes arose. If the echoes hadarisen from all levels 

within the auroral structures no such determination would 

have been possible. Evidently the height was constant 

for most of the displays which were observed. 

The heights of reflection found by ether workers are: 

Lovell, Clegg and Ellyett (55) 480 km; 

Herlofson (49) 200 km; 

Aspinall and Hawkins (S) 100 - 320 km. 

~ A distinguishable characteristic of the reflection 

mechanian. 

The various processes by which auroral echoes 

might arise were summarized in Chapter II. Of these it 

was pointed out in section 2.09 that electron scattering 

was a most improbable ohoice. There remaine, then, 

partial reflection from a plane turface, partial reflection 

from an extended cylindrical surface and scattering by 

a small body. It is not possible to differentiate between 

these processes by measuring the power returned to the 

receiver, but echoes of detectable amplitude will result 

from the first two processes only when the condition for 
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specula.r reflection is fulfilled. If reflection t.a.kes 

place a.t an extended plane surface, echoes will be det.ectable 

in only one direction, namely, along the nor.mal to the surface. 

Echoes which arise fram an extended cylindrical surface 

will only be detectable in the plane at right angles to 

the axis of the cylinder. A sm.a.ll scattering centre will 

give rise to echoes When viewed from any direction. 

A directive rotatable a.erial array is an adequate tpol 

for distinguishing between these processes. 

Since echoes were reoeived a.t widely differing 

aztmuth bearings from the same aurora! display, reflection 

from a plane surface may be discarded without further 

consideration. Before discussing the second process in 

detail we must give some th~~ght to the direction in 

space along which the cylinders may be assumed to lie. 

If the reflecting cylinders are to be closely aeaociated 

with the auroral structures, they must have the same 

orientation as the aurora! raya. It is well esta.bliehed that 

these rays follow very closely the lines of force of the 

Earth's magnetic field. The problem has been investigated 

by various workers during the laet hundred years. The 

resulta obtained have been summarized by Vegard (86). A 

series of measurements made by Vegard and mrogness (88, 89) 

during the early part of this century establ1Bhed that 

aurora! rays usually point to a position on the celestial 

sphere lying about 1° below the magnetic zenith, i.e., 



the angle between the auroral ray and the oorresponding 

undisturbed magnetio line is about 1°, both the ray and the 

magnetic line lying in the plane of the magnetio meridian. 

Examination of the angle between the direction of wave 

travel and the magnetio field, for the regions from whioh 

echoes were observed, ehould reveal the condition for 

specular reflection. if the reflecting surfaces were 

actually cylinders. 

4.06 The magnetic field near Saskatoon 

In this section we are interested in finding the angle, 

e, between a ray which leaves the radar station at a 

speoified angle of elevation and the magnetio line whioh 

it intersecte at a speoified location. If the ray leaves 

the radar station at an angle of elevation, v, and an 

azimuth bearing, A, then from the geometr.y of the situation 

we obt•in 

cos e • coe I oos(D- A) oos(R +V) - sin I sin(R +V), 

where 
I • angle of inclination of the magnetic field; 

D • angle of deelination of the magnetie field; 

R • range angle, i.e., the angle subtended at the 

centre of the Earth b,y the arc of the great 

oirole joining the radar station to the point 

under investigation. 

This expression may be modified to include the effect 

of refraction in a standard atmosphere by substituting R' 
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for R Where 
R' • 3R. r 

The data concerning the magnetic field of the Earth were 

taken from the detailed maps given by vestine (91) for the 

epoch 1945.5. The calculatione were carried out in two 

different ways. In the first instance the elevation angle 

of the radar ray was fixed at 4.8° (to coincide with the 

first maxtmum of the radiation pattern) and the angle, e, 
was calculated for a representative number of points 

in the area from which the echoes were observed. These 

resulte were then used to draw a map showing lines of 

constant a. This map is reproduced in Figure 4.03. The 

calculations included the effect of refraction since this 

yielded resulte more favourable to the asswnption that 

the reflectors were cylinders with their axes parallel to 

the magnetic field. The effect of neglecting refraction would 

have been to increase the value of e for all points on the 

map. It may be seen that the condition for specular re­

flection (9 • 90°) is not fulfilled for any point at a 

range greater than 600 km, the minimum range of the 

observed auroral ecboes. In fact, powerwas radiated at 

elevation angles lees than 4.8°. From aircraft data we 

may set the lowest angle at which appreciable energy was 

radiated at about 2.5° below the maximum. The condition 

for specular reflection could then be fulfilled for all 
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points having e lese than 92.5°; however, this would 

place the height of reflection considerably below lOO 

kilometres. 

The region from Which echoes were obtained is Bhown 

on a aap drawn to the same ecale in Fig. 4.04. Xach line 

on this map indicates the position and extent of the 

echoes present on a single record, although the echoea 

were not necesaarily continuous along the whole length 

of the line. 

The second method of calculating the angle, e, 
made use of the knowledge that the reflecting centres were 

close to the lOO km level. The height of reflection was 

fixed at lOO km and the elevation angle of the ray from 

the radar station was allowed to va.r.y from point to point 

in accordance with this condition. The map Showing 

linea of constant e calculated in this manner is given in 

Figure t.05. In order to interpret t~is map it is not 

necessary to use our knowledge of the radiation pattern. 

The effect of refraction in a standard atmoaphere is again 

included in Figure 4.05. The approximate effect of 

disregarding refraction, aa well as that of altering the 

height of reflection, may be inferred from Figure 4.06. 

In this figure R + V is the angle of inclination (with 

respect to the horizontal) of the ray from the radar station 

to the reflection level, measured at the reflection point. 
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This angle is plotted against range for three different 

reflection levels for a standard atmosphere ( solid lines) 

and again disregarding refraction (broken lines). 

In Figure 4.05 the position of the auroral zone, 

after veetine (90), is also plotted. The lowering of 

the magnetic zenith during auroral displays would tend to 

reduce the value of e. particularly in the direction of 

the magnetic meridian {about 200 uimuth bearing) but 

even when this effect ie ta.ken into account, the condition 

for speoular refleotion apparently is not fulfilled for 

any part of the region and certainly is not fulfilled over 

the whole region from which echoes were obtained. 

~ The angular limita of the reflected energy 

In section 4.05 we saw that the eleotromagnetic 

energy was scattered uniformly in all directions in the 

horizontal plane. An tmportant clue to the nature 

of the refleoting centres is given by the echoee from 

aurora in the west (section 4.02). These echoes must 

have arisen in the region where the angle between the 

ray from the radar station and the direction of the mag­

netic field was at least 1000 and probably somewhat greater. 

This means that the angle between the incident and 

apeoularly reflected rays was at least 2oo. The scattered 

radiation probably was distributed ~etrically about the 

specularly reflected ray, i.e., the scattered power was 



-66-

distributed fairly unifor.mly through a vertical angle of 

at least 40°. Obviously, no great error ie involved in 

assuming that the echoes arose from scattering centres 

Which behaved as isotropie scatterers. At this point in 

the argument it is not neoesear.y to decide whether the 

scattering centree acted in this manner beoause of their 

Shape (large approximately spherioal volumes) or their aize 

(anall volumes of indefinite Shape). 

~ The total scattering cross-section 

The scattering cross-section represented by the ob­

served echoes may be calculated from the expression given 

in section 2.0?. The approximate values of the necessar,y 

constants are, 

Aerial gain - 100; 

Transmitter peak power - 10 kw; 

Iinimum detectable signal - 2 x 10•14 watts. 

The minimum cross-section which is deteotable at 800 

km range is found to be about 1.6 x 104 metre2. The cross­

section corresponding to the largest obeerved echoea (which 

saturated the receiver) must have been at least 100 times 

as great as this value. Since all the echoes Show the 

characteristio fine structure mentioned in section 4.01 

the calculated cross-section representa only the total 

cross-section of &11 the scattering centres which contribute 

tc the echo. 

It is interesting to note that if a power reflection 
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coefficient is calculated for the observed echoes by the 

metnod used by Aspinall and Hawkins, many values are obtained 

which are ten times as great as the one which they reported. 

If the echoes arose in the manner which they suggest, the 

reflection coefficient Should be inversely proportional to 

the fourth power of frequency, i.e., the reflection 

coefficient which they found should be four ttmes as great 

as our value for comparable auroral structuree. 

iLQ2 The free electron density 

From the discussion presented in the preceding sections 

we see that no volume of ionization which reasonably may 

be associated with auroral structures could scatter the 

.incident power over large angles and still return the 

observed amount of power to the receiver, unless the 

reflection coefficient for the volume were of the order 

of unity. The minimum value of the free electron densities 

corresponding to the observed echoes may then be calculated 

from Equation VI, Appendix I. The density is found to be 

108 free electrons per cubic centimetre. This value 

is considerably in excess of the densities which occur in 

the ùndisturbed ionosphere. The maximum ionization of the 

daytime F•region is about 106 cm•3. 

~ Amplitude records and pulse length experimenta 

Several continuous records of the amplitude of 

individual echoes were obtained. For this experiment the 

tranaœitter pulse length was changed rapidly from 20 
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microseconde to 40 microseconde and back again by a 

motor•driven switch Which operated 30 times a second. 

The echo amplitudes corresponding to each of the transmittet' 

pulse lengths were displayed separately on a cathode ray 

tube and recorded on continuously moving film. 

The experiment was performed in the hope that if only 

a few scattering centres were eimultaneously contributing 

to the echo, the amplitude records correeponding to the two 

pulse lengths would Show quite different variations with 

time. In fact, the records ahow a random fluctuation in 

amplitude at a rate too high to be measured with a 

switching frequency of 30 cycles/sec. 

The pulse length was also varied manually between the 

limite mentioned above, while the echoes were observed 

vieually. Even small isolated echoes seemed to show a 

uniform increase of amplitude with increasing pulse length. 

Since the bandwidth of the receiver was 2 Mc/s, the 

attenuation suffered by the shorter pulses in passing 

through the receiver would not be appreciable. The 

observations are interpreted, therefore, as indicating 

that each echo was due to a large number of scattering 

centres. The effect described in the latter part of 

section 2.09 would account for the observed variation of 

echo amplitude with pulse length, if the scattering centres 

were distributed in range over more than say 5 km. 

Single, isolated vol~es of ionization capable of 
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reflecting 100 megacycle waves undoubtedly exist during 

auroral displays but since they were not detected we must 

conclude that they do not reach a size sufficient to be 

detec~ed by the apparatus which was used. Only when a 

number of these volumes were situated close together did 

4.10 

they give a detectable effect. Increasing the sensitivity 

of the apparatus would decrease the number of reflecting 

centres necessary to produce a detectable echo until, finally, 

a simple echo arising from a single reflecting centre 

could be observed. Such an observation would be of great 

value in deter.mining the aize of the individual reflecting 

centres. 

4.11 Considerations concerning the aize of the reflecting 

centres 

The smallest observed echoes correspond to a total 

cross-section of about 2 x 104 metre2 {section 4.08), 

but apparently this cross-section corresponds to several 

individual scattering centres. It is not unreasonable to 

assume that each scattering centre consiste of a volume 

of ionization only a few metres across. The large echoes 

may arise either by an increa.e in the number of 
1 

reflecting volumes or by an increase in their size. 

In any case it would seem that ~~ey represent considerably 

smaller volumes than that occupied by the visible auroral 

stTuct~res. Gartlein has examined auroral structures with 
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the aid of field glasses (40}. In particular, he noticed 

that the individual rays of ray arcs were made up of a 

multitude of very fine rays which were in continual motion, 

and continuously appeared and disappeared. It is logical 

to associate the reflecting volumes with the individual 

components of this fine struct~re, rather than with the 

gross structure visible to the unaided eye. 
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Details of the Reflection Process 

5.01 High-angle observations 

The aerial array used in the experimenta alreaQy 

described radiated most of the energy at low altitude 

angles. In order to extend the observations to higher 

angles a new aerial array was built. The aerial con• 

sisted of fifteen colinear, half-wave elements mounted 

5.01 

at a distance of one-quarter wavelength above a refleeting 

screen, and produeed a fan-shaped beam passing through 

the zenith. The angular dtmensions of the beam were 

about ? 0 in the east-west plane and about 140° in the 

north-south plane. The major axis of the begm lay along 

the magnetie meridian so that it encountered the auroral 

displays at right angles to their length. Two views of 

this aerial array are reproduced in Figure 5.01. 

It was not possible to use an aircraft to measure the 

radiation pattern accurately but the calculated position 
' 

of the beam in epace was confirmed by the simultaneous 

observation of meteor trails and their radar echoee during 

the Perseid meteor shower of 1950. 

The fixed aerial array was operated during a number 

of auroral displays occurring at various altitude angles 

between 20° and 90° but no auroral echoes were observed. 

In view of this result, an attempt was made to observe 

auroral echoes from the second lobe of the original aerial 
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Figure s.ol - The aerial array used for 
higb.-angle observations • 
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array. The maximum of this lobe is inclined at about 

14.~0 above the horizontal. The aerial array was tilted 

back 10° from the vertical so that approximately the 

5.01 

same power was radiated into each of the first two lobes. 

With this arrangement auroral echoes were still observed 

from the first lobe (4.8° elevation) but none from the 

second. This left a region of the sky between 7.5° and 

about 13° which could not be investigated. 

At first sight the lack of auroral echoes from the 

higher altitude angles would seem to indicate that the 

vertical angle througn Which the power was scattered by the 

auroral reflecting centres was very limited. However, 

calculations similar to those of section 4.06 •how that if 

the direction of the magnetic field were the critical 

parameter the lack of echoes from the north at 13° 

altitude would not be consistent with the presence of 

echoes from the west at 50 altitude. We therefore must 

look for an effect which is dependent primarily on the 

altitude angle in order to explain the observations. 

~ Atmospheric absorption 

In this section we will diseuse the effect of 

atmospheric absorption on the reception of radio echoes 

from aurora. The power absorption coefficient, K, is 

given by (Equation VIII, Appendix I). 

K • 4v Ne2 ( fe ) 
0 m (0>2 + fo2) 



where fe is the frequency of collision between an electron 

and atmospheric molecules. 

In order to evaluate the power lost it is necessary 

to know f 0 and N for all points on the wave path. The 

collision frequency is given by 

where, 

f 0 • anv , 

a= effective collision cross-section (cm2); 

n • numerical molecular density (cm-3); 

v • mean electronic velocity (am sec•l). 

The appropriate collision cross-section is the one 

which includes only processes which remove energy from 

the electron, i.e., ionization and excitation. The 

inelastic cross-section of nitrogen molecules for collision 

with low velocity electrons was discussed by Francis and 

Jenkins (38). From their discussion it appears that an 

appropriate value of the cross-section for the calculations 

is about 3 x 1o·l6 cm2. The molecular densities at 

various heights were taken from the extensive tables pub­

lished by Grtmminger (45). 

There is some doubt as to the appropriate value for 

v; however, the collision frequencies as a function of 

height were calculated for three different values of v 

and the resulting curves are plotted in Figure 5.02. The 

concept of temperature as applied to the ionosphere has 

been discussed by Mitra (67), who concludes that the 
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normal ionosphere is in thermal equilibriœm. Scott has 

indicated his agreement with this conclusion (78). On 

the other hand, the experimental resulta of Riefman and 

Dow indicate that the electrons in the ~·region are not 

in thermal equilibrium with the other atmospheric 

constituent& (?6). Petrie has discussed the concept 

of temperature as derived from spectroscopie observation 

of aurora and pointed out that since thermal equilibrium 

does not exist in the aurora the distribution of velocities 

is not Maxwellian (?1). Lacking a knowledge of the 

distribution of electronio velooities we may define a 

temperature for our present purpose by the kinetic energy 

relation, 

where, 

mv2 • .2 kT , 
2 2 

k • Boltzmann's constant; 

T • electron temperature(~); 

v • effective velocity of the electron; 

m s mass of the electron. 

Barbier has deduced a value of approximately 30,000 ~ 

for the electron temperature in the aurora (7). The 

highest value that this temperature is likely ;o have may 

be deduced in the following manner, after a suggestion made 

to the author by Dr. Petrie. If the ionizing partiales are 

protons (see Chapter VI) they will lose about 36 electron 

volts energy per ionizing collision (43). The ionization 
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potentials of atmospheric constituents are about 15 volts 

so that the maximum energy of the ejected electron will 

be about 20 ev corresponding to a temperature of 1.6 x 10 5 ~. 

A lower limit of about 3,500 ~may be inferred from the 

rocket measurements of the undisturbed E-region made by 

Riefman and Dow (76). The curves of Fig~re 5.02 correspond 

to these three values of electron temperature. 

Typical curves showing the variation of the power 

absorption coefficient, K, with height and wavelength 

are reproduced in Figure 5.03. The quantity plotted is 

K/N or the absorption coefficient per unit electron 

density. The curves co1respond to an electron energy of 

20 ev. The region to the left of each peak is character­

ized by the condition fe ) oo. Booker has pointed out 

that appreciable reflection does not occur in auch a 

region (11). Obviously, if appreciable ionization existe 

below the height of maxtmum absorption, a vertically 

directed wave will suffer large attenuation both before 

and after reflection. This consideration undoubtedly 

explains the "fade-outs• which occur during auroral 

di splays for the frequencie s at which ionospheric equip• 

ment normally operates. 

The total attenuation suffered by a wave may be 

expressed in the form, 

A z 10 1nPo = 10 4v[xwe2 ( fe ) dx , 
W P 2.3 ;- o -;- (oo2 + fc2) 
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w.here A is the attenuation expreesed in decibels and x 

is the distance measured along the ray path. Since there 

is no appreciable wave retardation during the reflection 

procees {see section 3.08) the ionization must be confined 

to the region close to the auroral display. In this region, 

for the particular case of nearly horizontal rays, f 0 , 

is almost constant along the ray path. we may, therefore, 

take all quantj.ties except Nd:x outside the integration 

sign and the attenuation is dependent only ~n the total 

number of electrons encountered by each square centimetre 

of the wave front. 

We may consider each reflecting centre to be surrounded 

by a sheath of electrons and we are concerned with the 

attenuation BUffered by the wave in traversing this sheath 

before and after encountering the reflecting surface. 

Diffusion in the normal ionosphere waâ discussed by 

}!'erraro { :33, 34), but his conclusions are of little value 

in the present instance. While the precise form of the 

electron di ~:nri but ion assumed for the sheath makes li tt le 

difference to the argument, we may assume that the 

electron density as a function of distance from the reflect­

ing surface is given by, 

N = N0 e•X/D , 

where D is a constant Which we shall call the "sheath 

thickness". N0 is, of course, the critical electron 
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density given by Equation VI, Appendix I. SUbstituting 

this value into the expression for attenuation, perfor.ming 

the integration and remembering that the wave makes two 

transits of the sheath, we obtain, 

which may be 

A • 20D f 0 ( m2 ) , 

2.3c (œ2 + f 0 2) 

written in the form, 

D • 2.3c ( 1 + fc2) -A • 
20 f 0 ( 0)2 ) 

Since the expression is only of interest when œ) f 0 , 

the second ter.m in the brackets may be neglected. This 

expression is plotted in :Figure 5.04 for the three values 

of electron temperature. The ecale on the right of the 

figure indicates the lowest point on each curve which is 

valid for any particular frequency, i.e., the point at 

which f 0 • œ. The figure shows the sensi ti vi ty of attenuation 

to height and sheath thickness. By w~ of illustration, 

assuming the middle curve is appropriate tc auroral con­

ditions, echoes may not be expected from a he1ght lese 

than lOO km at a frequenoy of 500 kilocycles. At h1gher 

frequencies the value of D/A at this he1ght is 103, so that, 

for example, the attenuation would be 1 db if the sheath 

thickness were 10 metres or 10 db if the Sheath thiokness 

were 100 metres. It is evident that eohoes may only be 



r 

10 

1 

- 81 -

ABSORPTION OF 
AURORAL ECHOES 

T= 1-6 x 105 °K 
r----

(20 e.v.) 

T;; 30,000 °K 

60 

D = Sheath Thickness (cm.) 

A =A ftenua!ion (db.) 

80 100 

Heiqht (Km.) 

.figure 5.04 

120 140 



·82-

expected from the lower portion of an auroral dieplay 

when the sheath thickness is small, i.e., the electron 

density gradient is high. 

~ Auroral ionization 

The va.riation of the light emi tted by the aurora as 

a function of height has been discuseed extensively by 

Harang (46, 4?). He showed that there were three factors 

which favour a maximum emission of light near the lower 

edge of the displays: 

5.02 

(a) The atmospheric density decreases almost ex­

ponentially with increasing height so that incoming particles 

would suffer more collisions at the lower edge of the 

dieplay than at the top. 

(b) The collision cross-section of most charged 

particles is known tc increase with decreasing velocity 

(see, for example, the observations of Geiger and 

Rutherford(??)). 

(c) The incoming particles spiral around the 

magnetic linee of force and the convergence of the magnetic 

lines will eventually cause the particles tc execute a 

great many revolutions at nearly constant height and then 

return to outer space. 

Vegard has suggeeted that the spiral nature of the 

orbita is very important in detennining the luminosity­

height curve of the aurora (8?, 88). While (b) and (c) 

can not, in general, operate simultanecusly all these 



effects tend to cause a very rapid increase of auroral 

luminosity with decreasing height. Vegard and Harang 

have each suggested that the ionization distribution 

and the luminosity distribution are closely similar. In 

any case, we should expect the electron density within the 

display to increase rapidly with decreasing height. 

There are two additional factors which should be 

considered with respect to auroral ionization: Firstly, 

etudies of radio echoes from meteore made by McKinley and 

lUllman ( 5'7) and of the fading of radio echoes from the 

ionosphere (see references 12, 5'7, 68, 69, '70, ?4) show 

that the upper atmosphere has a discrete structure. It is 

not known whether this fine structure comes about by reason 

of den si ty variations or by seme parts of the ionosphere 

being more easily ionized tban othere, but it is reasonable 

to assume a similar structure for the auroral ionization. 

Secondly, the lateral diffusion of electrons will be 

inhibited by the Earth's magnetic field. Such an effect 

has been mentioned by Johnson (52) with respect to meteoric 

ionization and Ferrare has po:i.nted out that this effect will 

only be present for reg1ons l'ihere the collision frequency 

is lese than the gyro frequency of the electrons in the 

magnetic field (33). 

We may visualize the auroral ionization as consi eting 

of many columns, each colum.n lying along a magnetic line. 

The electron density increaees rapidly toward the bottom 
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but nevertheless shows a discrete str~cture. The lateral 

electron den si ty gradient of the column i s high be cause 

of the magnetic field. At a certain height, h0 , near the 

bottom of the column the collision frequency is of the 

same order as the gyro frequency (about 1.6 Mc/s) and 

below this height the electrons are free to diffuse rapidly 

in the lateral direction. This resulta in a region of 

low electron density gradient, and high collision frequency, 

which is, according to the preceding section, an absorbing 

region for radio waves. A schematic diagram of a vertical 

section through auch a column is reproduced in Figure 

5.05. We may further identify one or more reflecting 

centres with the region just above he and thus obtain a 

simple explanation for the apparent constancy of the 

height of reflection. 

We may find an approximate value of he from Figure 

5.02, although the electron collision frequencies ehown in 

this Figure should be increased slightly to include the 

effect of elastic collisions. The curve for T = 30,000 ~ 

gives a height, h 0 , equal to about 104 km. The upper and 

lower curves give heights about 10 km above and below 

this value. The agreement between he found in this 

manner and the height of reflection as found in Chapter V 

i s excellent. 

It is not possible to estimate the dimensions of the 
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refleoting and absorbing regions with any degree of 

aoouraoy but again we may note here that the lateral 

dimension of the refleoting region need be only a few 

metres in order to satiefy the experimental observations. 

~ A suggested explanation of high angle observations 

While the configuration of aurora! ionization is 

probably muoh more oomplioated than we suggested in the 

preceding section, we may use that picture to explain 

the high angle observations. If the reflecting region 

is oonfined to the region of highest electron density 

(just above h0 ) then rays approaching at angles well 

above th' e h 1 t 1 il b t d f hi or zon a w 1 e preven e rom reac ng 

it by the lateral extension of the absorbing region. 

The geœnetr,y of the situation is represented in Figure 

5.06(a). In this figure, 

z • vertical extension of the screened region above he; 

b • lateral extension of the absorbing region; 

V • altitude angle of the ray for the radar station; 

h = height of refleotion, very nearly h0 ; 

r • radius of the Earth; 

R = range angle of the aurora. 

Evidently, S=R+V 

and z = b tan s. 

In Figure 5.06(b) the variation of the screening 

funotion, z/b, with range is represented. While the effect 

of refraction is not great it bas been inoluded in this 
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Figure. The portion of the sky which was investigated 

without receiving auroral echoes corresponds to ground 

ranges between zero and about 270 km. Echoes were 

obtained at ranges greater than 600 km. The portion of 

the Sky corresponding to the intervening ranges was 

not investigated. 

5.04 

We may also use the suggested electron density 

configuration to explain the occurrence of echoes fro.m 

aurora in the west. When the arc was in the for.m of a 

smooth curve extending to the horizon in the west the 

radar beam encountered the display in a direction 

parallel to its length. For this situation we may 

visualize each reflecting centre as being screened from 

the radar beam by the absorbing regions associated with 

neighbouring reflecting centres at closer ranges. 

Evidently no echoes would result. On the other hand, 

when the display exhibited a Sharp bend away from the 

length of the display, the reflecting centres in the bend 

would be exposed to the radar bearn and give rise to the 

observed echoes. 

5.05 Range~time records 

A number of records were obtained of the variation 

of auroral echoes with time. Same of the recoœds 

were made by causing the radial time base of the P.P.I. 

oscilloscope to rotate at a constant velocity while the 

aerial remained stationary. The camera was exposed for 



the du.ration of one cycle of the time base (6.25 minutes). 

Other records were taken with a separate oscilloscope 

u.sing a vertical, intensi ty modulated trace. The time 

base in this case corresponded to a range of 150 km and 

could be delayed by various intervals so that echoes 

oco•rring at any range could be displayed. The oscilloscope 

was photographed by a camera in which the film was drawn 

horizontally at a constant rate. Portions of several 

records taken in this manner are reproduced in Figure 5.07, 

in which the records were chosen to show va.riety rather 

tha.n because they were typical. 

Several interesting characteristics are evident from 

the records. The duration of the echoes varied from a 

few seconds to about 30 minutes. The echoes showed a 

marked tendency to remain at a constant range, often 

disappearing and reappearing at the same range. Even for 

those records whioh Show a range gradient, etmultaneous 

observation of the range display Showed that this apparent 

change of range came about by the growth and decay of 

separate echoes on the extremities of the primary echo. 

There is ample evidence from ionospheric observations 

(see references 12, 58, 68, 69, ?0, 74) that winds 

with velocities in excess of 50 metres/second exist in 

the ionosphere. Similar resulte have been reported by 

Greenhow who measured the rate of fading of meteor echoes (44). 
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Figure 5.07 - Range-time records ot auroral echoes. 
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Observations made by J.H. Chapman at McGill University 

seem to indicate that the winds have higher velocities 

during times of magnetic distuTbance. No uniform drift 

5.05 

of individual auroral echoes has been recorded which could 

be interpreted as being due to ionospheric winds. It 

appears that electron densities above the critical reflection 

value for 100 Mc/s do not persiet for any appreciable ttme 

after the cessation of the primary ionizing process. The 

apparent drift of auroral echoes which has been noted and 

measured by Aspinall and Hawkins, and by McKinley (56) 

ie undoubtedly due to the motion of the ionizing agent. 

Preswmably this motion is the apparent motion of the point 

of precipitation of the incoming partiales. 

The record shown in Figure 5.01(a) displays an echo 

of unknown origin. This echo Which appears at about the 

middle of the record and laets for a little more than 

two minutes is quite unlike an auroral echo in appearance. 

While the auroral echoes at greater range show a 

progressive decrease in range this echo shows a uniform 

increaee in range at an apparent radial velocity of about 

lOO metres/second. Meteor echoes observed at this frequency 

do not normally persist for more than a few second~however, 

it is possible that a large meteor passing through the 

residual ionization of the nearby auroral display caused 

the electron density to rise to a sufficiently high value 
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to produce this enduring echo. In any case, the echo 

must have arisen from ionization for.med in sorne auch 

anomalous manner and its unifonn velocity suggests the 

influence of an ionospheric.wind. 

A few records were obtained which show even greater 

range resolution. For these reoords the length of the 

time base corresponded to 40 km. One-half of the film 

was devoted to an intensity modulated range-time record 

eimilar to thoee discuesed above. At ten second intervals 

a range-amplitude presentation was photographed on the 

remaining half of the film. The resultant record 

provided a continuous record of the range and extent of 

the echoes as well as an intermittent record of echo 

amplitude. The technical details involved in obtaining 

this type of record are given in Appendix II. A typical 

record is reproduced in Figure 5.08(a). The vertical 

dark lines in the continuous record indicate the times 

corresponding to the &mP.litude photographe. The 

continuous record is also broken at 30 second intervale 

to show range calibration marks which are 8 km apart. 

Figure 5.08(b) shows an enlarged section of the same 

record. 

~ Echoes arising in sunlit aurora 

One of the important questions which arise in 

any discussion of a radio investigation of aurora is 
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whether or not auroral echoes may be observed during the 

daylight hours. The evidence pertaining to this question 

is not conclusive. Casual observa.tion du ring many 

daylight periodsof operation has revealed no auroral 

echoes. The radar equipment was operated continuously for 

56 hours during the auroral period of August 18•21, 1950. 

Auroral echoes were observed during the nights of August 

18/19 and 19/20 but not on the night of August 20/21. 

At 0? hrs, 15 min of the 19th sma11 echoes were observed 

for a few seconds at a range of 9?0 km. Sunrise occurred 

at about 04 hrs, 15 min. Since this is the only occasion 

upon which echoes of possible auroral origin were observed 

during daylight hours, the author hesitates tc attach any 

great significance tc the occurrence. Unfortunate1y, the 

observation was made by a radar operator who was not we11 

acquainted with the appearance of auroral echoes. 

On the ether hand, auroral echoes were often received 

from sunlit aurora, i.e., from aurora which was eunlit 

although the surface of the Earth immediately below the 

display was in darkness. SUch·aurora ie often observed 

visually. Table 5.01 liste the relevant data for a number 

of such echoes observed after sunset on the 15th and l6th 

of May 1951. The second and third columns give the times 

(Kountain Standard) of appearance and dieappearance of 

the echoes. The fourth and fifth co1umns give the latitude 
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TABLE 5.01 

!choes from Sunlit Aurora 

Time cf Time of 
Appear- Disappear- Depression 

12!:1! ance ance Lat. - Long. of the sun 

(llST) (MST) ( "N) ( o.E) 0 ' 
15/5/51 2102 60 249 1 30 

2107 

2109 60 249 2 07 

2121 3 oa 
2123 59 251 4 43 

2128 

2130 60 251 4 30 

2136 

213'7 58.5 251 6 13 

2139 6 24 

16/5/51 2110 58.5 259 '1 00 

2117 

211'1 58 259 '1 21 

2118 ' 24 
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and longitude of the point immediately below the refleoting 

region and the last column gives the angular depression of 

the Sun below the horizon for an observer situated at this 

point. The oaloulations involved in finding these depression 

angles were made by Mr. c.H. Costain, to whom the author 

is indebted. The level 100 km above the surface of the 

Earth remains sunlit until the Sun is 100 below the horizon. 
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CRAPTER VI 

concludins Remarks 

~ ~~ary of the experimental evidence 

In Chapter III we sa~ that the radio echoes observed 

during auroral displays actually aroee from reflecting 

centres within the visible aurora. In Chapter IV we 

examined the evidence pertaining to the nature of the 

refleoting centree and found that they were small volumes 

of ionization in which the electron density was greater 

than 108 electrons per cubic centimetre. The reflecting 

centres were found to occur only in a thin layer situated 

about 100 km above the surface of the Earth. In Chapter V 

high angle radio observations of aurora were described. 

Auroral echoes were not observed at altitude angles above 

7.5°, although altitude angles bet\'.~een 7.5° and 13° were 

not investigated because of the limitations of the equip­

ment. Based upon several reasonable assumptions concerning 

the aurora, an explanation of this fact was presented, 

and experimental evidence supporing the explanation was 

cited. We also saw that auroral echoes arose only during 

the operation of the ionizing mechanism. The evidence 

concerning auroral echoes during the daylight hours is 

inconclusive but indicates that auch eohoes either do 

not exist or are very rarely observed at a frequency of 

100 Mc/s. We will diseuse the significance of these 

resulte in the succeeding sections. 
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6.02 Height of reflection 

The history of experimenta and theories concerning 

the polar aurora was sœmmarized in 1937 by Hewson (50) 

and more recently by Currie (28) and by Chapman (19). 

Chapman has reviewed the overwhelming evidence in support 

of the view that aurora is caused by solar corpuscles {20), 

but pointed out that the famous calculations of Stor.mer (82) 

could not apply to the motion of the particles between 

the Sun and Earth, although they might describe adequately 

the trajectories of the particles close to the Earth. The 

entry of protons into the Earth's atmosphere during auroral 

displays has been shown by observations of the Doppler 

shift exhibited by the Hq line in the aurora! spectrum. 

Such observations have been made within the past year by 

Meinel (62) and Gartlein (41). Martyn recently has 

proposed a theory (59) which contains many of the 

features of an earlier theory by Chapman and Ferrare 

(see references 21 to 26). According to this theory 

charged particles are accelerated into the Earth's 

atmosphere. The current represented by the partiales 

flows down the lines of force of the magnetic field 

(since this is the direction of highest conductivity), 

until it reaches a particular leve! in the atmosphere where 

it flows horizontally across the auroral zone, eventually 

returning to outer space. The height at which the 

horizontal conductivity of the atmosphere becomes 
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appreeiable is just the height of our absorbing regions 

aecording to section 5.03. we have also suggested that 

this height is very nearly the height at whieh refleetions 

of radio wa.ves occur. Martyn has suggested that the 

horizontal eurrent flows at about the 90 km level. 

According to the viewpoint present.ed here, our observations 

show that if such a eurrent existe it ~ill flow somewhat 

eloser to the lOO km level. 

The apparent height of the visible aurora was 

determined in section 3.07 by combining radar and photo• 

graphie observations. Four of the determinations yielded 

heights about 20 km above the height of refleetion. Vegard 

has suggested that all such extreme values of the deter.mined 

height are due to errors arising from diffuseness of the 

photographie image, and that the true height of all 

draperies and ray arcs is close to 100 km (88). While 

this statement is open to doubt, it is certainly true that 

the height of the lower edge of most of these forme is 

close tc lOO km. It is apparent that this level is 

unique in eome way and it is possible that the unique 

characteristio is just the one which, aecording to section 

5.03, fixes the height of refleetion. 

~ The electron density in auroral displays 

The density of 108 electrons per eubic centimetre 

which was derived from our observations is higher than 
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that found by other workers (see section 1.01). It haa 

been auggested by Batee (8) and Petrie (72) that auch 

a high electron density ia inconsistent with spectro-

scopie data. The principal difficul ty i s t:t~at an electron 

densi ty of 108 cm·3 would lead to a ra.te of emission of 

light quanta higher than ia observed. we note, however, 

that according to our observations the electron density 

of 108 cm-~ applies only to volumes much smaller than 

that occupied by the whole auroral display. The average 

electron density throughout the display is certainly 

much smaller. It is this average density (which can not 

be derived from our observations) that should be consistent 

wi th the spectre sc opio meaaurement s. 

~ Persiatence of the reflecting centres 

Petrie haa also pointed out that if the electron 

density is as nigh as 108 cm•3 near the 100 km 1evel, 

the electrons will be removed rapidly by recombination (72). 

Our observations show that electron densities of this 

magnitude do not persiat for any perceptible interval 

a.fter the cessation of the ionizing process. we may also 

note that the ionizing agent is only atrong enough to 

produce this electron density for short periode of time 

compared with the total duration of the auroral displays. 

~ Daylight aurora 

The fact that auroral echoes have not been observed 
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frequently d:.1ring daylight hours should not be construed 

as indicating the absence of daylight aurora. The 

presence of the E-region at about the lOO km level 

6.05 

during the day may be expected to exert a marked 

inflaence on any further ionization which occurs. The 

configuration of auroral ionization s1..1ggested in Chapter 

V would certainly be altered considerably by the presence 

of the E-region ionization. It is quite possible that 

aurora could exiet ro1ring the daylight hours and still 

not be detectable by the use of 100 l~c/s radio waves. 

The author can offer no suitable explanation as to 

why aurora1 echoes should be observed just after the 

Sun has set for an observer under the disp1ay and not 

before this time. It doea not seem likely that any 

marked change can occur at the 100 km level at the instant 

that the Earth's surface ceaees to be illu:rninated. 

~ The resulte of other workere 

It is not wise to attempt a detailed comparison of 

resulta obtained by various workers at different locations 

and using different radio frequencies. However, some 

aspects of the observations reasonably may be compared. 

The ra,dio echoes discuesed in the preceding chaptere 

indicate a higher apparent ref1ection coefficient for the 

aurora than those reported by other workers using lower 

radio frequencies. Aspinall and Hawkins used a directive 
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aerial array from Which the first maxim,~ of the radiation 

pattern was directed at 8.5° above the horizontal. The 

other workers used simple aerials from which most of the 

power was directed vertically. Since it is not reasonable 

to assume that the reflection coefficient of an a~roral 

display increases with increasing frequency, we must conclude 

that the echoes incx·ease in amplitude with decreasing angle 

of elevation of the radar bearn. This is in agreement with 

our high-angle observations. If one assumes that all the 

radio echoes arose from reflecting centres near the 100 

km level, examination of the minimum ranges reported 

indicates that the maximum elevation angle at Which echoes 

may be detected increases slightly with decreasing frequency. 

This also is in accord with the suggested configuration 

of auroral ionization. 

The observations reported by Gerson (42), which were 

made at a frequency of 50 ~c/s, support several of the 

conclusions drawn from the present data. The report 

concerna a specifie occasion when a number of widely 

separated amateur radio stations were able to communicate 

with each other by directing their aerials toward an 

auroral display in the north. Although Gerson suggests 

that reflections took place at an auroral "surface", the 

fact that the radio stations were separated by as much 

as several hundred kilometres in both the north~south 
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and east-west directions indicates that the energy was 

scattered widely in both the vertical and horizontal planes. 

This is in agreement with the conclusions drawn in Chapter 

IV. The reflected signale were also modulated in auch a 

manner as to make speech unintelligible. This effect 

probably comes about in the same manner as the rapid 

fluctuation of the individual components of the observed 

radar echoes. In section 4.10 we pointed out that 

lengthening the transmitted pulse would increase the 

apparent reflection coefficient of the aurora, if the 

reflections actually arose from a large number of reflecting 

centree. The equipment used by amateurs is relatively 

insensitive but operates by means of continuous wave 

transmission (infinite pulse length). The fact that 

auroral reflections could be detected by auch equipment 

is ample confirmation of the presence of many reflecting 

centres. 

~ Suggestions regarding further research 

A considerably larger volume of data than hitherto 

has been available, was accumulated in the course of the 

present research. However, much remains to be done before 

the potentialities of the method are exhausted. A few 

aspects of the problem which appear to the author to be 

worthy of further research are listed below: 

{a) Observations should be made to determine the 
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actual upper limit in frequency at which radio reflections 

occur. This would indicate the upper limit of auroral 

electron densitiee. 

(b) Simultaneous observations on two or more 

frequencies would provide a much clearer picture of the 

auroral processes involved in the formation of the 

reflecting centres. 

(c) The maximum elevation angle at which auroral 

radio reflections are observable should be deter.mined, 

and the variation of this angle with frequency should be 

inve stigated. 

( d) A comprehenei ve program of observations should 

be undertaken during the daylight hours in order to settle 

the question as whether or not echoes from daylight aurora 

aotually occur. 

(e) Radar observations should be combined with 

ionospheric records taken at the point under the dieplay 

to test the validity of the conclusions drawn in Chapter v. 
( f) Radar observations should be combined wi th 

spectroscopie and photometrie observations in order to 

determine the relations existing between the eleotronic 

density and the various ionie densities. 

(g) The radar method has already proven its 

usefulness as a tool in the study of the occurrence, 

duration, movement and configuration of auroral displays. 

Observations similar tc tr.ose described in the previous 
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chaptere could be carried on over longer periode of time 

in order to provide much needed data on the general 

characterietice of aurora. 

6.0? 
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APPB:"ND IX I 

Propagation in an Ionized !~edium 

Al 

The propagation of radio waves in an ionized medium 

has been discussed extensively in the literature ( see, 

for example, references 2, 11, 30, 51, 63, 64, 65, 83, 84); 

hov,ever, these treatments are, in general, far more 

complex than necessary for t~e present purpose. The 

complications arise from the presence of the Earth's 

magnetic field which renders the medium anisotropie to the 

frequencies employed fer icnospheric etudies. The now 

fam.ous Appleton-Ffartrie equation applies to propagation at 

the se freq11encies. The frequency used in the present study 

is far removed from the gyro frequency of electrons in the 

:J!l'arth' s magne tic field (about 1.6 Mc/s) and, in consequence, 

the effect of the ~arth's field is so slight that it may be 

neglected. On the other hand, the effect of electron 

collisions is often neglected in ionospheric etudies, but 

in view of the high electron temperatures which undoubtedly 

exist during auroral displays this effect must be taken 

into account in the present work. The following elementary 

treatment, while containing nothing which is not inherent 

in the more extensive treatments cited above, serves to 

indicate the origin of the expressions used in the body of 

the thesis and their regions of validity. 

We consider that the ionized region is rendered 

conducting by the presence of free electrons (neglecting 
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the effect of the heavy ions) and that the dielectric 

constant and magnetic permeabjlity of the medium are 

each unity. In coir.mon with much of the literature 

Al 

c.g.s. (Gaussian) unite are used throughout. The following 

notation is used: 

e = electronic charge; 

c = velocity of light; 

~= frequency of collision between an electron and 

atœospheric molecules; 

f = wave frequency; 

U) :a 21rf; 

x • space coordinate in direction of propagation; 

t = time coordinate; 

~ = propagation constant; 

n = index of refraction (real); 

d'"= conducti vi ty of the medium; 

k a optical absorption coefficient; 

N = numerical free electron density; 

J = current density; 

E = electric field vector of the wave; 

H = magnetic field vector of the wave. 

The appropria.te fo:n:ns of :Maxwell' s equations aret 

V'XH = 1 è)E + 41Tcf'E 
ë -n o-

VXE z -1 <)H 
ëTI 

V.E = V•H = O, 
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which resulte in a wave equation of the fom., 

v2m- • 41T ,- ~:x + L o2.E , 
T Tt c2 dt2 

Al 

and we may assume, as a solution, the propagation equation, 

If 'if i s complex we may separa te the real and imaginary 

parts and write the propagation equation in the fonn, 

Substituting I into the wave eqlation we find, 

èr - ~ ( 1 + j 41T <1") 1/2 
c (.1) 

I. 

II. 

III. 

It is now necessary to introduce the equation of motion of 

the electrons and from it deduce a value of c-. Appleton 

and Chapman (3), following Lorentz (53), have shown that 

the rate of loss of momentum by a single electron, due to 

collisions, is mXt0 • The equation of motion is then, 

:mX + mfci = eE. 

There has been much discussion as to whether or not another 

term, the so-called "Lorentz pola.riza.tion term", should be 

a.dded to this equation. Darwin has examined the question 

theoretically (30). Mitra (66} has examined the experimental 

evidence of Booker and Berkner (9, 10}, Martyn and Munro (60, 61) 

and Appleton, Farmer and Ratcliffe (4, 32, 75). Both Darwin 

and Mitra conclude that it is incorrect to include the polariza­

tion ter.m. In any case the inclusion of the term only reduces 
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the deduced value of N0 by one-fourth and has a negligible 

effect upon the absorption coefficient for auroral conditions. 

The solution of the equation of motion is, 

and 

but 

therefore, 

and if we define, 

th en 

x= jeE , 
o:m (fe - jro) 

i = e E 

m (fe - jro) 

J = Nex = Ne2E • rx, 
m( fe ... jru) 

(J"". Ne2 (fe + jru) 

m ( fe 2 + ro2) 

G = 

tr'l:: Q_(fe + jru) • 
4tr 

' 

' 

Substi tu ting this value of <r into III we obtain, 

'( = ~ ( 1 + j G f c • G) l/2 

c 

IV. 

v. 

The real part of the expression is never zero fot finite 

values of fe, however, let us first assume ! 0 • o. For 

this particular case the expression is real and comparison 

of I and II Shows us that, 

k = o, 
and 

n = (1 ... G)1/2 , 
and for G = 1, n = o. 
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At the point in the med1um where this condition is fulfilled, 

the phase velooity becomes infinite, the group velocity is 

zero and total reflection takes place. The value of N for 

which total reflection occurs at a given frequency is called 

the oritical density, N0 • With the aid of IV we find, 

No • ~ = 1.24 x 1o·Br2 • 
41Te2 

VI. 

In reality f 0 is finite but, for fe ( oo both the real 

part of v, and the index of refraction nave a minimum near 

N = N0 , ~esulting in partial reflection. The reflection 

coefficient, however, is of the order of unity for all 

values of f 0 appreciably below oo (cf. Booker (11)). For 

this range of fe and for N ( N0 , it is permissible to 

expand V with the aid of the binomial theorem. Neglecting 

powers of G higher than the first and once again comparing 

I and II we obtain, 

and 

n ~ 1 - G 2 1 - Ne2 ( oo2 ) 

k = Gfc 
2c 

2 2;;!2 (oo2 + fc2) 

• 

, 

The power absorption coefficient, K, is just twice this 

val·~e. On substitution from IV, 

K = !! Ne2 ( fe ) • 
c m ( oo2 + f 0 

2) 

VIl. 

VIII • 
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APPE....liDIX II 

Iechnical details of the equipment. 

Introduction 

A2 

The radar equipment used for the experimente was a 

standard long-range warning set designed for military 

application. In the course of the experimente the display 

and modulation systeme were modified in order to make the 

equipment more suitable for auroral investigation. The 

particular form of the modifications was determined largely 

by the existing circuits eo that the end result was often 

more complicated than would be necessary if new equipment 

were being designed for the purpose. For this reason a 

detailed discussion of all the electronic circuits ~sed 

for each experiment would be of little value. Instead a 

typical arrangement of the apparatu s i s di scussed and 

those circuits which may be of particular interest are 

reproduced. 

The author wiehes to acknowledge the contributions made 

by Mr. F.E. vawter to the development of the equipment. 

The electronic circuits used in modifying the equipment 

were designed initially by the author; however, many of 

the unite which were designed and built in some haste during 

the swmmer menthe were rebuilt in an improved form d~ring 

the winter months by Mr. vawter. 

The remotelx oEerated auroral camera 

The remotely operated camera was actually de signed by 
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the author for use in an earlier investigation (36), but 

it is mentioned here because it has not been described 

previously. The camera consista of three unite. The first 

unit is similar to an ordinary 35 mm still camera except 

that in place of the sh~tter a dark elide is fitted and 

the framing wheel drives a cam which operates a switch. 

The second unit, into which the first fits, consista of a 

weather-tight box end contains the solenoid-operated 

shutter and the film·winding motor. The motor is 

connected to the film take-up spool by a flexible shaft. 

The third unit, located at the operating position, centaine 

the camera control circuit. A schematic diagram of the 

control circuit is given in Figure A2.01 from which the 

operating cycle is apparent. The cycle is initiated by 

closing the "reset-e:xpose" switch. The shutter first 

opens for a period of time determined by the settings of 

the "exposure" and "multiplier 11 switches, then closes and 

the motor winds the film on a distance corresponding to 

one frame. The motor is controlled by two relaye. This 

is necessary in order to ce,use the motor to run continuously, 

once energized, until the framing switch opens after closing 

once. 

A second remotely controlled camera has been built 

recently by Mr. vawter in Which the "reset-exposure" switch 

i s replaced by a relay operated by a push but ton. In using 

this circuit it is not necessary to reset the circuit 

manually between exposures. 
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The camera was mounted on a remotely controlled 

turn-table and the four connections necessary for its 

operation were made through slip-rings in the base of 

the turn-table. 

Display and modulation circuits 

The types of displays used were described in section 

3.03. A schematic diagram of the circuits associated with 

these displays is given in Figure A2.02. In this figure 

the part to the left of the broken line includes the units 

which were present in the original equipment. The only 

alterations necessary in these unite were to reduce the 

oscillator frequency to 250 cycles/sec and to increase the 

length of the time base to 400 km. Every second trace was 

removed from tbe ce,thode ray tubes by the application of a 

suitable waveform to the control grids. It was then 

necessary to trigger the transmitter at any one of four 

times relative to the start of the visible trace. These 

times differed by l/500th of a second or one-half cycle of 

the master oscillator. The sine wave voltage from the 

master oscillator was passed through the phasing unit to 

A2 

the paraphase circQit which provided twoy 250-cycle sine 

waves, 180° out of phase with each ether. By choosing 

between the se two voltages, the transmi tter pulse could be 

placed at either of two positions on the cathode ray tube 

trace, separated by 300 km in range. This sine wave was 

applied to the square wave genera tor (an overdri ven amplifier) 
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and. then d.ifferentiated in the pulse forming circuit. 

Every second pulse applied to the pulse selector circuit 

was allovred to pass on to the modulator to trigger the 

transmitter. A 125-cycle square wave was applied to the 

mixer circuits and to the pulse seleotor. The pulse 

selector allowed only those pulses. which occurred during 

one-half cycle of the square wave, to pass through it. 

If the same phase of the square wave v;ere applied to beth 

the mixer circuits and the pulse selector the transmitter 

pulse appeared on the visible trace, otrcrvdse it was not 

visible on the cathode ray tube. The purpose of the 

A2 

mixer circuits was to adèt the 125-cycle square wave to the 

normal brightening pulse in order to render every second 

trace in vi si ble. The four modes of operation were selected 

by the first four positions of the switch shown in the 

diagram. The fifth position provided normal operation of 

the radar equipment at a pulse recurrence frequency of 250 

per second. 

The form of most of the circuits is evident from tl-te 

names given them in Figu.re A2.02. A circuit diagram of the 

pulse eelector is reproduced in Figure A2.03. This circuit 

operates on the principle of diode clamping. The square 

vçave is applied to the first stage and paraphase voltages 

appear at the anodes of the first ôffiT7. These anodes are 

connected through two series diodes so that they conduct 

during alternate half cycles of the sqttare wave. The input 
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pulses are applied to the point between the two diodes so 

that those pulses which occur while the diodes are conducting, 

are rouch reduced in smplitude. The remainder of the circuit 

is designed to select only those pulses of greatest amplitude 

and amplify them. The cathode follower o'ltput stage i s 

necessary since the pulses are carried to the modulator 

through a long cable. 

A:J;m§~s for continuous recording 

The arrangement of the apparatus for recording the 

auroral echoes on continuously moving film is shown in 

Figure A2.04. The part of this figure to the right of the 

dotted line represente circuits originally associated with 

the oscilloscope. The output from the variable delay circuit 

consisted of pulses which were delayed by a variable 

interval after the occurrence of the transmitter pulse. 

These pulses were used to trigger the oscilloscope time base. 

The operation of the apparatus is evident from the diagram. 

When the switch was in the position shown, an intensity mod­

ulated trace was presented on the upper half of the face 

of the cathode ray tube. When the switch was in the ether 

position a range-amplitude trace was presented on the lower 

half of the face of the cathode ray tube. In fact, the 

contacts sho~n in the diagram were operated by a relay which 

in turn was energized once every ten seconds by a mechanical 

timer dri ven by a synchronous mot or. In order to record 

only the intensity modulated trace the relay was disconnected 
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from the timer and the time base amplitude was increased 

to a convenient aize. 

A small part of the brightening pulse was applied to 

the vertical deflection plates of the range display tube. 

This pulse, appearing on the range trace, indicated the 

portion of the trace being diaplayed on the recording 

oscilloscope and facili tated the set ting of the variable 

delay control. 

A2 

A circuit diagram of the variable delay circuit is 

given in Fig~re A2.05. The circuit values shown have been 

found to provide particularly stable operation over long 

periode of time. The principle of operation is that of the 

so-called 11 sanatron11 circuit V•hich is described in the 

Radiation Laboratory Series (18). The delay time is 

linearly related to the potentia.l on the elider of the 

delay control, which makes the circuit ~ell suited to 

remote control. 
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