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PHOTCGRAPHIC OBSERVATIONS OF METEORS IN 1958
AT THE KIEV ASTRONOMICAL LABORATORY

V.V. Benyukh, S.P. Vil'chinskaya,
A.A. Demenko, Yu.N. Krlvutsa, Ye.V. Sandakova,
A.K. Terent'ycva, L.M. Sherbaum

Photographic observations of the meteors were carried out — as 1n
the previous year — at two base line staticnt of Kilev Unlversity
(points A and B).

A meteor patrol of the AC-11 type, wlth fixed cameras, was used
for photographing the meteors. At one of the stations, a device was
used containing a threc-blade obdurator 1n front of the camera lenses,
which made 1t possible to determine the 1lnstant of the meteor's paccage.

A description of the patrol camera, the coordinates of the obser-
vation points and other general Information as to the methodology of
the observations, were reported by us earlier [Ref. 1]. In the present
article we shall glve the results of the processing of 21 bas- line
photographs of meteors. Measurements of the photographs were carried
out by means of measuring machine KIM-3, in two positions of the re-
versing prisms.

Equatorial coordinates of the bearing polnt stars were taken from
the AGK2 catalog or the Boss Catalog, and based on the 1950.0 cqulinox.
In th coordinates of the stars, thelr prop.r motion was also taken in-
to account, thils information being derived from the EBL2 catalog.

Coordinates of the meteor polints were determlined by the Decutsch

method, including terms of the second order. The methodology of compu-
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tation of the radlants, altitudes and velocltles wlll be outlir 3 1n
the next collection of articles to be published on the sul ject of Lhe
IGY.

The velocitles as computed were slightly adjusted to obtaln smooth
curves. The drag effect was determined on the basls of these adjusted
curves. Correction of observed meteor veloclty to account for atmo-
sphereilc resistance, rotatiocn, and earth gravitation, as well as deter-
mination of the true radiant was carried out by use of the usual for-
mulas.

Photometry was carried out wlth photographs taken with shutterless
cameras, to determine the mass of meteor particles and the density of
the atmosphere in the meteor zone.

The star magnitude of the meteor points was determined either by
comparison with the brightness of an artificial meteor (Nos. 17, 19,
24, 29, 33), or by comparison with brightness of star trails. In both
cases, serving as standards of comparison were stars of the AO-A9 class,
as listed in the Henry Draper catalog. Corrections were introduced "o
account for atmospheric absorptlion. Stellar brightness was computed on
the basis of 1ts value at the equator. Photometric errors of fleld were
also allowed for. In cases when the comparlison was by direct Jjuxtaposl-
tlon of meteor and star tralls, allowance was made for the difference
1n angular velocltles of the stars and meteors, by usling the well-known
formula

om = 251",

where w 1s the angular veloclty o the meteor, and w, — the angular
veloclty of the star, adjusted to the equator.
In cases of comparlson with the brightness of an artificial meteor,

the stellar magnitude of the meteor points was determined from a char-

= 2 -
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acterlstic curve constructed on the basls of artificial brightness
sources traveling with a ve.oclty equal to that of the metecor. Clacsl-
fication of such artificlal sources was carrled out on the basis of
comparison with the stars already listed.

A similar m=ethodolcgy for determining meteor brightness in terms
of stellar magnitude can be found in [1].

The absolute value of the slze of the meteors was determined by
the followlng formula:

mo=m—>5Igr 4+ 10,
where r 1s the distance (in kms) from point B to the point of the me-
teor traln. Thls distance was calculated by the formula
re=H,sec z,,

where H1 and zy are, respectlvely, the altitude and zenith distance of
the polnts belng observed. The altitude of the meteor points with res-
pect to the horizon of point B was determlned by linear interpolation
for this polnt.

All brightness values obtalned were converted to the international
visual system.

Each polnt of a meteor traln, depending on 1ts brightness, was re-
duced to cne of the formulas below:
for me‘?‘eors of - 3m.0 or brighter am = 07,00 + 0™ 26C/:

1m0 to —= 3M.0 8= — 0™ 21 4 O™.19CF:
" — 1™ 0 and falnter 4m=—0m06+0™12C/.

The above adjustments were determined on the basis of a study [,
of 150 stars of the Seares catalog. Th- stellar magnltude of these stars
was determined by the same methodcology as the one belng used at Klev.
An equation was drawn up, 1n thils gencral form: Am = a + bCI, where Am
1s the difference between stellar magnltude as recorded by Scares and
at Klev. The coefflcients a and b were fcund by the method of least
squares. The equatlion Just clted was used only 1n the case of stars of

-3 =
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TABLE 2

{

{ ?Aﬁco.m'r- o ;
‘N ! O:xocur. Mo- Bucota iCxopocn Haf Macca | 201?” 0?’(‘8‘3‘;{?‘
| ] 7 o e M a"zoc ;;ugc'ﬂ |
Tovex | MEHT 1 H (km) | (kmfcex) : Beanw. [ i",? B s (,“‘)
1 ! 2 3 Il [l '5"1‘“ 6 ,7 o | g
OMerteop N 14
1 0 102,8 400 | —1,1 * 0075 | —7.2 "
2 0.6 At L6 | . | =il 0065 | —7.39 |
3 1,2 100,5 . —09 | 0049 —7,37 !
4 1,6 999 | . | =10 | 0034 | 7.2
5 6 98,5 . | =10 | 005 | =715 |
at = 05,0417 | l |
I10Metreop N 15
1 0 89,0 340 | —04 ! 015 —721
2 1,0 A< 89,9 o —03 | 9,02 =TL8
at = 05,0417
lJ]1]Merteop N 16
1 0 98.4 588 | —25 ' 057 —8.40
2 3,0 a: 95.5 . —37 | 036 —7.78
at == 05,0434 l
1.2 Merteop N 17
1 0 1063 | 598 | —34 | 078 | —8,04 |
2 1,0 &= 1647 ', =36 | 0711 | —797
3 2,0 103,9 ] . —39 | 062 | —779 , 453
4 3,0 1 | -39 | 050 —7.73 |
5 70 o9 | . —31 ] 0.38 | —7.99 l
at = 05,0418 |
13 Mereop N 18
! 0 123 | 605 | —26 | 025 —8.18 |
2 1.0 27 1090 |, | =32 | 02 —8.53 |
3 ' 2,0 1674 | . —33 | 014 —8.35
3 | 3.0 1057 | . ! —25 | 009 —826 | 6,08
5 | 40 1040 , . | —29 | 005 —8.22 |
6 l 45 1031 l L35 | 062 l —8.34 |
At == 05,0418 | ' i
14 Meteop N 19
1 l 0 109,0 598 | —26 | 032 —8,20
2 1,0 iz 107.3 . | =32 | 028 —7.94
3 | 2,0 103.5 H —3.2 0,22 —7,86
4 3.0 103.6 . —35 | 0.l4 —7.62
5 4,0 101,9 . 37 | 006 —7.26
| 4z =0s0418
I5Mereco p N 2
1 0 110,2 05 | —20 | 008 | —865
2 | 1.0 it 108.9 : —20 | 0067 | —85!
3 2.0 107.6 ) —20 | 0048 | —8.44
4 3,0 106.3 - —20 0,029 | —8,40
& 4,0 105,0 ¥ —19 | 0010 | —848
it = 05,0428 |




TABLE 2 CONTINUED

1 [poaoawenue Tabs. 2

Abcoawot-

Naor- Bucota
N Oruocur. mo- Buicota |Cxopocts! Haw Mzcci uo?:b OZHOpOLK.
TONeX MEHT ¢ B (yx) (x.u'!i-ex) nean:: ] i el
2] 3 5 "5 Gmm |7 Bler |9He
JOMezeop M 21
1 0 1069 60,0 —1.7 1,05 —8,89
2 1,0 Az 105,4 s —1.8 0,91 —8,83
3 | 2,0 103,9 . —16 0,74 —8,84
4 3.0 102,4 F —20 0.39 —8,62
S 4,0 101,0 . =19 0,42 —8,57
6 0 99,5 . —23 0,22 —8,23
&t == 08,020
ll1Mereop N 22
1 0 105,4 58,8 —1.6 0,054 —8,18
2 0,7 ac 104,2 . —1,8 0,022 —7.82 s
3 1,0 103,8 i —i4 0,012 -—7,82
4 14 103,3 . —L1 0,009 -~ 7,82 4,76
5 l '6 , 02,9 » —l ’ 0.005 _7'70
6 2,0 102,2 . -l 0,003 —1,56
at = (03,0419
12 Meteop M 23
1 0 110,5 61,9 —4,0 0,23 —7.67
2 0,5 sz 109,5 : —3.4 0,19 —7.83
3 1,5 107,5 . —29 0,13 -—7,93 4,85
4 25 105.5 . —3,2 0,09 —7,68
S 3.5 103,5 ® -—29 0,04 —9,57
At == 05,0418
13M eteop N 24
0 111,3 60,4 =37 0,52 —7.83
2 0,5 At I 110,1 | . —34 ! 0,45 —7.91
3 1,0 i09,3 . —-3.7 0,41 -1,77
4 2,0 107,0 . —4,0 0,33 —7,59
5 3,0 104.8 . | —40 0,19 —7,46
6 4, 102,6 . ! --3,0 0,06 —~7,47
4% = 00,0417
1Meteop M 25
1 0 103,6 58,1 —13 0,030 —8,15
2 1.0 ax 102,1 . - 1,6 0,047 —7.95
3 1,5 101,4 . —-17 0,039 —7,87
4 2,0 100,7 : —1,8 | 0030 | =777
S 3.0 99,3 . —15 0,014 l —17,67
at = 04,0420 I
15Mereo p M 26
1 0 113.4 66,5 —29 2,00 —891
2 0.5 at 112,1 . —3.9 2,00 —8,52
3 1,0 110,8 . —=5,2 1,95 —8,00
4 2,0 108,6 | - —6,0 1,74 —7,64
L] 3.0 106,1 F —59 1,18 7,53
at == 01,0420 l




TABLE 2 CONTINUED

1 [iposoaxesne 1a6a. 2

f |
|A6coarwor| |
i i Naor- Buicota
N Oruocur. mo- Buicora tho;l))ocniaBé;i;L“‘ Macca iy i o
ToueK MEHT © H (xa) | (xn)cex) ! glnuq. M a*;moc. “"?g‘?‘)
2 3 LI. 5 i 4100 7 8 ge ) gf.
10 Mereop N 27
1 0 108,2 I 68.6 l —50 | 1,95 —8,14 |
2 1,0 as 1063 | . =51 | 178 | —8.09 ,
3 2,0 1047 1 . ; —5,1 1,56 —8,02
4 4,0 105 | . | =52 ‘ 1,33 —7.97 576
5 50 985 ' . | —52 | 085 —7.82 |
6 6,7 95,5 l . | —53 1 060 | =770 |
4%t = 05,0420 | | ! !
Merteo Ne 28
1l %
1 0 100,0 54,7 —20 | 017 —8,07 |
2 0,5 az 99,1 . —26 | 0,15 -7.79
3 15 97,3 ¢ —26 0,11 —7.67 f
4 2,5 95,1 . —2.4 0,07 —7.63 427
5 35 93,8 . —23 | 003 —7,42 ‘
at = (05,0420
12Meteop Ne 29
1 0 80,5 28,6 0.4 6,23 —7,11
2 2,0 1t 82,3 . —0,3 0,15 —8,42
3 30 83,3 : -03 0,11 —8,16
4 4,0 84,3 . —03 0,08 —8,04
5 5,0 853 . —0,3 0,04 —791
st = 05,0426 | ]
13Merteop N 30
1 0 113 | 696 —4,6 I 100 1 —8,00
2 0,5 1t o2 | —48 | 090 ' —791
3 1,0 109,2 . —5,2 0,81 —7.73
4| 20 |3 |0 | —s3 | o9 | —7s6
5 | 2,5 1062 | . —5,5 0,38 —7.35
8 0 ! 1051 |, —55 | 019 ‘ —7,18
2t = 05,0421 | | |
1 gl etreop N 3l
1 0 | 603 | 172 | -1l 836 | —6.51 [
2 3,0 sz 88 | . —0,6 , 195 | —6,32
3 50 CosT7 0L —06 | 105 | —612 |
4 7.0 [ 87 | . | --04 0,60 —6.05 |
5 8,0 86,2 . —03 0,18 —5,73 4,24
4t = 05,0421 ] l
15M ereop N 32
1! 0 10i,3 55,6 ~1,0 005 | —813
2 1,0 At 100,0 . —09 0,03 —8,10
3 2,0 98,6 . —09 0,02 —8,01
4 3,0 97,2 . —0,9 002 | —7.88
5 4,0 95,8 . —04 0,01 —17,86 515 .
27 w= 05,0425 ,




TABLE 2 CCNTINUED
1 [ponoawesne raa. 2

Ab6cox0T-
N | Oruocur. wo- | Bucora [Cxopocts| Has | oo E:&’; onBuuo;%;:
v 3Be€3NHaR .
T0NeK MEHT < H (xkx) (u/m/c) BEAKN, M ni;oc(b. ;;"ng")
2| 3 "4 5 me d 7 |g°° B
10 Meteop N 33
1 0 94,4 423 ~~4.,6 4,33 —7,30
2 1,0 ax 93,5 —4,7 3,48 -=7.21
13 2,0 | 926 —44 | 272 —1.88
4 4.0 91,7 —4.,0 1,60 —7.65 4,29
5 €0 90,9 -39 0,70 —745 4,17
At = 05,0365
11Merteop N 4
1 0 %8 | 350 ’ —03 | 016 | —7.56
2 1,0 4= 95,4 —-0.3 0,14 —=7.53
3 2,0 94,0 -03 0,12 —7,48
4 3.0 92,6 -0,3 0,10 —743 4,72
S 0 89.8 -03 | 0,08 —7,38 5,56
6 10 86,9 —0,2 0,04 ~719 5,92
at = 04,0421

1) No. of the poilnt; 2; relative moment t; 3) altitude H (in kms); 4)
velocity v (km/sec); 5) absolute stellar magnitude m,.; ) mass M; T)

atmospheric denslty log p; 8) altitude of homogeneous atmosphere, Hy
(kms); 9) meteor No.

various stellar magnitudes. The same adjustments can be appllied also to
meteors (by taking the difference 1n velocltles into account, of

course), since 1n this methodology a meteor 1s treated as the sum of

starlike objects.

The value of the color index was determined by the Jacchla scale

[3]:

m

m Ci
brighter than 17.1 —1™86
1M, 0 to — OM.1 —1ms4
Omno tO + Om¢9 —lmllz

fainter than +1m.0 =—0™%

Since in the formulas cited above, the color index appears with a
small coefficlent, it can be sald that inaccurate knowlsdge of 1ts ex-

act value has little bearing on determining the stellar magnitude of

the meteor.

The mass of meteor bodles was calculated by this formula:

=




',
M=2(1
"Sv,dt.
4y

where 14 = 10'9'07, log I = 9.84 - O.hmloo, and v 1s the velocity of
the meteor. For determining mass, th: graph-adjusted, '"smoothed" velo-
city values were used.

In cases where a definite evaluation of th drag effort for a me-
teor has been obtalned, determination of atmospheric density was made

by the formula

]
o= — kMT 22 g2,
dt

where k = 0.863.
Where the drag factor was unkncwn or equaled zero, atmospheric

density was determined by means of the follawing formula:

lgp=21,23+lgl——§—lgM—61gv.
The altitude of the homogeneous atmosphere was computed by the
method proposzd by L.A. Katasyev [4].

The following formula was used:

t 'H
0 / [ 1dt
Ho=—3v | 7 dt|1— a :"‘ cos 2,.
. [ 1dt
lg tr

Hewre ', tH’ tk and t1 are moments corresponding to the appearance and
disappearance of meteors and a point having the assigned velocity Vys
a 1s the proportionality coefficient, the value of which is taken to
be 1-135;

Table 1 gives some general Information about the meteors. Here ZO
i1s the angular length of the meteor, in degrees; L and W, are drag

factors at points having an altitude Hl and H2; v, 1s the preatmospherilc

veloclity; mg 15 the maximum absolute stellar magnitude of the metecor,

-9 -




converted to the international visual system; HH and Hk are the alti-

tudes of appearance and disappearance, and Q 1s the angle of conver-
gence between the celestlal meridians of the ineteors.

Table 2 gives information regarding each meteor at several polnts
along 1ts course. Column 2 shows the relative 1nstant in time, in terms
of a fraction of one revolutlon of the obdurator; column 3 glves the
mean ve oclty cf the meteor in the sector where no visible drag effect
exists. The absolute stellar magnitude values are given in accordance
with the international visual systen.

The altltude of the homogeneous atmosphere 1s shown only for the
points where the value obtalned 1s certaln to be correct.

The followlng took part 1n obtainlng and processing the material
contalned in this article: I.V. Kozhevnikova, L.M. Kozhevnikov, B.G.

Kruchinenko, A.K. Suslov, and Zh.M. Shcherban'.
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THE PHYSICS OF INTERACTION BETWEEN RADIC WAVES AND
METEOR TRAINS

(A reviecw)
By: I.V. Bayrachenko
§1. THEORY OF VAPORIZATION AND IONIZATION OF METEORS

The physics of interactlon of ths body of 2 mcteor and the earth's
atmosphere 1s discussed 1n detall in the book by B.Yu. Levin [1]. The
speclfic case of a spherical meteor — when the assumption 1s made that
the coeftf'iclents of heat transfer and of resilstance are equal to 1 —
was examlned by Herlofson [2].

Let a meteorold of arbltrary form and a frontal sectlon S enter
the atmosphere of the earth wlth a veloclity VO’ at an angle x with res-
nccl to the zenlth. Since tn. geometric dimensions of meteor particles
are very much smaller than the free path run of the alr molecules at
altitudes at which the meteors appear, the Interaction of th. molecules
and meteors has the character of an elastic or nonelastlc mutual col-
lision. As a result of nonelastic colllsions, the body of the meteor
hecats up, then melts, and, flnally, vaporilzes.

Viewed in reverse, the problem 1s one of alr molecules striking a
statlonary meteor at geocentrlc speed. If we assume that, at the alti-
tude at whlch the meteors appear, the molecular welght of the alr g =
= 29, then the klnetlc energy of the colllding ailr molecules — for me-
teor velocltics ranging from 10 to 70 km/ccc — will be altered by some
tens to several hundreds electron-volts. On the other hand, the cnergy

of the atomic bond 1in the metcor (e.g., in the case of 1iron atoms) 1s
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on the order of a few unlt electron-volts. This means that, glven a
temperature of vaporization, the colliding alr molecule is capable of
evapcorating up to 100 atoms of the meteoroid, and thus, within a rela-
tively short distance of travel wlthin the earth's atmosphere, can
cause the meteor to evaporate almost completely, without experlencirg
any noticeable drag effect.

The vaporlzed atoms leave the body of the meteor at veloclties
slightly higher than that of th. meteor body itself (greater by the
magnitude of the thermal velocity). As a result of elastic and nonelas-
tic collisions with air molecules, thic energy 1s dissipated 1n heat,
ligh® and lonlzation. Along the path of the disintegrating meteor,
there forms an 1ionlzed column, contalnlng free electrons and ions, and
capable of scattering the electromagnetic fleld energy which strikes
them and thus give rise to the radilophysical manifestations of meteors.

If, in first appraxlmation, we 1ignore the factor of drag in the
evaporation of a significant part of the tody of the meteor, and if we
assumne that the density of the atmospnere at the altitude of the mete-
or's appearance, p(Hl), i1s very small as compared wlth the atmospheric
denslty at the altitude at which the meteor disappears, p(HE), (this
approximation 1s valid for both bright and normal meteors), then the

evaporation equation will, [see 1], appear as follows:

dM -MWW%XPUH[V—“—P)MH)TL
)

dt H*  p(Hx o ] (1)

where MC is the 1nitial mass of the meteorold, H¥ is the altitude of

the homogeneous atmosphere, u 1s th- constant in the equation relating
the change in mass and change in the frontal section s (s/sy = (M/My)u),
p(HM) 1s the atmospheric density at the altitude correspondihg to the
maximum evaporation rate.

Equation (1.1) can be divided by the mass of n of the individual
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meteor atom. Then the number of atoms evaporating per 1 sec will be:

_MVecosx p(H) [, .\ _ .\ p(H) ]~ 1.2
" nwH* p("-)[ : MP(H.)| ( )

For a nonrotating btody of any shape, whizh retains 1t durilng evapora-
tion, p = 2/3, while from (1.2) can be deduced the formula obtained by

Kaiser [3] c¢n the basis of the work of Whipple and Herlofson:

u-(nﬂ')-'M.v.casx-”:—(‘g))—[l-‘?%'. (1.3)

where P 1s the atmospheric pressure, assoclated with atmospheric dens-
1ty by the equation on distance:

P = pRTn,

and

P{H.) = [%] MiP cosy. (1.4)

where Q 1s the energy required for heating and vaporizing 1 gr of me-
teor matter, g is the acceleration of gravity, A 1s the heat transfer
coefficient, which takes into account the insulting actlion of the evap-
orated molecules. According to Levin, for bodles giving rise to con-
ventional meteors A = 0.3-0.5, while according to Whipple, 1t 1s A =

=~ 0.7 and A = sM62/3 i1s the shape factor.

The vaporlzed atoms of the meteor, colliding wlth alr molecules,
convert thelr kinetic energy Into heat, light, and 1lonization. During
the collision of heavy particles, the probability of excitatlon and
lonization 1s considerably smaller than 1n the case of a collislion be-
tween an electron and a heavy particle at comparable energy levels [4].
This difference 1s due to the difference 1n mass. It 1s belleved that
almost the entlire kinetlc energy of the meteor 1s converted 1nto heat,
a small part - into light, and only a very small fraction will go into

ionization. According to Greenhow and Hawkins [5], the ratio of these
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three parts 1s, for a bright meteor: 10':107:10, and for a falnt mete-

m

or: 10 :10.19. The number of free electrons, created per centimeter of

the meteor's course, 1s:

n a4
Q == = .
pV oM (1.5)
where B 1s the probabllity of 1lonlzation, determined by the equation:

a and q belng constants.

Accordinz to Egqs. (1.3), (1.4) and (1.5).
9 P 1 P\
I-Tau(‘;:)(l—s",;)o (1'7)

a.=%ﬂ(pH‘)"M,cos X. (1.8)

From Eq. (1.8), 1t follows that maximum ionizatlon 1s proportional
to the 1nitlal mass and depends on the veloclty through the area of
probabllity of ionlzation.

Welss [6], showed that the approximation (1.7) ylelds in the area
of the maxlimum and below 1lt, significant devliations from values obtain
from precise formulas applicable to low meteor veloclities. He proposed
the follecwing expression to determine maximum elcctron denslty:

oy = 12(aVE™ [uH*) MoF (q)* [1 +2F (¢)]~ cos X, (1.9)

Vi=Vi+ 12QIn (ry/re),

ru/ro= 2F () [1 + 2F (q)]~,

F(@)=1+3(1+4q)QVi,
Vm’ I belng the velocity and radius of the body of the meteor at the
point of maximum lonlzation.

Greenhow and Neufeld [7], with the aild of two widely-spaced radar

osclllations, investlgated experimentally the changes in ionlzatlon
along the trailn of faint meteors (with a star-brightncss magnitude

equivalent of +6 to +8). It developed that the mean lonization curve
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1s much shorter than would seem to be Indicated theoretically, and,
specifically, the increase in the maximum el ctron linear density 1is
much steeper.

The question of the dependence of B on velocity has been examined
in a number of papers and the results obtained have been extremely con-
tradictory. According to Kaiser [3], the value of B lies in the range
of 0.1 < B < 1. The following values were obtained for g: by Kalser:

0 + 0.6; by Massey and Side [8]: 1.2 to 1.3; by Evans and Hall [9]:
0.5 + 0.5; by Hawkins [10]: 5.6; and by Flalko, [11]: 0.75 to 1.5. Yu.
A. Loshchilov shuwed that the Hawkins calculations were erroneous, ard
he believes that the Massey and Side figures are the correct ones [12,
13].

§2. DISSIPATION OF METEOR TRAINS

When a meteor particle penetrates into the terrestrial atmosphere
there 1s an 1lncrease in the concentration of charged particles, which
begins immediately within the process of formaticn to dissipate. The
dissipation of the train is a result of the phenomena of diffusion, re-
combinatlion and adhesion. The most important factor in the dissipation
of a meteor traln is amblpolar diffusion, which diminishes the volume
electron denslity without affecting the linear density a.

The diffusion equation for the cylindrical distribution of elec-
trons and positive lons without consideration of the terrestrial mag-

netic field [14, 3]

->

on, o 0 ( On, eEn, .

* v Or(rdr)+ (m,) (2.1)
- .

9ﬂ=&_0_(,%)_v(e_€ﬂ), (2.2)

ot r or or mpy;

where r is the radius of the train, t is time, m and my are, respective-
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ly the mass of the electron and the mass of the 1lon, U and v, are,

respectlively, the frequency of electron and lon collislons, e 1s the

electron charge, E 1s the electrical field of the charges, and eElmm

o

and eE/mv, are, respectively, the drift velocltles of the 1lons and elec-

trons 1in this fleld .

If we bear in mind that the difference between the concentratvions
n, and n, 1s small, having excluded E from (2.1) and (2.2), we will ob-
tain

(2.3)

where the coefficlent of amblpolar diffusion 1s glven by the approxi-

mate expression

D=—8-A,(2kr),x,= e (2.4)
3 Ly V?nn,c‘

Here k 1s the Boltzmann constant, T 1s the temperature of the electrons

and lons, na 1s the density of the neutral particles and v, 1s the aver-

1
age classlcal diameter for the lons and neutral molecules.

In the assumption that the el-ctroun line density and thc coeffi-

cient of diffusion remain constant, the sclution for Eq. (2.3) ylelds

a r?
ﬂ‘—;“—D—t-exp[‘m‘jI- (2'5)

Thus, the radial distribution of electron density 1s gaussian, and the

quantity (lLD‘c)l/2

may be assumed as the radius of the column at the in-
stant €.

In rarefled gases recombination occurs through inelastic colll-
sions of two bodles. Consequently, the number of electron recombilna-

3

tions per 1 cm” per unit time willl be proportional, all othcr condl-

tions equal, to the number of encounters between lons and electrons.

This number 1n turn 1s proportional to the concentrations of eiectrons
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and lons. The drop in the numter of electrons per 1 cm3 per unit time

is therefore

dn
d“ -_a‘n.n"
where Q@ 1s the coefficient of electron recomblnation. With n_ = ny, we
have
an, _ _ont (2.6)
dt

Having taken the processes of recomblnation into consideration, we find

that (2.3) is written in the following form:

ot r or or

)-—-c.n!. (2.7)

From (2.7) we have the rate for the change in the electron line densi-

ty:

d -
?:—g—-ztl.sﬂl!df. (2.8)

If we assume the change in the volume electron density 1is gausslan with

respect to the radlus,

c"'—g;" a:_a‘_. |ni.
S*D l. (2.9)
and the Integration of (2.7) yields
ay rt
n, = — exp[——].
t[4xD+—l—a,a.ln(i)] 4Dt (2.10)
2 te /)
where (lLDto)l/2 and aj are, respectively, the initial radius and the

initial electrcon line density.

The adheslon of electrons to neutral gas particles results 1n the
formation of negatlive lons. The change in 1ionlzation as a result of ad-
hesion 1s given by

an,

— = At (2.11)

Here Be 1s the coefficilent of electron adhesion and no 1s the density

of the neutral molecul-=s.

A




When the effect of adhesion 1s considered, (2.3) assumes the form

"_"L-_D_.g_(réﬁt)—'.n.n.-{» the term for separation. (2.12)
o¢ r or \ Or

If we assume each electron adhering to a neutral molecule as lost,
thus enabling us to neglect the term for separatlor, the integration of
(2.12) with respect to the radlus yields

a = a,exp (— Btat). (2.13)

Since n, retains the same form as in {2.5),

- % expl— " _
n, s exp[ Tl ﬁ,n.t]. (2.14)

Let us evaluate the extent to which the above-considered processes
affect the dissipation of a meteor train.

From the standpoint of adhesion, of all the componencs in the up-
per atmosphere only atomic and molecular oxygen form stable negative
ions. From the basis of theoretical calculations [15] the most probable
value for the coefficlent cf electron adhesion for these components is
Be = (10'15-10-16) cm3/sec, with B a weak function of the temperature.
It follows from (2.14) that adhesion can be neglected 1f Bt << 1,
which 1s always satisfled for ordinary radiometeors. Indeed, to satilsfy
this inequality n. must be smaller than 1015 cm_3, which corresponds to
an altitude of about 75 km which 1s less than the height at which ra-
diometeors are observed. The relative order of time within which the
effect of adhesion becomes apparent is given by the equation [3]

t=1,6-10-2 [LV3/ €% cos y*. (2.15)
For A = 4.10% em, V = 4.10° em/scc and cos y ~ 1, (2.15) ylelds: for
B, = 10712 cm3/sec, T = 15 sec; for §, = 10'16 cm3/sec, T = 90 sec.
Parallel photcgraphic and radar observations of meteors [16, '17] for

an altitude of 95 km yield a value of £, = 5.10712 cm3/sec for the co-

efficlent of adhesion for a radiometeor duration of 1 = 50 sec.
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Kaiser and Greenhow [18] studied the relative role played by the
effect of recomhinatlion 1n meteor trains. They derived a, ~ 5-10"10
cm3/sec, i.e., considerably less than the value of 10"8 cm3/sec ob-
tained for the E layer of the lonosphere. Thils disparity in the a, val-
ues 15 explained by the fact thLat recombinatlon in the E layer 15 pri-
marily molecular in nature whereas it 1s atomic in nature in the meteor
trains. Greenhow [19], having carried out his 1nvestigations on a wave-
length of 4.2 meters, demonstrated that the duraticn of the radioecho
during which the effect of recomblnation becomes apparent must be con-
siGerably greater than 60 sec. This contencion 1s burne cut by Oepik's
calculations [20].

Thus, the effects of recomblnation and adheslon will become appar-
ent only in the case of extremely long-enduring meteors, and diffusion
consequently 1s the factor responsible for the dissipation of the me-
teor trailns.

§3. INITIAL RADII COF METEOR TRAINS

It follows from Formula (2.5) which gives the ionization density

with respect to distance from the axis of the train that at the instant

t = O the ionization density ylelds an indeterminacy and an initlal rad-

}
Re24D(t oty -te)

5K x5 ¥ 8

t,—J 1 Soears . wusrcm
Filg. 1. The square of the train rad-
lus as a function of time for £ =5
cm, V = 50 km/sec, and 4D/4 - 1200
m/sec. (Manning, 1958). 1) Time, in
milliseconds.

ius rq = 0. To avoid this difficulty, it 1s assumed [3] that the ini-
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t1al radius of the train will be of the order of the length of the mean
molecular free path of alr at the altitudes at which meteorolds become
incandescent, l.e., of the order of several centimeters. However, be-
cause of the speed of the meteorold, the vaporlzing atoms exhlblt great
kinetic energy and, consequently, the rate of lonlzation at the begin-
ning 1s quite rapld, so that almost instantaneously in the place of &
point source we wlll be dealing with icnizatlion that is spatially dis-
tributed [20].

Manning [21] investlgated thls problem from the standpoint of the
kinetic theory of gases and demonstrated that because of the great ini-
tial veloclty of the meteoric atoms the 1nitial radlius from which nor-
mal diffuslon begins 1s attalned very rapidly, the value of the initial
radlus 1n thls case belng of the order of 14 mean free-path lengths.

Manning conslders the ion traln from the standpoint that 1n terms
of order of magnitude the number of electrons 1s comparable with the
number of lons in the traln. Let us assume that at the 1nltlal 1lnstant
of time the ionization In the train 1s gausslan 1in distribution and has
an Initlal radilus cf rg If tO 1s the tlme within which the radlius r

0

1s attalned, then rg = MDtO and Formula (2.5) assumes the form

e eplo )

D aDt+ % | (3.1)

On colliding with molecules of alr the vaporizing atoms of the me-
teor glve up a portlon of their energy and as a result the air mole-
cules acqulre veloclties close to those of the meteor atoms. On the
first collision the meteor atom retains 2/3 of its initilal veloclty on
the average, also retalning 1ts initial direction of motion as the most
probable. Hence 1t follows that because of the great initlal veloclty
the meteor atom will cover a path somewhat smai.er than three times the

mean free path. If the length of the path betvieen collisions is given
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L, the atomic and 1onic density after M collisions 1s dlstributed 1n

the followlng manner:

_ 8 _ 3 :
n= = exp[ 4ML‘]' (3.2)

If the radius of the trailn as a function for the case (3.2) 1s equated
to the radlus governed by diffuslon at atmospheric temperature, we ob-
tain the following values for the length of the mean free path:

(2312

- 1/2 1/2
5 for atoms; (2) / £y = (2) / Ba/S for ions, where £, 1s the

length of the mean free path for alr molecules at atmcspherlc tempera-

ture. In Eq. (3.2) L cannot be replaced by (2)1/22a This can be done

s I
only after several colllsions when the meteor atom loses 1ts directiv-
ity and when 1t 1s possible to apply the kinetlc theory to the chaotic
motion of the particles. For (3.72) we can therefore write:

ML =PM (V 2..)%,
where P 1s a constant whose magnétude 1s a function of the masses of
the colliding particles. For the case of meteor atoms whose masses are
equal to the masses of the alr molecules, Manning derived P = 5.

If the 1nitlal veloclty of the meteor atom 1s Vos becoming V after

M collisions, we have

V =Vyexp|— M),
where ¥ = 1n (1/k), with k the fraction of the particles retaining me-
teoric veloclty. Generally 2/3 < k < 1. Let us assume k = (2/3), which
corresponds to the case of 1dentical masses for the mefecr atoms and

alr particles. In this case ¥ = 0.4.

The time interval between two successive collisions:

ﬁlc.l - V-ﬁll.l
4 Veexp[—¢M|’

whille the time required for M collisions
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M
= K%ﬁijexpNM]dM =-L’%¢(ew_ 1).

Hence the value for M

Ve

M=
Val,,

In

1
5 } (3.3)
The radius of the trailn

‘4pM

== == [L,where L=V2,,.

Consequently, the radius of the traln resulting from the high initial

veloclty of the meteor

8 i q'th
_1,,(3:) In!2 V2l.:+l] (3.4)

For prolonged time intervals r, should be Jjolned with the radlus r,

which 1s glven by the equation
re=4D(t +¢,), (3.5)
where ta 1s the time, takling into conslderation the diffusion at the
great 1nitial velocltles of the diffusing particles.
For altitudes of around 93 km D, ~ 3 m2/sec, £y = (1/5) 4, = 1 cm
[22], and (3.5) assumes the form
- (401

¢

)1.,, £ ta) = 12000, (¢ + t,). (3.5a)

Figure 1 shows the curves computed on the tasis of Formulas (3.4) and
(3.5a), from which we can see that becauce of the initial velocity the
atom traln acqulres a radius of about 70 cm in a single millisecond,
while the 1on traln acquires thls radius within one-fifth of the time.
The value of the inltial radius ry can be estimated on the basis

a
come 1Into contact, subsequent to which stable diffusion begins. Neglect-

of the conditlion that within the time to the curves for rv and r_. must

ing the thermal velocltles cf the alr molecules will be compensated
somewhat by the drop 1n the magnitudes of L and p beyond the reglon of
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contact. Let tt be the time in which rv ra. In thls case

_Vilc.l[ 8pV, _ ]z 8rla — 1 .6
= Ve L3V24D/1,, ' 304D|l,, 36 o (3-6)

Having substituted (3.6) into (3.4), we obtain in the place of t a val-

ue for the initial radius (the radius at the polnt of tangency):

8p \1” __ 8V |
Fow= (_ﬁ-) la.lln”’ [3V§(4D/l.‘)l| (3. 7)
The time to
0,1664
‘o=4i;)°‘-—7,—.'- (3.8)

For lons tyy, = 0.277 £, and for atoms t, = 0.83 £ . Thus the initial
radius rqg of the meteor train is attalned within a short period of time,
e ual approximately to £1/36 ~ 3-10'“ seconds.

F.I. Peregudov, 1investigating the effective scattering surface of
a meteor train [23], considered the initial radius; 1t turned out thz
the theoretical computations are in good agreement with the McKinley

experiment [24], if 1t 1s assumed that the 1initial radius r, = 0.4-

0
0.5 m.
§4. MECHANISM FOR THE REFLECTICN COF RADIOWAVES FROM METEOR TRAINS

A meteor train immedilately after its formation contalns free elec-
trons and positive ions. If an electromagnetlic wave of frequency v 1lm-
pinges on such an ionized column, the charged particles osclllate and
thls causes a portion of the electromag-
netic energy to be absorbed, anocther por-
tion to be re-emitted. According to fileld

theory [25] the equlvalent scattering

surface for a particle wit" mass m and

Fig. 2. Only meteor M sat- electrical charge e 1is equal to
isfiles the condi~ion cf

mirror reflection.

w-ge (), (4.1)
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where ¢ 1s the velocity of propagation for the electromagnetic wave.

If we take Into conslderation that tre reflectlon rrom the charged
particle exhibits a directivity pattern simllar to the Hertz dipole
pattern and, consequently, exhibits a directivity factor of g = 1.5,

the equivalent scattering surface
8’ 2
wmte(a) (5.2)
For a singly lonized atom of nitrogen or oxygen
€+ =4,803.10- CGSE,
m=24.100%T, g,~10-% cm2.
For an electron
e- =4,803-10~ CGSE,
m=9.10-3T, z,~ |0-% cm2.
Thus, the scattering surface for electrcns 1s greater by a factor of
approximately 109 than for ions and 1t is therefore completely valid to
assume that the radlo-reflection of radiowaves from metcor trains 1is
governed exclusively by the presence of free electrons.

It 1s generally assumed that the ionized column of a meteor 1s
long and straight and for this reacson the radioecho will be recelved
primarily from the vicinity of a point on the traln that is normal to
the ray of the antenna directivity pattern (Fig. 2). This assumption 1is
well borne out by the phenomena which take place during the formation
of the lonlued column by the meteorcid: the time variatiocn in the in-
tensity of the reflected slgnal coincides in shape with the change 1n
the illumination of the screen 1n the diffraction of 1light on a
stralght edge.

§5. SCATTERING WITHOUT CONSIDLRATION OF DIFFUSION
Lovell and Clegg [20] computed the energy reflected from a meteor

train containing o electrons per unit length, in the assumption that,




first of all, the diameter of the train 1s narrow in comparison with
the wavelength and, secondly, that the electron density in the train 1is
co small that mutual collisions of electrons under the action of an in-
cidence fleld can be neglected.

Let us conslder a short segment of a train dz long situated at a
distance R from a transmitter. This segment contalns N' = adz electrons.
Consequently, the total charge and mass of this segment will be equal
to ey = eadz, and my = madz, respectively. On the basis of (4.2) the

effective scattering surface for eiectrons

o=4,.(":;‘). (5.1)

If emission and reception are accomplished with a single antennz,

the power of the reflected signal at the receiver input

5.2)

where P 1s the power of the transmitter, G is the directivity factor of
the emitter and X 1s the wavelength.
In the case of radiowave scattering from a cloud of electrons (5.2)

assumes the form

n 2O ( dute;

162'R¢ \ mct (5:3)
On the other hand
1 UE )
We=g —=5 (5.4)

where Um 1s the amplitude of the recelver input voltage and r 1is the
input resistance of the receiver.

From Eqs. (5.3) and (5.4) we obtain

1z,
e G (2rp)'iin adc

dUn = mc® 4x R ' (

LN
o
~—

The amplitude of the fleld governed by the scattering of the radiowaves
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by the dz element of the meteor traln is equal to

M—A.(R,a)sln(d——“TR)dz- (5.6)

The quantity Am(R, a) for the given meteor is approximately constant.
Let us integrate Eq. (5.6) from the point at which the radioecho z, ap-
pears to tne point Z5 where a constant resulting amplitude 1s estab-

lished

A-A.Ksln(d— 4;’?)“_ (5.7)

From Fig. 3 we see that

]
R=R°cos0+zsin0zR.+; .
9
If we Introduce the denotation
4zR,
= of
P=0 Y
8 and the new varilable
7r7r 7777 T rrrrr
e 2x2?
Fig. 3. An illustration —;‘='§3T.
of the calculations for
2 1 amplitude. R, is
e the amplitude of the signal at point O
of mirror reflection. ,
VR =\ e
2 AaA. 5 Ksn‘(?—‘-T ax. (3'8)
Amnsumyda x
I
’ According to the theory of diffraction

\, gSln(w—%i)dx-Csincp—ScosQ, (5.9)

where C and S are Fresnel Lntegrals

0 avoew woe .
INOGEN e .

Fig. 4. Theoretical ampli-

tude-time pattern observed y
when a meteor intercects C==§
the perpendicular drawn .

Xy

cps“-f:-dx. S=§s|n R—;idx. (5.10)
between the point of ob- f
servation and the meteor , .
train. A) Amplitude; B) As follows from (5.8) and (5.9), the

Eelabiveiia ticliati.; invensity of the reflected wave 1is ob-
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tained in the followlng fcrm:

I,=A(C'+ S, (5.11)
which 1s 1identical to the expresslion for the case of light diffraction
on the edge of a straight screen. Flgure 4 shows the theoretical ampli-
tude-time pattern which makes 1t possible to determine the geccentric

speed of the meteor:

6,73
Vo= T - (5.12)

Ellyett and Davies [27] were tie first to employ this method for the
measurement of veloclitles.

For purposes of determinlng the resulting signal amplitude we will
integrate Eq. (5.8) with respect to the entire train. 3ince the length
of the traln 1s conslderably greater than the dimensions ¢f the Frecnel

zone, the Integration may be accomplished from — = to + «:

A=‘/?A.. (5.13)

From Egs. (5.5) and (5.6)

. G (2rp)7
An el 4 I8 a, (5.14)
and
Ao o (”WV” o X
i (R) : (5.15)
From Eq. (5.5)
_ € G ()N .
U;—-m s o (5. 16)
Fror (5.15) and (5.16)
N=a ARO (5'17)

Since the phase delay occurs twice for an incldent and a reflected wave.

Equation (5.17) deflnes tre number of electrons participating in the

reflectior. Since the phase deiay occurs twice for an incildent and a




reflected wave, the size of the first Fresnel zone 1s equal to
(xao/e)l/g. Thus, with the assumed simplifications only the electrons
of the first Fresnel zone take part in the scattering of the electro-
magnetic energy, while the energy scattered by the electrons of cther
zories 1s mutually cancelled.
§6. THE HERLOFSON THEORY OF SCATTERING

The llnear distribution of 1lcnlizatlon in the column will be dis-
rupted by the effect of amblpolar diffusion. As & result the position
of the electrons wlth respect to each other will change and, corse-
quently, there wlll also be a change 1n thelr relative phase contribu-
tions 1n the scattcred signal. In a number of cases the Herlofson the-

ry [28] makes 1t possible to take into consideration the effect of the

amblpolar diffusion.

Herlofson consldered the problem of radiowave scattering fcom me-
teor trains on the basis of the Maxwell equatlons of macroscoplc elec-

trodynamics which for the case of a meteor traln assumed the form:

rotP}=4—“T+j—?l¢,é; (6.1)
¢ c
rotE = —j 2 . (6.2)
¢
dlv:gn 0, (6-3)

where w 1s the angular frequency of the electromagnetic fleld, £g is
the dilelectric permeability cof free space,'? 15 the conductlon current,
ﬁ’and'g’are, respectively, the magnetic and electrical components of
the fleld.

When a plane electromagnetic wave impinges on an ionized cylinder
the displacement current .5 complemented by the coaduction current

which 1s governed by the followlng phenomena: 1) the motion of elec-

trons under the action of a Lawrence force 1n the magnetic fleld of the

- 28 -




earth; 2) the motion of electrons as a result of collislons; 2) the

oscillation of electrons owing to the actlion of the incident fleld.
The influence of a permarent magnetlc fleld on *the propagation of

radiowaves 1s defined by the ratio cf gyroscoplc frequency wy to the

P
radic frequency. The gyroscoplc frequencyou=ﬂe|ﬂdm¢z135407ﬂ In the tepr-

Py —

restrial magnetic fleld which exhlbilts HO = 0.5 ocersteds at the poles,
Wy = 8.82-106 cps, which corresponds tc a wavelength of AH = 214 m,
whereas in the case of radar detectlon of meteors radiowaves 1-13 meters
long are employed. Consequently, the conduction current due to the ge-
omagnetic fleld need not be taken 1nto conslderation.

For the waveband used 1n the detection of meteors by means of ra-
dar the frequency of electron collisions Ve <L v, and the effect of the
colllsions can also be neglected. Thus, the conductlon current is gov-
erned exclusively by the effect of the 1ncident-wave fleld. It may be
maintained that only the electrical component cf the 1ncident-wave
fleld affects the cZlectrons, since when T ~ ® the magnetic fcrce (e/
/e) [VH] 1s less than the electrical force eF by a factor of approxi-
mately 3000, assumlng the thermal veloclty of the electron as 1ts velo-
city V (1t is assumed that T ~ 300°).

The equatlon of motion for the electron

dei‘ti=eE‘ (6.4)

Since the fileld varles harmonically, velcrity must vary 1n accordance

wlth the same law

V=V, (6.5)
On the basis of (6.4) and (6.5)
V=2E | (6.6)
Jjom

The current density

= Poir=




:=n,ev= n.e'é' (6.7)
Jom

Having used (6.7) and taken into consideration that gy = 1 for free
space, we find that Egs. (6.1) and (6.2) assume the form:
rotﬁ-/kga (6.8)
(6.9)

where k = 2n/X 1s the wave number and

ot E = — i1, (6.10)

If we introduce a rectangular system of coordinates with z along the
axls of the lonized column and 1if we assume that the wave impinges from
the direction x > O, on the basis of (6.8), (6.9) and (6.3) we can ob-
taln the following wave equations:
a) for the case of parallel polarization, with Ellz:
AE,+ k%E,=0; (6.11)

b) for the case of transverse polarization, with Hllz:

aH, — L9 s oy 0. (6.12)

e dr Or

Thus, to s»>lve the problem of the scattering of radiowaves from a me-
teor train 1t 1s necessary tc solve Egs. (6.11) and (6.12) for certain
boundary conditions. Equation (6.11) 1s presented in the form
AE,+ BE, = 4rnpE,, (6.13)
where p = e2/mc2 = 2.8-10'13 cm 1s the classical radius of an electron.
’ If the electron density 1s so small that the right-hand part of
(6.13) may be regarded 25 a small perturbation (a diminished train),

the solution of thils equation on the basls of the Green theorem is giv-

en by
E;,:glnko_-inpS‘S"S'cn,E,dv/SSvcds. ' (6.14)

The first term 1n the right-hand part of the solution represents

- 30 -




the incldent wcve at the polnt of observation and the second term rep-
resents the ccattered wave; ¢ 1s the Green functlon which 1c determined
from the specific conditions of the problem. We are interested 1in the

scattered wave:
E,.¢=—4xpg5§cn,5,dv /S“,'Acds. {6.15)

The volume 1lntegral in the numerator 1s taken over the entire cross
section of the cylinder with a unit train length. The surface integral
1s taken over the narrow cylinder of unit length about the point of ob-
servation. In selectlng the Green functlon let us make use of the con-
dition that the scattered wave at 1infinlty must satilsfy tlie principle
of radiation, i.e., 1t must tend toward zeroc. This requirement 1s satis-
fied by the Hankel functlon of the second kind, of zerc order:
¢ =Jy— N, (6..0)

where JO 1s the Bessel functlon of zeroth order and NO 1s the Neumann
function of zeroth order.

In the volume integral the argument k|R| of the Green functlon 1is
great (|R] represents the distance between a pcint inside the cylinder
and the point at which the radiometeor is observed) and therefore we

can use the following asymptotic expression for the Hankel function:

cz]'/—T]R_e—INR-—C)' (6.17)

'ko
For the surface integral in Eq. (6.15) let us use the asymptotic ex-
pression for the case in which the argument of the Hankel function

tends toward zero:
;._(i_’)mh. (6.18)
On the basis of (6.17), (6.18) and (6.15)

b=/ T [ £95)
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For transverse polarization Eq. (6.12) can be presented in the form

1
AH, 4+ AH, = 4xp [n,H, + 5 {vn, X rot l'l),] g (€. 20)

This equation 1s solved analogously with (6.13) and it develops that
Epee = — Hpae, {6.21)
1.e., with low electron density in the column the amplitude d the scat-
tered wave 1s independent of the polarization of the incident fleld.
Herlofson introduces the dlameter D for scatterlng energy and this
quantity 1s deflned as the width of a strip which exhibits a length
such as on absorption and axisymmetric re-emission of all incident pow-
er will produce a reflected signal like that from a train:
D = 2xR, | E,, I (6.22)

The amplitude of the scattered wave

Ewi=)/ 725”555 neMedo, (6. 23)

and consequently
D=1 (28 555 nedole (6.24)
2x

Let us consider the effect of diffusion on the amplitude d'a ra-
diometeor. If the electron density along the radius exhibits gausslan

glstribution (2.5), it 1s not difficult to calculate

T2 xet -'———-":m
Ewl=V Simma® (6.25)
Thus, because of diffusicn the amplitude of a weakened radiometeor 1is
damped exponentially. The time during which the amplitude of the signal

1s dimlnished by a factor of e is glven by

29
= lG“‘D. ' (6.26)

Greenhow and Neufeld [29], engaged in an experimental determination of

T, on the basis of (6.26) computed the diffusion factor. The results
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are close to the theoretical, as derived by means of Eq. (2.4) (the at-
mospheric density was determined by means of rocket probes).

If the electron density 1in the column 1is sufficlently great, ic
develops that the ampllitude of the reflectec signal is & function of
the polarizaticn of the incldent wave.

In the event of parallel polarization, 'f the volume electron den-
sity 1s so great that the dlelectric permearility of the medlum 1s nega-
tive, the fleld 1n the medium rapidly attentates and this 1s simllar to
the skln effect in a wlre. The depth of penetratlon at which the fileld

diminishes by a factor of e 1s glven by
v (xm \'7?
= (6.21)

The attenuatlon can be neglected 1if the cyllinder radius a ¢ d. It is a
simple matter to prove by means of Eq. (6.27) that this condition is
satlsfled for meteor tralns with a linear electron density a ¢ 101'2 el/
/em. If a > 10%° el/cm and, moreover, the depth of penetration 1s amall
in comparison with the radius of the trailn, the expanslion of the train
as a result of diffusion results 1in the expanslon of the surface of ze-
ro dilelectric psrmeabllity. The maximum radius cf thils surface 1is ejual
to 3-102a1/2/v cm, and after a period of 6.2 a/Dv2 this surface 1s com-
pressed to zero. For meteors with a >> lO12 el/rm the train behaves
much llke a metalllic cylinder and if the radius of the train 1is small
In comparison with the wavelength, the scattering diameter in the care

of parallel polarization 1s given by the form.ola [22]:

21 2 )\ %) 1
D==—1]14+[Z21 .
r { +(1t nS.Ga)}

o

(6.2

)

In the event of the transverse polarization cf the iIncldent fileld
wlth respect to the axis of the meteor traln, the electrons move in the

transverse plane of the cylinder, thus bringlng abcut a change in the
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surface charge. The theory of radlo reflectlion under conslderatlon here
encounters baslc difficulties 1in tinls connectlon.
Let us return to Eq. (6.12). In a cylindrical system of coordinates

thlis equatlion 1s written in the followlng manner:

——

o', (1 |d!\, oH, +_!_921_,
or " de

R et

=== + M, = 0. (6.29)

To find the speclal solution for (6.29) we can make use of the method
of separation of the varlables:
H,=F(r)®(e). (6.30)

This ylelds the following equations for the functions ¢ and F:

& + mid = 0; (6.31)
E..+(l—i)i-‘;+k'e_”'—:)r.=o. (6.32)
rooe r
Solution (6.31)
® = Acos mg + Bsin my. (6.33)

Having taken Into consideratlcn that the components of tne 1incldent-
wave fleld are even functlons of the angle ¢
Hinea = % = elbrcosy | (6.34)
let us assume B = 0. Consequecntly,
® = A cos m3, (6.35)
and to ellmlnate the many values, m must be a whole number. Equatlon
(6.32) represents a differential Bessel equation of the mth order which
1s difficult to solve because of the fact that 1t 1s necessary for the
determlination of the constants to relate the solutions inside and out-
side the cylinder in the presence of a singular point for which &€ = O.
Kaiser and Closs [30] proposed the approximate method for the sc-
lution of this problem and for thils reacon we will return toiit some -
what later. Herlofson, however, modified Eq. (6.31) to the form of a

Riccatl-type equatlion whose integration can be accomplished only for a
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Fig. 5. Theoretical relationship tetween the variation 1n the forece of
the reflected sigral and the diameter of the 1icnized column in the cace
of a constant number of electrons (Herlofson, 1G51). 1) Amplitude of
reflected signal; 2) longltudinal polarization; 3) transverse polariza-
tion; 4) diameter.

uniform cylind2r. As a result 1t turned out that with € = — 1 resonance

takes place and here

>
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Figure 5 shows graphlcally the theoretlical relatlionship between
the variation in the force of a reflected signal and the diameter of the
lonized colunn for a constant number of electrons.

The ph,sical interprectatlcn of the derived pattern 1s the follow-
Ing. Witk a small scattering diameter, 1l.e., with large negative valves

for the dlelectric constant, E, <

since the large electro-
1 ras | Nras) 2

statlic fleld prevents the shifting of the charges 11 the plane perpen-
dicular to th- axls of the cylinder. With increasing cylinder dlameter
because of diffusion the dielectric permeablility diminishes so that

consequently there 1s a reductlon in the electrostatlc charge field and

the intensity of the signal for E at first increases insigniflicant-

1 ras
ly, while at ¢ = — 1 there arlses distlinet resonanct which 1s associlat-
ed with the electrical rescnance of electrons subject to the effect of

regerneratlive electrostatlic forces. With large radll the dleleetric per-

meablility becomes positive, tendlng to unity, and since the train has
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been weakened the 1lntensity of the reflected signal is not a function
of the polarization of the 1incldent fleld.
§7. THE KAISER AND CLOSS THECRY OF SCATTERING

Kaiser and Closs [30] used the approximate method of solving the
problem on the scattering of radlowaves that 1s based cn the represen-
tation of the electrodynamlc problem in the form of a prcblem In sta-
tics, assuming that the meteor train 1s cylindrical 1n shape and ex-
pands graduaily as a result of diffusion. A sclutlon 1s sought for Eq.
(63 )k

div(egrad 1) = 0, (7.1)

where V 1s the potential ci the electrostatic fleld and the dlelectric
permeability € 1s a function of the radius and, as follows from (6.10),
egqual to

$cela, (0}
ur)-i_—k‘meT. (7. 29

In a cylindrical system of czoordinates, follawing the separation

of the variables, (7.1) is written as follows:

£ (o tte)- 0 =
dr dr r
where
V(,,Q)_iv,,(r)slnrﬁv. (7.4)
m-0

On the basis of (6.35) we can present Eq. (6.32) in the form

d*H, 1 de] dH, W _m,
—Er—r+[—r_ ¢ dr]| dr +[k' r JH" 0 (7.5)
where
H_(,'9)=2H.(r)cosmv. ' (7.6)
me0

Equations (7.3) and (7.5) are equivalent 1f 1in (7.5) we neglect
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= .
the term k ehm which characterizes the phase varlaticn: of the fleld.

Let us therefore acsume that

le (k| < m2, (7.7)
or for the dlpcle model
(kP <N, (7.7a)
Using the equatlions
E-—grad V. rot H -jh'E., (7.2)

we obtaln the relatlcnship between Hm and Vm
Hu=j(kr)eV! /m. (7.9)
The solution of Eq. (7.3) for the region ocutside the cylinder, glv-
en that Conditlons (7.7) are met, and with consideraticr of Relatlon-
ship (7.9), ylelds
Hy (r) = jke (Agr™ — Bar ™). (7.10)
The constants Am and Bm can be deflned by numerlcal integration cf Eg3.
(7.3).
Let us expand the plane 1lncldent wave of unlt amplitude glven by

)

Eq. (6.34) into a Fourier serile

cp]

eMeosy 2..(/)-1. (kr) cos mgp. (7. 11)
me0 A
HeRe € 1¢ the Neumann factor which for m = 0 15 equal toc €. = 1, whille
) )
form=1,2, 3, ...ep =2, and Jm(kr) 1s the Bessel function cf mth

order of the first kind.

For the region outslide the traln (7.5) acsumes the form

d‘H | dH m?
L) . m B =t = - S &
dr® r dr +( r’)H. 0, (7.12)
whose soiutlon
m=-0

where Nm 1s the Neumann function and tm 1s a constant, complesr 1n tre
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general case.

Let us make use of the asymptotic approximatlions for the Bessel

and Neumann functions [31] for large r

N = 9m + 1) x]
J.(kr)a:l/-ﬂ-k-r-cos kr—-———-( ) ". (7.14)
1/ 2 . [.. @m+1)x] /
N-(kr)—- ]/;FSIn Lkr"———4 )‘J 0 \7. 15)
and we find
N [ 2\ () i
Hpic—‘Z/ L (J;) e ol (7.1())

Since Eq. (7.6) expresses the touval external field, according to (7.11),

(7.16) and {7.6) we will have

EH. cosmy = 2 (/)™ u(kr) cos me + Vj':_(i-)me-l (w B 7), (737
m=0 m=0 nﬁ‘o ukg

From Eq. (7.17)
Ho=(1 4 t3) jo (kr) — jtoN, (Rr),

Ho = (2™ + £0) Ju (k1) — jtaN o (7). (7.18)
When (kr) << 1
Ja(lr) = &7 (7.19)
2"m!
by~ 2o (m—1)
Noibr) = ~ =0, (7.20)

where m = 1, 2, 3,
Applying Approximatiors (7.19) and (7.20) and comparing (7.18)
with (7.10), we obtain the equations for the determination of the coef-

ficlents tm

2™ jml(m—1)14™ A
L By m
i s = B (7.21)

The coefficlent of scattering 1s determined with the formula

-
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For the case under consideration

Ai’lc "=Hr'|c"zj-l-‘// 2—- Anm:Hno":]-
m-0

rkr

and consequently the coefficlent of reflection in the case of trans-

verse polarization
(7.23)

In the case of parallei polarizaticn, when £z, we cbtaln frum the

wave equation (6.11) in a cylindrical system of coordinates

d*E 1 dE nty . "
GLa V. e [ Rse — E, =0, . 24)
dr? *‘r dr +( r') (7
where
E,= }:E,,cos‘np. (7.25)
n-©

Further, the dilscussion may be continued 1n a manner similar to the
case of transverse polarization with corresponding substituticn cf -

nctations: t_ — £

m n’ 5

— g5 the above-derived formulac are valld nere.
L2

If [e{kr)®] << 1, the baslc contribution is made: by the * m with
n=90and In thls case the Lovell-Clegg fcrmula 1s suitable:
(,l

g >lhi=r1_ o T-26)

Without golng into the detalls of the calculations, let uc cutlin. ti
basic results emanating from the Kalser and Cloess theory.

In the case of a uniform ¢ ylinder, whe: € = const with r O v i

7

€ = 1 with r > a with Condition (7 .72) satisfied, 1t Tolldwus Fron

(7.21) that the coefficlent of reflectlon has Its maximum salue a4t £ =
= — 1, In which case the polarization ratlo fo. rcsvnance
(Hl 4 |
\gl)pn ﬂ(k(])" (//)
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The diameter of the scattering in the case of resonance
8

Dp'!- —)‘u
L9
which colncides with the result produced by the Herlofson theory.
If € < 0 and |e(ka)2| >> 1, Formula (7.28) is not valid. In this

case the traln behaves as a metalllc cylinder having a radius a. When

(o)
(ka)” ¢ 1 and € << =1

g~ —"—(—';“—"—. (7.28)
g.=ll—f(f-)m(""g"‘“)'“'. (7.29)

»)
If, however, {ka)~ >> 1, on the basls of the laws of geometric optics
g1 =g, =;—(xka)m. (7.30)

When diffusion 1s considered, the eliectron density in the coiumn
exhlblts a gaussian distribution and in this case tlte dlelectric per-

meability on the basls of (7.2) is expressed by the equation

c(r)=l—fexp[—ﬂ. (7.31)

where

4aet

=.;;;U;5;.

If (1 — €) << 1, the incident wave penetrates the column without
distortions and we are confronted with a weakened train. From (7.31) we
have the cordltion of weakness

(kr* > 11,2410~ 13a, (7.32)

Since € > O over the entire region of the train, the coefflcient of re-
flection 1is not a function of the polarization of the incident wave
(gl = g“L and in this case, 1if (krt)2 << 1, we obtain the Lovell-Clegg
formula (Eq. 7.26). If, however, the train has finite dimensions, the

phase differences which were considered in the discussion on the Her-

-
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lofson trecry must be taken Into consideraticr.

\

Irn the event that the electron dernsity in the column 1o gulte great,
J Py

btut the incldent wave neverthelecs penetrates 2ll regions of the traln,

]
D
Q,

the train in thils case 15 refer tc ac underdencse. The underderce

N -

condition 1z given by Je(kr)] << 1, which 1. eguivalent toc 1 < L.& ~
X 1012 el/cm. For underdense columns the coefficient cof reflecticr 1is
a function cf the pclarizaticn of the incldent wave.

In the case of parallel polarizcticn the Levell-Clegg formula (7.
26) 1s valld. Untll an underdense train weskens because of diffucion,

the coeoefficlent of reflection remains constant.

In the case of trarisverse polarization

! 4 A=t
g1=2|1 4 —Y .7 7
L e B (@33

where

Ay=Ar;l, B, =B,

From {7.26) and (7.32) the polarizaticn ratic
\

Hence it follcws t!nt Re(A') = O 15 the rescnance condltlcen which is
found to occur when f = 2.4, 1.e., when the dlelectric censtant on the
axls has a value of € = — 1.4. Calculations show that because cof the

o

scattering boundary the resonance ratio diminlshes to 2.

12
B o 35 2.4 .16

el/cm, the incldent wave cannot penetrate the
central portion of the ccolumn and in this case we will be dealing with
an overdense traln. For the reglon of tle train 1t 1s peoolble to write
e < O and !e (krt)gl >> 1. For the gaurslan dilstribution Kalser and

Closs assumed that the train bchaves ac a metallle cylinder whose ra-

dius r_ 15 determlined from the cquatlon

e(r,) (kr,? = — 1. (7.35)
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The time durlng which the dielectric constant on the train axis - wche:

a value of zero 1is held to be the duratlon of the overdense train.

z
T= 1124100 s (7.36)

The maximum coefficient or reflection for an overdense train 1s indep-

~rndent of the polarlzztion of the incldent wave

1

gn = g (ckr)' 2. (7.36)

|
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Fig. 6. Coefficlent of reflection as a function of (kr, )" = 4k~ D_: =)
For a segment with a logarithmic scale; b) for a segment with a l%ne

cale paralley polarization; - - - - - transverse polarization.
(After Kaiser and Closs, 1952).

2

1%

On the bhasis of the geometry of reflectlion Marnning [32] computed
the power of a radloecho from an overdense column, with consideration
of the products of ionlzation situated beyond the 1limits of the criti-
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cal radius. It deeloped here that the mazxlmum of 51gnil power was low-

£

er by 70% than the guantitiy predicted by whe Kaltcr amd Clius thuory.

Kaiser and Closs smcothly related the scluticns for the reglon of

underdense and overdense trains and thus crtain

P
(D)5
{

cempicte pleture of
the scattering of radlowaves with var ing pclarizaticrn for gaussian
distribution of electrons witheout rectriction ¢f the <lectron line den-
sity and the radlus of the trairn (Fig. 6).

To test th. scatterlng of radiowaves c¢n metegr tralns, a nuafiber of

- ~

experimental investigatlons were conducted [33], [s4], [25

—
v 3
e
(
—

correct experiment was carried out by Billam and Brown. [=°

N
[ I
=
O
6]
*
j
(o}
|

led the polarization effects on a wavelengiin ¢ W = 5.45 meter.. Thelr

experimental data are 1in agreement with the Kalser and Clcsz thecry for
long-enduring clgnals, and also quantitatively in agreement with tie
theory cf short-duratlon signals, bul in many cacze:s the magnitude of
the polarization ratio 1s 5reater than predicted by the thecry. Thi

explained by imperlectlons in the Kaiser and Clcss thecry, which will

be a matter for subseguent conslderatl ior.
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THE SCATTERING OF RADIQWAVES FROM UNDERDENSE METEOR TRAINS
I.V. Bayrachenko

According to theoretical and experimental 1lnvestigations intc the
ccattering of radlowaves from meteor tralns, the nature and power of
the reflzcted signal are significant functions of the magnitude of the
electren line density in the column. In the general case, when the same
antenna 1s used both for reception and transmission, the power of the
radioecho with conslderatlion of the sphericity of the electromagnetic

wave can be presented in the form [1]

P.GM

= s & (1)

where Ppr 1s the power at the recelver input; Pp 1s the power emitted
by the transmitter; G is the directivity factor f »r the antenna with
respect to an 1lsotropic emitter; A is the wavelength; R 1s the slant

range; g 1ls the reflectlon factor determlned by the equation

TER [ A
=)/ 5 (3)
Here k = 2m/X 15 the wave number; Aras 1s the amplitude of the scat-
tered wave at the polint of observation; Apad 1s the amplitude of the
irncldent wave 1n the reglon of the meteor train.
If we assume the meteor traln to represen* a cylinder whose radius

is conslder wavelengtin, the coefficlent of reflec-

el/cm) regardiess of tne polarization

g=""(;§)' (3)




where e2/mc2 1s the classical radlus of the electron.
In the case of underdense trains (a < lO12 el/cm) the coeffizient
of reflectior 1s a functlon of the polarization of the incident wave:
in the case of longitudinal polarization it 1s defined by Eg. (3),

while for transverse polarizatior 1t 1s given by the expression

81" 2jl‘-o (u)
0
where
by = — mpl y
= . mi(m— 14" )
!+J *k‘- B-

Here Am and Bm are constants whose ratio is a function of the distribu-
tion of electron density in the column.
Only the dipole form of the osclllation (m = 1) makes a signifi-

cant contributiorn to the reflectlon and therefore

)
g1 4 A‘ . 5
B0 (5)

2

In the case of overdense columns (a >> 10l el/cm) the meteor train be-

haves much as a metallic cylinder whose maximum coefficlient of reflec-
tlon, excluding the case 1n which g” exceeds gl, regardless of the po-
larization of the incldent wave, 1s equal to

Buaxe =T7,1-10-4a', (6)

In experimental 1nvestigations the antenna system 1s generally

positlioned so that the plane of polarization 1s parallel to the plane
of the earth. However, meteorolds penetrate into the terrestrial atmo-
sphere from all directions. Thereforc, with the scattering of radlio-
waves from meteor trailns the electrlcal vector of the electromagnetic
fleld willl be oriented through a varlable angle with respeét to the ax-
1s of the meteor train. In the case of faint and overdense columns, as

can be seen from Eqs. (3) and (6), this plays no part. However, one

T




must take this fact into conslderaticn in the case ¢f underdense tralnc,
since the coefficient of reflectlion 1n the cace of transversc pcelariza-
tlon may exceec the coefficient of reflectlon 1In the case of longltudl-
nal polarization severalfold (resonance in piasma). Consequently, in
analyzing 1individual radiometeors of known streams consideration must

be glven to the spatial position of the meteor train and the electrical
vector of the elecctromagnetic field.

The present paper considers the questicn of the magnitude of sig-
nal power durlng the scattering of radiowaver from underdense metecr
trains 1n the case of varylng polarization of the incident electromag-
netic wave with respect to the axis of the meteor train. We consider
the Influence exerted by the dilstribution of electron density 1in the
column on the magnitude of the resulting ccefficlent of reflection.

Let an electromagnetic wave be propagated in the X ¢ O direction
with the Z axis coincident with the axis of the metecr train (Fig. 1).
If 2 1s the angle between the electrical vector of the incident wave

and the axls of the train, it 1s not difficult tc see from the figure

that
g1 ~sinf,
&) ~cosp,
therefore
e2
8.=ﬂa—’;5cosﬂ, (7h
2
&L= sin 8. .
B (8)
nk' B,

In the general casc the coefficlent of reflection may be represent-

ed as a complex number

g = gem. (9)
In this case Eq. (1) 1s written as follows [3]:
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where g* 1s the magnitude of the complexX

conjugate g.

Let

By =g,e'®, (11)

\

Fig. 1. Orlentatlon of
eleztromagnetic wave

wilth respect tc the ax-
1s of the meteor train.

£1=g,e" (12)

n which case

g=81+81=g.¢/" + g6l =gycos®+ g, cosp+/(g.sin® + g, siny),
and
88°=(gicosP+ g cos) +(g,sin® 4 g, sin ¢).
As follows from Eq. (7), 1n the event of longltudinal polarization tie
coefficient of rerlection 1s a real number and therefore
g8° =g’ -+ g’ + 28181089, (13)

Let us expand the content of thls eguation with respect to various spe-
clal cases.

For a uniform cylinder (e = const when r < aand e =1 whenr > a,
where € 1s the dlelectric permeablllity and a 1s the cylinder radius)

[1]:
A 1+ a

— == a

B) I—l

Let us substltute the ratio of the quantities A; and By Into Eq. (8)

_ 2sin B
El—l Y Tpe
+ .
x(ka)? | —u

Hence the moduluc and phase of the coefficlent of reflection

8:= E1¢"=‘ g et

TR (14)

where
[ s dc'm At ’
nigledn  xgle?
¢ = arcig/,
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w 1s the angular frequency of the incident electrcmagnetic wave, n 1s

the electron volume density in the train.

On the basis of Egs. (10), (13) and (14)

the power of the received slgnal

P,G" / 1 \? 4sin®P 4xac? cosPsin P
i 2,80 3
32cRS [" | e )ms Pt o Y hava q’J'
(15)

Because or the effect of amblpolar diffusion

Pnp

the power of the recelved signal will exhibit

[}
1
1
[
[}
!
!

a time varlation. Tia the case of longitudinal

l

polarization [2]

Fig. 2. Distribu-
tion of electron gy = et ethr
density in column me?
after the Herlofson
model. S

r?=r2<44Dt,

Ty 1s the initial radius of the meteor trailn; D 1s the coefficlient of
arbipolar dli:usion.

Until an underdense train because of diffusicn vecomes a faint
train the coefficient of reflection g“ will be virtually constant. This

is assoclated with the fact that for (krt)2 <ol
e-“")'~l.

In tnhe case of transverse polarization gl Initially increases attaining

a maximum and then diminishes. For a uniform cylinder resonance appears

at £ = 1 and with variable polarization of the lncident wave

16)

~

/gi) _ _Agp
g1 /pes  T(ka)® .

In the Herlofson model case [2] the column 1is nonhomogeneous in

the regilon r = a (Fig. 2), and here, ac follows from the work of Kaircer

and Closs,
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A _(L+0+ead@Ux—Inis)

B’ (1 —s) 4 s/ad (a}/x — ln!c{)' (17)
Here A' = Aja and B' = Bla’l.
If the dielectric permeability 1s presented in the form [1]
r ¢
or=1—texo[ (7] (18)
where
42 el
= ey m

in which case for the Herlofson model we must assume s >> 1.
In the case of resonance ¢ ~ -1, f = 2 and
as (a)=sInf. (19)
Through Eqs. (8), (17) and (19), we will cbtain

’
g= GR:nS:ﬂp (0,44.5 — ), (20)
whence the modulus and phase of the coefficient of reflection

o =axe;s::l B V{O,4hs) 1, ¢=arcyg(0,44.5)". (21)

On the basis of (10), (13) and (21) the power of the received sig-

nal
_P,G’k'ﬂi’ " " .
Piyi= T [ a mc’] [cos®B + sin®B {(0,44.5)° + 1} +
+2V (0,445  +1. sinpcospcosy]. (22)

The ratio of the coefficients of reflection in the case of resocnance

(&ﬂ ~V Oa4sPFTigh. (23)
&1 Jpes

For the most Interesting case — the gaussian distribution of elec-
tron density in the column, when s = 2 in Eq. (18) ~ the constants Al
and B; from Eq. (8) cannot be determined analytically; therefore, we
must resort to the numerical 1ntegration of the original differential

equation which 1s presented in the form
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dj{ dv v
—pe—|= =, 24
dp(p' dp) P (24)

where p = r/rt anc V 1s the potentlal 2ssoclated with the electrical
r'eld by the equation E = — grad v.
The solution for (24) for the reglon ocutside of the train, where
e =1, 1s glven by
v=A'p + Bp~L.

If p << 1, € = const, and the solution for (24) is

Hence, if p = O, then V = 0, and 1in this case

Y
p

The integration of (24) in this approximation yields

¢
ndajlzw. v-swa.

p ; (25)

” 20

g 24 i

g ""!'.'——‘0
)

0 da‘

{0
QPDQZW”QU E
Fig. 3. Magnituae and phase angle of coefficlent of reflection for

transverse scattering from underdense train with gausc.ian distribution
of electron density (after Kalser, 1955).

On the basls of the method of successlve approximations, making
use of (25), we can compute V from point to point and thus determine

the constants A!' and B'. In this case

=3 S e
Sy _=BFAC 4 AfBC’
n{kr,)? 14+C w(kr)? 14C (26)
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where A-—--%:,:. B_—zg‘;"-. C=—g;f; are determined graphically as a function of
£ [1].

In practlcal calculations it 1s convenient to use the curves ob-
tained by Kaiser [3] (Fig. 3). Since gl/g“ ~ tan B and the coefficilent
ol reflectlon 1n the case of longltudlnal polarization 1s given by the
simple Expression (3), it 1s not difficult witn the curves shown in Fig.
3 to find the modulus and phase of the coefficlient of retraction for
transverse polarization and on the basis of Egs. (10) and (13) to com-
pute the power of the reflected signal.

From the analysls presented above we can see that the magnitude of
the resulting ccefficlent of reflectlon is a function both of the dis-
tributlon of the electron density in the column as well as of the spa-
tlal orlentation of the meteor traln. If we take into consideration
that the experimental investigations of resonance effects [4], as a
rule, yleld observed values of polarization ratios systematically high-
er than the theoretlcal, the need to consider the resonance effect
brought about by the transverse components of the electrical field of
the incident wave becomes quite obvlous in the study of the scattering
of radiowaves from underdense meteor tralns in the case of varlavle po-

larization ¢t the 1incldent electromagnetic wave w..h respect to the ax-

is of the meteor trailn.
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THE EFFECT OF THE ANTENNA DIRECTIVITY PATTERN ON THC
OBSERVED DISTRIBUTION OF METEOROIDS WITH
RESPECT TO MASS

R.I. Moysya, V.G. Kruchilnenko, I.V. Bayrachenko

We presently have several methods avallable to us for the deter-
mination of the exponent s in the meteorold-mass distribution function
when we make use ¢f radar data. One of the most commen is the method
involving the use of the experimentally measured distribution of radio-
meteor durations. In the selection of this method a number of assump-
tions were necessary. First of all, the derived theoretical expressions
for the number of meteors recorded by radar are valld only in the case
of signal reception from a narrow sector of the directivity pattern. In
an actual case receptiocn 1s always accomplished over the ericire area of
the pattern and the antenna gain 1s a function of direction. It 1s clear
even from general considerations that the meteor-mass distribution ec-
tablished by radar under conditions in which antenna galn varies as a
function of direction must differ from the actual case. In thls connec-
tion there 1is some interest in a study of the influence exerted by the
directivity pattern of an antenna on the distributlon by mass of the
recorded meteors.

The present paper represents an attempt tc evaluate the infliuence
of the antenna alrectivity pattern in the vertical plane on the results
provided by meteor radio techniques.

CERTAIN PROBLEMS PERTAINING TO THE THEORY OF RADIOWAVE SCATTERING FROM
MATEOR TRAINS. SELECTION OF THE ELECTRON DENSITY AND MASS INTERVAL

According to the present theory of radiowave scattering from me-
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teor trains [1, 2] there are three cnaracteristic types of radio echoes.
If in the traln the electron 1line density a <K 1012 el/em (failnt train),
as was demonstrated by Herlofson, che amplitude of a radlometeor 1s

not a function cof the polarization of the irncident wave and diminish~c

exponentially with time

16x¢Dt
A o= A.e'— U . ( 1 )

where
1/203172(;1/2)\3
A.=m2'_“_2(2,,~,m e_’ a;
(4.‘)3/2R3/2 mc?
here A, 1s the magnitude of the reflected signal at the 1nitial instant
0
cf time t = 0; D is the coefficient of diffusion In the reglcn of the

meteor zone; A lc the wavelength; P 1s the transmlitter power; G1 and G2

are the directlvity factors of tiie transmitter and recelver antennas,
respectively; R 1s the slant range; eg/mc2 i1s the classical electron

radius.

Kaiser and Closs [2], depending on the magnitude of a, distinguish

12

between underdense and overdense trains. If a < 2.4.10 el/cm, the

amplitude of a radiometeor, defined by Eq. (1), is a strong function of

the polarization of the incident wave. The time for the recording of

these reflections for this case [3]

r’(P,G,GH'?

22 2 .
To < Sgwp [0’55 R e ] ()

where ggemin Is the level of discrimination; €min 1s the magnitude of
the threshold signal; re ls the equivalent initlal train radius; k 1s
the wave number.

As follows from Eq. (2), the boundary value for the recording time
1s a function of the radar-station parameters, as well as of the height
and dlstance at which the meteor appears.

If a >> 2.4-1012 el/cm, the meteor train is regarded as a metalllc

- 56 -




cylinder whose radius is defined by the equatlon
‘(r‘ (kr‘).= — lv
where € 1s the dlelectric constant of the cylinder.

The amplitude of a signal from a stable train

A= )

el H )"

The duration of the reflection 1n the case of stable trains [2]

where

a\?

T=7,1-10° = (&)

The result obtalned for underdense and overdense tralns have been
extended by Kalser and Closs to the transitlonal reglon for which a ~

~lo12

el/cm. Investigations have shown [4] that the derived experimen-
tal polarization ratlos for short-duration echoes are systematically
higher than those obtained theoretically, and for the transitional re-
glon the theory 1s totally 1ncapable of explalning the observed pheno-
mena. However, 1f we take 1Into conslderation that for the transiticnal
reglon plasma resonance takes place, we have a strong basls for using
the theoretical results obtalned for the reglon of unstable tralns. It
follows from the experimental data that the overwhelming part of the
radiometeors on a wavelength of X = 4 m corresponds to trains of the

transitional type. Indeed, on the basls of Eq. {4), assuming a = 1012

4 cm2/sec, we will obtain 1 = 11.2-10'14 2.

el/ecm and D = 3-10
The majorlty of the meteors recorded by the radar station on a

wavelength of A = 4 meters, as demonstrated by experierice, exhibits a

duration in the 1Interval 0.05 < 1 < 5 sec, which corresponds to the i,

terval of electron densities of 1O11

< a< 10%3 el/cm.
Let us evaluate the stellar magnitude of meteors with electron
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densitles for the trains in the Interval from 1017 L a < 10%3 el/cm.
For this we will use the relationship [5]

= —2,51ga, 4 35. (5)
Here M 1s the absclute stellar magnltude. The result of this evaluation

is presented in Table 1.

TABLE 1
. 1on 01 10 101
. 42.10-2 4200 | 4200 42 -
M m.5 5m.0 m.5 om.0

i

As we can see, trains with a density of 101 el/cem (persistent
trains) are formed by meteors of zero magnitude, whose relatlive number
on tne basls of visual observational data 1s very small. As follows
from radar observations, more than 90% of all radiometzors (for a wave-
length of X = 4 meters) form trains of the transicicnal type (with a

in the Interval from 10-7-10%3 el/cm).

On the other hand, according to [3] there exists no definite value
for the duration separating the reflection from trains of the persis-
tent and unstable types. We may therefore make use of Eg. (4) for the
transitional region and hold that

T~ Q,

The number of free electrons per centimeter of meteor path is given by

the expression [6]
n
=p—-¢cl/2m, (6
c=plec1/ )

where B 1is the probability of ionizaticn; V is the veloclty of the me-
teorold; n 1s the number of atoms vaporized within a single second.
For a nonrotating body of arbitrary shape, retzining this chupe on

vaporization [5]




P ! P Y
n=H*y'mV cos)((P”ml ) (l ~3 P ) ' (7)

where ’P,,,,:(A%Q,% WcosX 1s the atmospheric pressure at the point of max-
imum vaporization; A 1s the coefflclent of heat transfer; Q 1s the en-
ergy required for the heating and vaporizing of 1 gram of meteorsid
matte.; H* 1s the helght of the nomogeneous atmosphere; n 1s the mass
of an individual meteor atom; g 1s the acceleration of the force of
gravity.
On the basis of (6) and (7) we draw the conclusion that
a~m. (8)
Consequently,
s~ m. (9)
Thus, having considered the distribution ¢of radiometecrs with res-
pect to duration for the transitional region, we can investigate the
influence of the equipment parameters and, in particular, the antenna
directivity patterns for the experimental distribution of metecroids by

mass.

Derivation of Basic Reiatlonshlips and the Method for Evaluation of Data

In the derivation of the basic relationships we emplovec a number
of assumptions. It should first of all be stressed that we are examin-
ing the influence of only the directivity patterns in the vertical
plane on the observational results ¢r, in other words, we are investi-
gating only the function of the angle ® (6 is the angle in the rlane of
the echo, from the llne of intersectlon between the echo plane and the
horlzontal plane to the directional line to the reflect.. i pcint of the
meteor). All remaining factors such as, for example, the parzameters of
the radar, atmospheric parameters, etc., are regarded ac constant
(throughout the experiment they do not change significantly). The cace

in which we consider the influence of the antenna directivity pattern
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in the horizontal pleane wlll be treated separately.

Let us assume that the majority of meteors are formed 1n some thin
layer of altitudes h2-h1 with an average aititude of hsr‘ For our cacse
we wlll assume the avevrage height to be equal to 90 km [7] and we will
hold thls height to be constant.

The dlstrlbution functlon for meteorolds by mass 1s generally giv-

en 1n the form

b
P(rn)=;n‘. (10)
or in integral form
) b
Nim>m) = oy (11)

where: b 1s a constant; s 1s the parameter characterlzing the distribu-

tion of the meteorolds by mass.

The number of meteorolds with masses 1n the interval m-m + Am

passling in time At through area AS, perpendlcular to the direction of

the stream [5, 8], 1s

b.At Am-AS
BN == — (12)

The area element AS (Fig. 1) is equal to

AS = RARAS. (13)
The number of meteors recorded in a narrow sector with an angle of

taper A6 1In the slant range interval Rl-R2

R
AN, = bOtAY Sd—"i‘)d—k. (14)
m.

In additlon, it 1s generally held that 1f the parametcrs of the
radar do not change, the total number ol meteors recorded ir 2 narrow

sector 1s equal to [8]

b'hcpAeA-h .
(s—1)sin* X-sin*8.me-1" (15)

Nc.oﬂnn =
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Flg. 1. Echo plane. Determina-
tion of area element AS. 1) Ra-
diant; 2) zenith.

Here X 1s the zenith distance of the radlant; 6 1s the elevation; moin
is the minimum mass of the meteor which can be recorded by radar.

Hence we can draw the conclusion that
for recorded meteors the Integral law gcvern-

ing the distribution by mass is the following:

Noolu= f (.1.6)

i1.e., colncides with the actual conditions in

space (11). As was indicated above, Formula

Fig. 2. Derivation of (15) fails completely to take into considera-

analytical expression

1 t
for the function f(g®). tion the fact that under actual conditions

reception 1s accomplished not from the narrow

sector but from the entire plane of the antenna dlrectivity pattern.

In Formula (14) let us turn from the slant ranges to tne helghts h.
Let us take note of the fact that in this transition it {s absciutely
necessary to take into consideration the curvature or the eartn's sur-
face. In the opposite case the formulas would yleld a greater error for
smaller values of the angle 6.

Let us consider Filg. 2. Here O 1s the center d'the earth; C 1is the

point at which the radar unit 1s located; A 1s the reflecting point; h
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15 the helght of the reflecting polnt above the terrestrial surface; R3
is the radlus of the terrestrial globe.

From the triangle AOC

(Rs + h)* = R + R® 4-2R,Rsin 0. (17)
Let us rewrite (17) to the form
k _R+2R. 8 :
R 2R4h (18)

Slnce 2R3 >> h, h in the denominator of the right-hand part in Eq.
(18) can be neglected.

Now we will have

k_R
R 2R'+slnﬂ. (19)

Having differentiated (19) with respect to R and h, after modificaticn

we obtailn:

R,dh-(l-{- -@Risin 6)RdR. (20)
R3/R 1s defined in terms of the angles 8 and ¢ (Fig. 2). From A ABO
AB
tgh=—20 . (21)
1 ot
BC

From A ABC

A—q-=ctg6; BC = Rsin 8.
BC

Expression {21) is rewritten in the form

tgt = Rcosb ,
Rsin6 4 R,
or
Ry 1
ctgb =gl -+ —*= .
8 E R cosé6
Hernce
%—=(ctg&—-tgo)cose. (22)

Angle € is a functlon of the angle 6 and assoclated with the last equa-
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tion 1n the following manner:
£E=90°—21—86,
where a 1s defined in terms of 8 as

sine =

cos 6.
3

With consideration of (22) we obtain the expression for RdR

RdR = R, tgt (1 4 tg*6).dh
(tg8 + tg¢)

< Rf(5, 9) dh. (23)

Having substituted (23) into (14), we obtain

AN, = b-Ry-Bt:- f(5,0)(hy—hy) bm (24)
The total number of meteors recorded in the narrow secter having

an angle of taper A8

N, = bRALS (& 6) 48 S""‘ S (25)
min ’
Mmin
where
- bRAt

=1

The number of metecrs with masses in the interval moin-My recorded 1n

the sector 4%, 1s equal to

Neon=BS o)de(m}_, _E'j) (26)

As has been demonstrated in a number of works, the minimum mass of a
meteor which can be establlched by means of radar @an be represented 1in

the form

ul—

’ !"RS
e = (i (27)

where A' in cur case 1s a certaln ccnstant; €, 1s the power of the
threshold signal; R 1s the slant range; P1 1s the pulse power of the
transmitter; G 1s the fleld antenna directivity pattern; A is the wave-

length.
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Since we are considering the relationship only to the angle €,

having denoted

G
we can present Mmoin as
= M
Mmpin = P(G) (29)
2 m
Mo = B o (30)

Function P(6) expresses the relationship of the minimum recorded

me-eoroid mass and the angle 6. Meteors with the least mass m¥ {n May

min
be recorded cnly at such an angle 6 at which P(6) takes on the maximum

value. .

Let us substitute (29) into (25):

N,= B'f(:,8) P (8)~d9, (31)
where
, B
B =

Iet us select the mass interval mmin"mi in such a manner as to

have the mass my exceed the least mass m*min by a ractor of n
. me
m=m_-n=n . ;
L P (8)mar (32)

It 1s clear that my 1s not a function of 6 since P(Gmax) simply repre-
sent a number.

Let us substitute (29) and (32) into (26)

A \ 1
N,.A,,,=Bf(a,0)(P () —;l.—_rp(ﬂ)fn‘.'x>d0- (33)

The total number of meteors recorded by radar over the entire plane of
tne antenna directivity pattern
90

N*=B'[ POy~ f(,0)db. (34)

0
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Fig. 3. The form of the function P(6) for an antenna of tre wave-chan-
nel type. The determlnation of the integration limits 1in the case in

m
wnich m_‘ =2 1s shown.

min

The number of meteors with masses in the interval from moin to my, re-
corded over the entlre plane of the directivity pattern
6 6.
¢ PO
N: =B [)Pwr-'f(s.e)de— n,_,—)f(e.e)dﬂ]. (35)
R ‘ '

We obtain the integration limit on the basis of the following ccon-
slderations. We have to find the number of meteors with masses 1in the
interval Moty Since the minimum mass recorded by radar is a func-
tion of 6, the radar can establish meteors of the given minimum mass
only at angles 6 for which the function P(6) exceeds a certaln value.

For example, 1If the mass my 1s set equal to two least masses m* (n =

min
= 2), the integration should be accomplished with respect o the region

in which P(6) exceeds half 1ts maximum magnitude. It 1s not difficult

6 max a
to see that p;&)==n. Figure 3 shows the function P(8) for a nine-ele-

ment antenna of the wave-channel type and shows the determination of
the integration limits for the case n = 2. The function P(8) exceeds
half 1ts value in the intervals ea-eb and GC-Gd. These values of the

angles ea-e and GC-G should be chosen as the integration limit for

b d

the determination of N*Am’

The integral law of distributlon by mass for recorded metcors (the
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number of meteors with masses greater than the glven) with consldera-
tion of the Influence of the antenna dlrectivity mpttern 1o obtalned in

the form

90
N*—=Ni, =B [ PEr-'fE6d—
0

. bt (36)
— B [SP(B)'-'f(e.e)de— = "‘"jf(e e)do]

The normed distributlon law
8, 8,
SP' O (5.0 df— —— ( &6 d8
N*— N;_ J. n-t,
N(m>ml)=T—l—-' % L ,
[P @) f(E0ab

0

P(8)
P (B)mex

Discussion of Results

where pr(g)=

A comparison of the results for varicus antennas with patterns
differing from one ancther by shape and degree of directlivity 1s of
grc2t interest. We considered three cases:

a) an undirected antenna — a half-wave dipole located at a height

Xx/3 above the earth's surface, with a pattern of the form

G (5) = sin(

m] o

\
= sin ﬁ); (35)

b) a slightly direccted antenna — an active dlpole-reflector system

positioned at a height A/2 above th: earth's csurface, with a pattern of

the form
T
G h) = sin(xsinh) - cos (MnQ——l)];
) (Esies) [4 (39)
¢) an acutely directed antenna — "a wave channel," with nine cle-
ments, lo ed at a height of 1.7X above the earth's surface, with a

pattern of the form (Flg. &)
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sin [” :L 2 4 (1 - cos e)]

G(b = y sm(%;hsme),
sin [LA- (1 -—cos 0)] d

(40)

where d 1s the average distance between the dlpoles and n 1s the number
of dipoles.

However, Expression f27) for the general form of the mass-distribu-

ion law, with conslderation of the influence exerted by the antenna

directivity pattern, proved to be so complex that even for simple cases
of slightly directed antennas 1t was 1lmpossible to carry out the 1inte-
gratlon and obtain a result 1n elementary functions. As an example let
us cite the form of the 1lntegrand expression 1n the denominator of Eq.

(37) for the case of & dipole-reflector antenna system:

(14-1826) (1—tgt- tgd)y¥2—"-sin*—(xsind). cos"'[%(sinﬁ- 1 )]

sen= 1
PR (tg6 4 tg ) - coshds—i1 9 tg¥xs—8/3)¢ (41)
3wl
@
p
' §

Fig. 4. Directivity pattern in vertical plane of a "wave channel" type
antenna (nine-element antenna located 7 meters above the ground, X =
= 4 meters).

Here the expression'pwy=igz has been transformed witﬁ considera-

tion of (39) and (22). Since it was impossible to obtain a2 result in
analytical form, the integration was carried out graphically.
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| 5. Integrand func-
+1ton Q(6) = ge)‘u- s
f(¢,8) for a "wave chan-
type artenna for

»

Fig. 6. Functicn f(¢,

&) expressing the area
as a functlon of the

e 6 with conslidera-
the earth's

the same values of s.

”

The form of the 1lntegrand function
Q(8)=P(6)*~'-f(88) for the case of a "wave

channel"

type antenna with s = 2 15 given
in Fig. 5. The integration 1limits in the
right -hand part of Eq. (37) were determined
in accordance with the above-~Cdescribed meth-
od (Filg. 3). Function (£, 8), expressing
the change in area AS with angie 6 1s given
in Fig. 6. The results of the integration
for cases a), b) and c¢) &are presented, res-
pectively, in Flgs. 7, & and S. Distribu-
tion laws were found to account for the in-
fluence of the antenna directivity pattern

for three values of s

s; =1.5; s, = 2.0;
L (<

33 = 2.5. For purposes of comparison Flgs.

~ r)_l
7-9 also show curves of the 1/m” type for

~ Nim:m)

Fig. 7. Integral mass-distribution law for the case of an undirected

2

artenna with a (half-wave) dipole situated at a height A/3 above the
carth/s surface). The curves for which the exponent in the law of dis-

trivution Ls denoted with

s¥* Lave been plotted with consideration of

the influence cxerted by the directlvily pattera. For compariuson curve:

ol tie 1/m”T7 type have been included (these are marked with o).




Fig. 8. Integral distribution law with respect to masses in the case of
a slightly directed antenna (an active dlpole-reflecter system, situa-
ted at a height A/2 above the earth's surface).

The observed distribution of radiometeors by mass 1is presented in

Fig. 10 1n logarithmic scale for various antennas had identical values

for the exponent s

|gN(m>m,)=f(|gm’:,:n) (42)

A study of the derived data leads to the following conclusions.

1. Distribution by mass of the observed meteors with conslderation
of the iInfluence of the directivity patterr differs from the distribu-
tion function which actually exists In space. The difference is parti-
cularly marked 1in the region of small masses.

2. Influence of the directivity pattern state 1is comparatively
small. It also appears primarily in the reglon of small masses.

3. Curve (42) shows a break, whereas the law ]./ms'l in logarithmic
scale results in a straight line.

4. In determining s from the slope of Curve (42), the result that
1s closest to the theoretical is obtalned through use of the region of
great durations (Fig. 10). However, it is also necessary in thi: cace
to iIntroduce a numbter of correction factors.

The results are, in our oplnion, explalined as folliows.
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Nimmy

Fig. 9. Integral mass~distrlbution law in the cace of an acutely direct-
¢d antenna (wave channel, nine-element, situated at a neight 1.7A above
the earth's surface).
GNimom,)
v ¢
05
Yx
L]
vp 7 7
Fie, 10. Integral mass-distribution law for the casec of various anten-
nas with a value s = 1.5. a) Wavc channel antenna type; b) dipcle-re-
flector system: ~) half-wave dipcle: d) theoretical curve 1/m3-1 with-
ut consideratinon of the alrzctivity pattern effect.

T 4

Let us consider Figz. 10. The curv: s:cment in the roction of small

i fy

macses wlll be known as the first resion and the curve segment corres-
ponding to the large massec will be known as the second reglon. We will
investligate the behavior of the curve in each of the regions separately.

The sS5econd reglon. Let us rewrite

q. (37 in the form

e

‘\‘ l)’ {}“s—lf ‘E'U' d()

/') '/," 'f i,b’d‘)




| é £1(2,6) db
+ ns—l <0
[P (011 (5.0) db

0

(43)
In (43) the numerator and denominator of the second term in the
right -hand part differ only by the 1lntegration limits which are func-

tions of the magnitude c¢f the subJect minimum mass m It 1s clear that

1
with some sufficlently great magnitude for my virtually the entire pat-
tern wlll sense masses greater than m, . In thls case the integration

limits for the numerator willl differ 1little from the 1integration limits

of the denomlnator, 1.e., with sufflclently large my

3' P’ (8)1£ &, 0) db

s ex |,

90
JP" (8)*f (€. 0) db

L
On the other hand, the numerator Sfu,md&=conu of the third term of
.

the right-hand part of the equation may be consldered ccnstant. Conse-

quently, for values of masses eXxceedlng a certailn magnitude m , the
mass-distribution law 1s expressed as
4 4
N(m>ml)=;;:- (44)
where .
Sf(E.O)do

C=-g .
[P op=rf(ep)a

Thus, in thls region the distribution law colncldes with that ac-
tually existing in space. Thils serves to explaln the fact that the slope
of Curve (42) in the second region 1s close tc the slope of the curve
of the l/ms'1 type. It may be held that 1n thls region the shape of the

directivity pattern plays no significant role.
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The first reglon. In this reglon the minimum mass of 2 met- .r de-

pends on the selected dlrection (more exactly, the minimum mzos 15 vic

function P(8) = G/R3/2). The second term of Eg. (43) is a varilable

i
1]

this case and the nature of 1ts change 1s governed by the shape of the
directivity pattern.
Ais a criterion for the Influence of the diliectlvity pattern we

nave the behavior of the function

G

JUES~2

In .his case, 1f the function P(e) is a smocth curve and 1ts magnitude
change= little over the greater part of the 1nterval of change 1n the
angle 0 (i.e., the minimum mass of the meteor is a weak function of di-
rection), the 1influence of the directivity pattem 1is comparatively
small, the bend in Curve (42) is slight and the slopes of the segments
of Curve (42) in reglons I and II differ little from one another. Such
a cace 1s attained through the use of an acutely directed antenna with
1 single narrow lobe or when a slightly directed anterna exhiblts a
tern such that G ~ R3/2 cver the greater portion of the range of

variaticne in the angles 6.

If the magnitude of the functlion P(6) differs markedly as a func-
tion of 6 in a wide range of angles 3 (i.e., the minimum mass is a
strong functlon of direction), the directlvity pattern exerts greater
influence on the distritutiorn of reccrded meteors by mass. This 1s pot-
ible in the case of a multilobe dircctlvity pattern, or when P(8) 1o
such that 1t exhiblte & vnape clese Lo Lt of a triangle.

Cunsequently, 't 1o not oo much the wldth of the directivity pat-
Lern lobe as 1LE Shape which alfgcls the magnitude of the bend and

Aope ol the curve in the rirst récion.

>

Until now we have been concldering the macs dlstribution of b -

e




L.

14
- 0 4

Fig. 11. Integral mass-distribution function. ) Experimental mass-dis-
tribution curve (duration-distribution) for the Geminid stream of 8-14

December 196C; ) theoretical curve with consideration of directivity
pattern for s = 1.5.

served meteors. However, it is impossible tc measure the mass of a me-
teor directly. The mas. distribution is generally obtalned indirectly -
measuring the duration of radlometeors. If we hold that for the transi-
tlonal reglon between the mass of a meteor and the duratior. of the ra-
dio reflection there exists a relationship of the type shown in (9), a
direct comparison of the experimental results wilth the conclusions
drawn above becomes possible.

Figure 11 shows the derived experimental curve log N = f{log T)
for the 1240 Geminid stream. The observations were carried out with
wave-channel type antennas with nine elements, situated 7 meters above
the ground. The operating wavelength of the radar unit was 4.12 meters.
For purposes of comparison, Fig. 11 shows the theoretical curve log N =
= f(log m) with consideration of the directivity pattern for a value of
s equal to 1.5.

As can be seen from the figure, the experlimental curve for the
Geminids exhibits two discontinuities - 1n the region of small and
great durations. The nature of the dlscontinuity in the region d great
durations was considered in Reference [9] where it is demcnstrated that
this discontinuity 1is a result of the influence of adhesion and recom-

- 73 =



bination in persistent trains.

With regerd to the nature of the dilscontinulty In the

reglon of
small and intermedlate duratiorn , which 1s encountered in the majority
¢’ experiments [10], no unified viewpoint exlists at the present time.
“ome investigators tend to regard th structure of the actual metecr
stream as responsible for tne discuntinulty [11]. Ye.I. Fizlko assumes

that the discontinulty is a result of the varying lature of the radlo-

wave reflection from the meteor train within varicuis mass ranges for

meicor particles.

] Kﬁ-ﬂ

2

!

o

0 J

! 2 ’ ] 5
Fie. 12. Graph showing the s5lope c¢f the curve log N = Z{loug m) as a
funrtion of the true value of the parameter .. a) Theorcti-al curve

without conzideratlon of diresctivity pattern effect; b) rel..icnship
for 11th segment of tne curvc log N = f(log m) in the case of a wave-
nannel type antenna; c) relationshlp fer the lst curve segmernt
ase of a wave~channel type antenna. T

Sy i ;
A (s S

As fc.lows from Fig. 11, cxcellent agreement is found betwe: n the

obuerved and thecrettical curves in regions I and II (the slight diver-

gence between the curves 18 a presult,

in all prebabllity, that s = 1.7

for the Geminids, whereas Lhe theoretical curve has been cor.ctructed

for & = 1.5). It 1 indicatlive that the diccontinuities of the thecoret -

&

lcal and experimental curves are encouritered for virtually identicai

masi values (duration values). Let us pecall that In the constructlor

of the theoretlcal curve no assumption: with renpect to change In the

structure of the Stream or with recpect o tne varyineg nature of radio-




wave reflection ir various regions were made. Only the influence of the
antenna directivity pattern in the vertical plane was taken intc con-
sideration.

In this connection, we can assume that the appearance of a discor-
tinuity in the experimental curves log N = f(log T) is a result of the
influence exerted by the directlivity pattern, i.e., purelyv an equipment
effect. It goes wilthout saying that for a definitive clarification of
the nature of the discontinuity in the curve log N = f(log t) 1n the
region of small durations a number of speclal experiments must be car-
ried out.

In the general case, wlth consideration of the antenna directivity
pattern, the law for meteoroid distribution by mass can be presented 1n

the form

C,

N(’n)m‘):W.I—),
i

where the coefficient k 1s a functlcen of s and the type of the antenna
under consideration. The value of k varies from region I to II.

Figure 12 shows the empirically derived curves which make it pos-
sible on the basis of the slope of the observed curve log N(t 2> TO) =
= f(log TO) to obtaln the true value of s for the meteor stream thrcugh
the use of a wave-channel antenna. For the Geminid stream the value of
5, determined by means of the indicated curves in Flg. 12, 1s equal to
1.64,

CONCLUSIONS

1. The break in the curve log N(t > To) = f(log TO) in the region
of small and intermediate durations may be brought about by the influ-
ence of the antenna directivity pattern.

2. The magnitude of the break and the slope of the curve log N(rt >

2> TO) = f(log TO) in the reglon of small durations 1s determined by the
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nhape amd nwnbed of directlvity pattorn lobes.

<
DR

shape of Tthe disteibution function Tor he tblieved padio-

m teors by duration in the reglon of Intermedlate and large duratiocns
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THE PROBLEM QOF CLASSIFYING THE SPECTRA OF POLAR AURORAE
V.I. Ivanchuk, Ye.S. Kurochka
1. During the period of the International Geophyslc.l Year and the
Internatioral Geophysical Cooperation massive spectrographic studles of
the emlssions of the upper atmosphere were carried out at various geo-

zrant.lc locations, both within the zone of the polar aurorae, and out-

zide of this zone. Unlike the visual, pnctogragi.lc and radar studies,

the gpeztral studies were conducted without @ unified and clearl: de-
finzd program adapted by all &f the ipvestigators. This situation i%

2.lributed £ the specific nature of Spectral 1nvestigations. Limited
surtace trightness ana rapla changes in polar aurcorze resuits in exten-
sl averaging of the cpectral characteristics of high-atmosphere lumi-
ne. ¢cnce. The spectrograph cxposure time 4t considerably exceedo the
characteristic time 7 (on the crder of several seconds) during which
thie physical conditions in some volume ¢f polar aurcra lumindicence may
be regarded as homogeneous. In aaditlon, there is virtually alwavs spa-
tial averaging since the dimensions of the homogeneous volurmes — £ (on
the order of sSeveral kilometers) are considerably smaller than the vol-
Jne which 1o cut by the spectrougraph having an angle of tapor 2 by
sgveral pent of 4wk

The photucl ctrle and ospectrometric method Introduced In recent
Limes Lo -Bluds emlLsi8As ol the upp&r 2imdsphe P makey il p@SH"Lic coh-
dlcrAbAY S0 MErTO% BB 1 Lk f e @and 2. HowevBr, RSLO]1A7 bor 3

pretient

this type suffer from a laprse number of drawbacks wnich are ruo
in cinventiocnal ospectrographs of the St-44 type. Thece inec'ude i 1w
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resolving power of the spectrcmeters (~20 Argstrom unitc) and of the
electrophotometers with interference fllters whose transmisslon bands
are ~100 Angstrom units, as well as the comparatively great spectral
scanning time (in the spectrometer). This latter situation, strictly
speaking, results in having the varlous recorded emissions characteriz-
ing physical processes whlch vary as to time. Therefore, a comparison of
line and band intensities when using the cpectroelectrophotometric meth-
od 1s frequently unsatisfactory. These remarks, of coursce do not reduce
the advantages and prospects for the application of photoelectronic
methods 1In the study of emissions from the upper atmosphere.

The variety and volume of observations resulting from the use of
conventicnal spectrographs can, in our c¢pinion, to a certain extent
offset thelr primary drawback, i.e., the low space-time "resolution"
and facilitate 1e bringing to light not only of general but of "local"
features of polar aurorae. These features, because of the method by
which they are obtained, wlll be more general, l.e., those which are
necessary to uniderstand the essence of the process without excessive
detail.

The results of the spectrometric observations point to the great
complexity and confusion 1n the behavior of various polar auroral emis-
sions. In part this may be a result of the above-mentioned instrumental
factors. At the same time, we know from a study of ordinary spectra ob-
tained spectrographically that the maJjority of polar auroral emissions
exhibits simple linear relationships [1, 2]. This "linearity) apparent-
ly must be referred to the most general quantitative relationships or
to first approximation, whereas the deviatlions recorded with photoelec-
trical installations must be referred to the second approximation char-
acterizing special cases and detalls of the physical processes taking
place in polar aurorae.
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L study of spectra at Tlksi Bay in 2

"

cordance wlth the pregram of

(@]

4 -

the IGY in 165821959 confirmed the vallidity of these thoughts [31. All

o

of the spectra, and more than 100 were processed for the region between

(
$2)

47¢C 0 and w100 Angstrom unlts, fall within a certaln continuocus segjuence
tr. which it 1s possible to isclate as mav. ac 10 groups. It deveoloped
1nat the position of the secectrum 1n a glven sequence 15 best chinrac-

terized by tr ratlo of the :intenglitles of two adjacsnt lines:

s— Jrn

/

Ao NN +
L2 DY
<

Tt~ stantity s is a unlque spectral indicator which is easily determined
witn the naked eye without a detailed photcmetric procecsing ctf tne
spectrum. Dlscussiins regarding the quantitative relationships govern-
ing the sequence which, to some extent, i: 2nalogous to the sequenc: of
stelilar spectra, led te the conclusicn that it may be based on a parame-
ter such as the effective helight of luminescence.

It would be a good 1dea to check and carry out mass comparisons
d 2 classification based on spectral matzarials from other statlons.
7i2ilous differential features of emission luminescence connected with

volar aurorae might easily result, and these would be related to geo-

e —

rraphiical or geomagnetle coordinates ef the points of the peointy of oh-
crvation for otner conditions.
From the works of Ya.I. Fol'dohtevn [4] 1t might be assumced rnat

p.iar aurcrac above the pelar aurcral zere (l.e., at polnts wasrp. & >

Ly

> ’OL) taks place on hile averas:

= 3 Kl i Va- e 3 8
ta consilderably greater hiddsghit thay

o

rr

wimin the llmit.: of the actual gone. Tirls hypothesis could €ghilly bhe

verllied by ma~s cpectral studlew a2 cne of the statlons abdve the pol -
} ar auroeral o
2. Keom Lhe investigationa of Dltoermer and his sowork.t. (=i it
Follow.: wilay e lowor the luminctcences, o DI AR e U T R N L




age. Thus, if our conclusion as to the altlitude relaticnshlp of the
spectral sequence is valid, a unique spectrum-brightness relatlonshlp
must exist for the polar aurorae. The nypothetical form of thls rela-
tionshlp 1s presented in [3]). The present paper presents quantitative
estimates of the mean effective brightness (Isr) for a large number cf
spectra based on materials from observation logs 1n connection with po-
lar aurorae at Tilksl Bay. The spectra on the basis of which the spec-
trum-brightness relatlonshlp was checked out satisfy the followlng re-
quirements:

a) normal or slight darkening on emulsion;

b) obtained in excellent transparency conditions or on moonless
nights;

c) the "cleanest," i.e., obtained with a minimum number of guided
polar aurcral forms.

A brightness curve I = I(t) was plotted for each spectrum, within
the limits of the accuracy provided by observer records. The mean ef-
fective brightness of the gulded forms was computed in the following

manner

where Atl £ Ot 1s the exposure time which was determined from the curve
showing the experimentally derived normal blackening in the gulding of
some averaged form with brightness I as a functlon of the exposure time
for the film DN being employed (Fig. 1). Through the use of thi. graph
it would be possible to eliminate the fainter aurorae from the curve

I = I(t), where these could have made no contribution to the blackening
in the glven exposure. As a result the very brighpe;t aurorac exerted
the greatest influence on the mignitude of Isr’ and this 1s actually

the case. The resulting diagram (Fig. 2) would experience no signifi-
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cant change without elimination ¢f the falnt aurors:; the entirce dla-

cram would only shift downward into the reglon of lesser brlightnesces.
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Table 1 p nts briefl excsrpts from the observation 1lul; for each
of the investlgated spectra and the results of our determinations of

4 I

he cpectral type 5 on the bacis of the clacsification proposed in [3],

and the average brightness I . In additicn, the beminning uf axpubure

o 1 I -

and the correspornding times of oboervation of the most characteriatic
aurcral forms arc noted, as well as their intencit; on a L-point scale

LA ) LI . - LI 8 st I . s p 9 ) . o
Wil ey Ly Actulatd A BN R rws L tetal of 30 upectra werce procosued

tnis manner. The forms arnd colar o e aurorace ape indicated i ac-

[ory

cordance with clavpifleations recommended by NIZMLIK [6]:




CB

= sV = svechenlye = lumlnescence
In = dp = diffuznyye pyatna = diffuse spots
nn = pp = pul'siruyushchiye pyatna = pulsatlng spots
ol = od = odnorodnyye dugl = homogeneous arcs
nog = pd = pul'siruyushchlye dugl = pulsating arcs
mq = 1d = luchistyye dugl = rayed arcs
on = ol = otdel'nyye luchl = individual rays
pc = ps = plamennyye slyaniya = flaming aurorae
H.H. = n.n. = nochnoye nebo = night sky
K = k = vse slyaniye krasnoye = entlre aurora red
HK = hK = niznnly kray krasnyy = lower edge red
BK = Vk = slyaniye krasnoye vverkhu = aurora red at top
3. u d., = 2. & f. = sootvetstvenno zelenyy 1 fioletovyy tsvet
p.s. = green and violet polar auroral color,
respectively
TABLE 1
Rars usbanaenny & O?lucanege r':illuu;)?e‘n'?: u:;;)u n c e Ip
1
3XII 1968 r. 2%30™ |21 03 — 22 10 un. AN | 07
22 30 oa W a3 no |
23 00 un. K}
8.X11 1958 930 1755 — 0324 un. N 0.5
22!5:_2217#n3—4l _
13.X11 1958 230 |29%33™—-22*55™ ax (xopona) 2 n Ag+ N 1,8
rHA. TOUKE CXOMAEnHN Ayuef
23 00 — 00 30 nm.
00 30 — sz (xcpona) i N
14.X11 1968 6 |1812—1845cal B+ N | 30
19 30 — 22 47 un.
23 00 22 3=¢ OVeNHL NORBNMNE o
apanpy 3—4 runpyogu -
00 05 e m;—a 7
anpn
16.X11 1988 — 13 21-00“:: 'l'P Ay 1,0
21 30 oa | .
16.X11 1958 4 (0140 —022o0al A+N | 07
02 40 an 1
10300 — 0550 un.
5.1. 1959 2 |2139—220onl B.+N | 17
2815—-233901 nal-2 .
28.1 1959 ™30 |21 00 on ! A 0.7
21 12 un
e ] 22 00 oa |
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TABLE 1

CONTINUED

291 1¢59

29.1 1959

3L1 1959

L1959

L1 1959

3.1 1959

3.11 1959

210

21 00 om v aa 1—2 By
21 40 — 22 00 on 2
22 15¢ca 2-3
22 20 51 2—-1

22 32 oa 1-—-2 B,
22 45 — 23 150n 2
22 20 og 1—2

23 55 oa Nesi cn | a
(0 30 oa 1—2 wHorospycHar ©
0! 45 a1 (apanps) 2--3

02 00 aa, oAa, an, cs sce |

g

1900 cs I, 0al
20 1jceB 1, an i % a&

22 00 o1 1-2 1
22 20 0a |—2 OWcTpo MenaiouIHecs
22 30 an npespaltarTeR B an 2—3

___(apanpw) 11

O
=
U

120 45 oa 12 B,
20 50 oa noa 2
2l 00—21 50 cs 1—1.5 n nnu

1.6

411 1959

22 47 an (xopora) 2—3 1

22 15 na (xopoua) 2-3 rHA. apkue | By o
c6pa3oBaHHs iz
22 37 sn npespawaercy 8 c8 13

2,8

1922 on ® an | A,
19 49 ca pacnanactea #a on u anj &
19 54 xopona | 14

1.0

411 1959

1111 1958

20

1171 1959

45

1.1 1929

LI 1959

LI 1959

40

25

11T 1959

aho™ ' 19 55 ¢8 1 Ay

| 20 00 — 21 05 01 1-—1.5, a2 u 01 1|
[ 22 20 a1 3t cg |

i9 25 a1 2—3 4 na Wk By

19 35 aa 1—5 - 2 MK ruanpyetcs

] Hi A l-i_HH KpPJaH 1 [‘, -

119 50 a2 u A1 10 2, ayun k. noutH av| Az_g
ICHHTA, PHU3Y 3., THA HHXKHHI

! Kpad 17

| 19 57 a1 no 3 -

120 10 a2 ymeuptraetces jo |l

200 1) caaBoe cB -

21 15 a2 1w an | A
2117 rowrri o 1, an |
(22 10 — 2230 an woal
2300 — 23 06 az 1.5—1

,23 23 I— 2'3 30 1 an (ilpanpu) 3 unx-] B,
Hi'tH Kpad Kk — ¢
(23 30 an ("p.xrpn) 10 2

‘\ro

23 50 aa, na (Konrmn) 2—3 nK
00 00 an 1—15 (nyaucupyrowan i
| ropona)

00 20 meow o '

A 30 Gl 10 na w aa 1-2 lrﬂpo
Hayj

'(H 40 1w 1

Ul 50 03 {ith Lopona, HYALCAUNN
foabuioro nepunza "%

55

2.1 1959

| 15

),} TR B NOJIhiYaKUHe ABLNPH, no

[ —
|2 13 a1 314 {apanpu),  npespawa-| 8,
! 2 3—4 nd AL




TABLE 1 CONTINUED

21 50 aa 3—4 noawx. xopowa (nc) 2%

21 58 rc ymedbuizeren g0 2 2

4.111 1959 40 20 12 an 2—3 cniipaaeoGpasxan B —A, 23
an 2 ??

20 52 An ¥ An 2 rua. uuxunR xpah Of

20 56 an 2 (muorompycuan) rua. 2P By _, 20
KHKRHA Kpaf 30

21 00 An 2 ¢ ABMXVILKMMCR BOAHAMMN

4111 1959 2 |21 aa1-2 31

220 an 1

4. 111. 1959 11§ 23.42 an. 1.5 cnupaneoBpasn. e As Lo

1 n n . I

4.111 1959 37

4111 1959 [Q) 0200 An u An 2 3 18
02 35 nn npespzunaerca » nc ¢ Ge-
TYWHM eARAEpOND 32
025¢cs 1
alll 1959 40 12250 zn 2--3 (wmorospycwan) 33 B, , 17
23 00 aa 1—2 paccexmaerca
23Fo0al.cni 34

Aud@ysune noaocu 1.8 Ay+N 13

. 18" |25 %
511 1999 00 25 aa (noaocu) 1 H H.M.
00

00

[SAWSLVS)

(W)
~J FNO\UW

50 an 1.5 (soroxmucran)

SI1 1959 3 |0100 an 1.5 (sonoxumcran) Ag+N 1,5
cal, mI1—-2unam15
03 00 auw.
03 30 c» !BunoxuncTOE) 1—2 nO BCE-
My Hely ) ——
9.111 1959 4 |00 03 on M on 1o 2 B sennte - B,
2 an 2 38
25 2a B XopoHy 3—4 MK — 3 THL
nixHuil xpait 0
28 xopoHa no 1—2
7 xogoua ¢ Geryniumy IOAILLH
g2 kL
50 cs | Ay 2 13
05 ag u an 1—1.5
0 on npespsutaercs B KOPOHY

1—-1.5 42

9111 1959 0

9111 1959 As 1,0

228|88 828

2%
20
25
08
30

1) Data of observation; 2) observatici time. Descriptlon of gulded po-
lar auroral forms; 3) 22:30 od & 1d to 1; 4) 22:33-22:55 1d %corona 2
gulded polnt of ray convergence; 5) 00:30 1d (ccrona) 2; 6) 23:00 1d
3-4 extremely moblle and draperles 3-4 lower edge gulded; 7) 00:05 dra-
perles 2-3; 8) 00:30 od 1-2 multllevel; 9) Ol:45 d (draperles) 2-3;
10) 22:20 od 1-2 rapidly changing; 11) 22:30 1p turns into ld 2-3 (dra-
peries); 12) 22:15 1d (corona) 2-3 bright formations guided; 13) 22:37
1d turns into sv; 14) 22:47 1d (corona) 2-3; 15) 19:49 od decays 1into
ol and 1p; 16) 19:35 1d 1-5-2 nk lower edge gulded; 17) 19:50 1d and 1p
to 2, rays k virtually to 2Zenith, underneath z, lower edge gulded; 18)
20:10 1d reduces to 1; 19; 20:10 faint sv; 20) 23:23-23:30 1d (draper-
tes) 3 “ower edge k-f; 21) 23:30 1d (draperiles) to 2; 22? 00:00 14 1-1.°¢
(pulsating corona); 23) 01:50-03:00 corona, with pulsation of large
period; 24) 21:43 1d 3-4 (draperies), turning into flaming draperles,
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5 2-3-4 nf: 25) 21:50 1d 3-4 flaming corona (ps); 26) 21:53 ps reduces
2y 27) 20:12 14 2-3 splral & 1p 2: 22) 20:52 1d & lp 2, lower boraer
cutded; 29) 20:56 1d 2 (multllevel), lower border gulded; 30) 21:00 1id
2 with waves 1n motlon; 31) 23:42 1p 1.5 spiral dp & sv 1 n.n.; 32)
02:35 1d turns into ps with a running ”leader" 33) 22-50; 1d 2-3 (mul-
tilevel); 34) 23:00 1d 1-2 scatters; 35) 23:36 diffuse bands 1.5; 36)
00:25 14 (bands% 1 and n.n.; 27) 00: 55°1d 1.5 (fibrous); 38) 03330 sv
(fibrous) 1-2 over the entire csky; 39, 00:03 0l and op up to 2 at zen-
ith; 40) 00:25 1d into corona 3-4 nk — z, lower bord r gulded; 41) 00:37

-~

corona with travellng waves 2-3; 42) 02:10 op turns into corcna 1-1.5.

ct o

As can be seen from the tavles and Fig. 2, the assumption as to
the existence of a relationshlip between spectral type and polar aurorzl
bricutness 1s cornfirmed. The spectra of the type B low-altitude polar
aurcra exhibit great brightnesses 2-3-4. The high-altitude aurorae of
type A «n the average dlminlsh in brightrness tc the N of the night sky
which we assume t¢ be 0.5. For tvpe A aurcrae ftnere exlsts a branch in-

tc a region of greater brightness 2-3. All these aurcorac were rccorded

wn
[¢)

N

by cbservers as being red on the top (vk). These are noted in the figure
wlt:r "olid circiles.

For a further refinement cf the form of the spectrum-brightness
dilagram not only are mass investigatlions at varlow points around the
terrestrial globe required, <xpancicrn of the classification for cother
spectral reglons, but alsc 2 reccerding of brightroess r polar aurcral

luminosity in parallel wivh the survey b, means of more ob 'ectlve pho-

tograpnlce or photoelectric met

e Yu.I. Gal'perin. Jpekiral 'niyye elektrofotometricheckiye i
radinlokatsiconmyfre Lisléetdesanlita pdlyvarnyikxr viyanris & svech-
SNiye nocingT? feba [ Gpdcidl LlTvcirdpiotumelrie drd Radar

Investigatiors of Polar Aurcrac and Nlght-sk, LuminGsity ]

NL' l.s '/) 19:)3'
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ON THE PCSSIBILITIES CF ELEFENTARY FOLECULAR AND ATCMIC IONIZATICN
AND DISSOCIATION PRCCESSE. IN POLAR AURCRAE OWING TG HYDROGEN AND
HELIUM ICONS FROM THE SUN

V.1. Cherednicherko

As has been demonstrated in recent experimental works {1] and [2],

~

the effectiveness cof cxigen and nlrtrogen molecular ionization and dis-
soc.atlon processes due to protons and the heavier ‘ons 1s considerably
greater than the effectivencss of tne ldentical processes under condi-
ticnz cf electror bombardmert. IL 15 therefore of definite interest to

examlne the clemertary proceccses of interacticn between heavy suvlar

@
WD
t
g

cerpuscles and the molecules zand present in the terrestrial atmo-
sphere. The presence of hydrcgen lcns In the solar corpuscular streams
is now a solidly established fact. With regard to the presence of hel-
ium ions 1n the corpuscular streams, we have but a comparatively limit-
qd number of data avallable. Fér the moment tnere ls the single direct
observed emission cf neutral helium in the polar aurorae. In the spec-
- rum of a powerful polar aurora cboerved in February 1958 at Zvenigorod
there were found the intonse infrared lines of helium He I X = 10830

»

Angstrom units [3] and of lornlzed atumic nitrogen N II XA = 5004 and

5680 Angstrom units. Thé last lines wers alsc observed by Meirel (5]

4
[6] in bombardmernt of ale at a pricocurs P = 10 mm Hg wish hellum iong
HeIII. D. Bates [7] &#nd I.0. OChikloveowls [2] Luggested the possibie pres-

E I ¢}

ence of helium emicoion in the polar gurovrae. In the cpinlon of Profes-

[a—

sor V.I. Kratovskiy [4], the ablemce of hydrogen emissianr 1n some polar

aurorde polnts to the penetration of corpuscular atreams consigting of




helium ions into the terrestrial atmosphere.

There was considcrable interest in the determination of the prob-
abillity of varlous processes converting the molecules N2, 02, H20 and
thelr decay products on bombardment wlth hydrogen and hellum lons He+
and He++ from the corpuscular streams.

The maximum effective cross sections for these processes were com-
puted on the basis of the followlng empirical formulas [9, 10]:

1. For the process of molecular dissociation by lon impact without

formation of 1lonized products of decay:

2u, ( U, ) 2
Oy = 0p ————exXp| ———— \ )
' | g — o] | 2g— u,| (cm L (1’

where og 1s the gasklnetlc cross sectlon of the dissoclated molecule;
Uy 1s the excltation energy of the eiectron level of the dissoclated
molecule closest to thc boundary of dissoclation; Ug 1s the dissocla-
tlon energy. The difference u, = 4 in Formula (1) 1s taken as an absoc-
lute quantity.

2. For the process of molecular dissoclation by ion impact with
formation of lonized decay products:

where z 1s the number of electrons 1ln the lonlzed decay products; uy is

the ionizatlion energy of the lonlzed decay product 1in neutral state; ug
is the dissoclation energy of the molecule.

However, if the tonized molecule 1s subjected to a dissociation
process, 2z represents the number of electrons of the dissoclated mole-
cule (in the neutral state); uy 1s the lonizatlion energy of the disso-
clated molecule in the neutral state; Ug 1s the minimum enérgy requlred

for the gliven process.

In the case of a singly lonlzed molecule or atom by means of ion
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impact z represents the number cf clectrons of the lonilzed molecule (or

atom); ug gives the lonizatlon encrgy; uy = O.
For a process of double 1ionization z represents the number of elec-
trons 1r. the lornlzed molecule; Ug = Uy = Uy 1s the potential cf csingle

ionization; Ug 1s the potential cof doukle ionlzation.
3. For the proccss of molecular charge transfer wlth cimultaneouc

molecular dissoclation:

,__.__&34043 - ( )
wi (14 ) dw- (9—2z,)] .

gk_

whiere us 1s the molecular dissccclatlon enepzy; Aw 1s the difrerence be-
twewn the energy of ion neutralization (in electronvolts) and the dis-
soclation energy; Zq is tne number of molecular valerice electrons.

For the process cf nonrecornant charge transfer the effective sec-

’—'
=
ct
=1
e
0

tion may alsc be found with Formula (3). However, cace L5
the ionizatlon energy for the atom cr moleculrs Zubjizct to charge trans-
fer; Aw 1s the difference between the ionization encrgy for the mole-

cuis or atom and the energy of ion neutralization; z s the number of

B!
Y

nce electrons for the atoms c¢r molecules subject to charge transfer.

mulas (1), (2) andé (:) are the

s

b

.

.

b
o

3

The valuel of ¢ comput
UK by
maximum values for the effective Lections of the corresponding processes
at ion energies of the crder of 1-10 kev [G].

/-

2) and (3) are empirical. They were derived by

\

——

Relationships (1),
the author in 1955 [9], [10] on the basis of qualitatlvely ..eoretical
peslitiors regarding the procesces of ionlzation, dlisscciation and charge
transfer [11], [12], and an analy. 1. ¢f extenclve experimental material
pertaining to thetie processes [9). In ih: majority of cases the diver-
gence between the cipcerimental value and that computed for the lon en-
ergles ¢f 1-:0 kev did nol execid #1000 of the measurcd mognltude (D] .

In recent years thne Leringrad Phyoics and Engineerlng Institute
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has been dolng work on mcasuring the effective sections of ilonization

and dissoclation charge transfers for nitrogen and oxygen mclecules at
an alr pressure in a colllsion chamber of 1.5-10'“ mm Hg and an energy
of 1-5 kev for the colliding ions [1, 2, 13, 14]. The measurement areas
amounted to no more than 112% of the measured magnitude. It 15 inter-
esting to note that the effective cross sections derived con the basis
of Relationships (1-3) were in good agreement with experimental data
(1, 2, 13, 14].

Is it possible for heavy particles of the corpuscular stream to
penetrate the polar auroral zone? As we know, 95% of the polar aurorae
occur at heights between 110 and 120 km, where the particle concentra-

12

tion is n = 5.10 cm'3, and the helght of the homcgeneous atmosphere

i1s H = 106 cm. Thus 1t would seem that protons from the ccrpuscular
stream moving at a veloclty v = 108 cm/sec and consequently ~xhibliting
an energy of E = 5 Kev could not possibly penetrate the polar auroral
zcne. However, I.S. Shklovskly indlicated an extremely effective mechan-
ism for the penetration of protons into the polar aurcral zone as far
back as 1951 [15]. This 1is the mechanism of charge transfer between pro-
tons and oxygen atoms:
H*4-O-+H<4 0+ =0,02 ev

Because of the low energy of thls process AE = 0.02 ev is virtual-
ly resonant. The effective cross section of thils process for the proton
energy of E = 5 kev amounts to o = 10"15 cm. In thls case the proton,
in its motion through the polar auroral zone, loses energy E1 = H.-noAE =
= 100 ev = 0.1 kev, 1l.e., a negligibly small portion of 1its total ener-
gy. From this example we see that the protons of the corpu;cular
streams can reach the polar auroral zones.

It 1s also characteristlic that the ccrpuscular mechanisms for the

excltation of polar aurorae make 1t possible 1In 1ndividual cases to ex-
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o

plain the intensities of the mutsrity ol polar aurural emisalen: [16],
There 2ze alep ALFURcnLE diw fEvor ol Shad COMBEMLIAN Tkl Ll ol -
tlons computed in Tables 1-9 procecd under the actlon of dlrect corpus-

olar radiatlon. It hars been cbserved that when 2 cmall quantity

o¥]

cular

.~

of hydrogen s intrpoduced imto a dincharge tube containlneg cxveen ot z

préssure of 1 mm Hg, a noticeable irtentllication of tiw

i)

line X 5577 Angztroem unlts 1s rnoted In the spectrum of

simultaneously; with an intencification of the H:1 and H, hydrogsn llnes

B

[171. Ir a number cf cases thlz correlation is found in polar aurorae

oY

[i=7. In the same dischnarge tube containing nitrogen with an adrixture

1

cif helium at a precssure c¢i 0.0f mm Hg, th: discharge spectrum snove.d
o S . . + . . y
infrared Meinel bands AMT— X Ol tha ' N, lom anrd the first pcsitive
system of giyj— g¥; bands cf an N, melecule wlth an intenuity dilstribu-

tivn similar to the distributicn of irBeansitie® 1n The Specirum ef the

= TR

pular aurcrae [19]. ™Tn the cplinion of tne well-known polar-aurcrae in-

:
-~

vert Lleator — Butes [20] — the M. und H) bands in the polar aurcrae can

be Bafffectively exciled by ‘mpagt &1 S8ler pretons. Thees Thers is a
streong basls for the contehiion Lbgl ine heédwy particiss ol the celpus-

N = LS s v e ; i 0 . ch ot 4 T ST . . .
‘ular streatls #ry retaon Vibdes Ton wn sobbelisn Of fom Grimery poenn

aurvral cnissioni

.

Trw vaptoeus precestiE. for the conwversion ¢ C,, N, and H.0 mole-
cule - when bombardod wiih Adews torguctuiar-ftrcam perhiclevy were wex-
amineg on the basis of Rélatjicrlips (1-3). The rezules of Lhwké calcu-
latlions are prescrted in TEa | L-

The followiile diagrame O T mili prebable molecu lar pouwersions
Por nitrogen, ox.gen atd "o Uater 1 ke Lerfestrial armoopllt were
COLSLIUCEAE v "nF aajy o &l a1t for e intepraciigh bdliwoese

shese and the nydrogen and heltur Yois off Lhe corpuscular Siraamd (Fig

]-:\).
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Flg. 1. Dlagram snowing the most probable conversions of nltrogen mole-

cules under the actlon of hydrogen and helium 1ons from solar corpuscu-
lar streams.

TABLE 1

Prccesses of Nitrogen-Molecule Conversion Under the
Actlon of the Hydrogen Ions from Corpuscular Strear:

2

s —_ !“‘*"'*’:‘jj‘f‘iciﬁ}"""‘

1 N, + H*=>N*4N + e + H'—24,3 28 1,110~"

Ns+H* >N 4N*+ H—107 36 86.1071° _

N';_. N:+H* >N + e+ H* — 156090 2,7.1071¢

3 Ny +H* = N3+ + 2 + H* —49,5 58 ; 6.8-101°

5 Ny +H* >N} +H 45-107%¢

f Ng+ H* =+ N + N+ H* —9,76 58 1,107

7 Ny+ H* =N * + e+ H— 3630 8,2.107"7

8 N+ H* =N 4 N* 4+ HY —8,7230 18.107 '

9 Ny + H* >N* 4+ N* 4+ e+ H* — 233 30 81.10 '

10 NS + H* > N* 4+ N* +H—9738 8,7-107%

"n N +H* =+ N** 2 4 H* —43.93¢ 4,1.10'®

12 N4+H"=>N** 4 ¢4+ H-—3049 57.10~"7

13 N4+ H*<=N*4+H 8,4-1071°

14 N+H* <Nt et HY — 1450 13.10~1

1) Process number; 2) procesi reactlions ; 3) effec-
tive cross sectlon, o (cm B = ev = electron-
volt. max

An examination of the processes of interaction between solar cor-
puscles and the molecules of the terrestrial atmosphere chows that the
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AT =
lAl‘uE ¢
Pre resne. of Nltrozen-Mrlo2ule Coaverilon Under th

Action of Hellum Ions Hde™ from Corpuucuiﬂv Streams

(.xexa npoilecca 3¢¢“T:’:"'7:(:f;'""'
15 N, + HP_TN + N + » + Hc “_ 2;,3 a8 111077
16 Ny He* = N+ N* + He 4- 0,2 30 95.10°%
17 Na# He' =Nj +orHe' - 10 27.10~'°
T Ny + He' = NJ + He ' 24.10=1
19 M+lh*»N"+r+Hm-on 29.10~
20 | N} +|ie .»*. N* +l1e- 11:. o 231071
21 N+ He* = N* 4+ He o 3,:.10718 o
1) Process number; 2) proce reactlons; 3) =ffec-
tive cross sestion, o (cme). = ev = electron

et !

TABLE 3
Processes of Conversion for Nit

Ty

"
der the Acticn of Helium Ions He
Streams

oczger Molecules Un-
T from Corpuscular

N mpo- ?
;cccg: Crema npoitecca | 3¢¢cxrunuo;z(;e)qeuue
! man
_ 22 | Np+Me'* = NAN* pHet 4+ 20099 | 34.007Y
23 No++ He** = N* + N* + He + 9,9 38 | 1.9.10° 17
24 Ny + ”C*"*t\'{‘a—}lc+ 12 s ! Lo Y
25 Nyt He™* N, 4 He* + 38 an ' 311074
26 Ny+ He™* =N ooy He* 2035 | 790007
2/ N,+Pk**—>N‘-+V* + He* 41030 | 38.107 Y
28 Nob He™ © = N7 * o He™ o 0,7 2 281077
_EL__“_ﬁ+HN‘*N“¢ +He 4103 1 33007
30 N+ He** = N"* £ He 4 348 atr.a0-"
% \ ) F s .
1) Proeess number; 2) proe reactions; 3) ~ffee-
¥ive cross seetich, o, (cm=). sh = &v = Slectron-
w1t R
to.iowlrnsg procesaes arc d S pevaLlie: crar b Madnt e g i
imanster W il dissociaklionyand siarca Tramsior wiltl i oW 2z i\
fact was corifirmed experime tall. werks of I1'wh [2: 1]
: g . - . v
pesp i 'ac & . : N ® < e . AaDPan
are present Ln Lhe corpuscular uirear (1 woniNGdErails e il ot

. . N e _ . _ + L
thar oydrogen lons (3) In a rumber of processes, for e’ and !
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Fig. 2. Dlagram showlng most probable conversions of oxygen molecules
under the actlon of hydrogen and helium 1ons from solar corpuscular
streams.

TABLE 4

Molecular Converslon Processes for Oxygen Under the
Action of Hydrogen Ions from Corpuscular Streams

fl‘ec:g:. Crema npouecca aw“:::'ffc ;'e)q il
31 0, +H*=>04+0+H*—-5083 12.10—18
32 Og+H* >0+ 0(CD)+H*—- 70438 ) 7.1.10-18
3 Oy+H* > 07 +e+ H* — 1223 a0~
34 Oy+ H* =0 +H 9,8.10~!¢
35 Oy+H* =0" +O+e+H" — 19258 | 2.2.10~ 1
36 O, +H*-+0*+0+H—523 < 2810710
37 O+ H* = 0% 4 O('S) + H—9,24 38 1.2.10°1%
38 | Oy +H =+ 0*4 0(D)+H—1043 16-107%°
39 0} + H* > 0* +0* + H—6,58 36 1,7.10~1%
10 Of + H* =+ 0+ O* + H* —648 3¢ 2,567
a1 Oy +H* =0 * + 2 + H* — 5034 T 13007
42 Oy+H* =+ 0f* +e+H -3653 34.107Y
43 Oy + H* = 0% + O* +2 + H* — 32338 1,310~
44 Of +H* =07 * + H—243 38 3,1.107"
45 O+H*—0*+H 1,7.10-1°
46 O+H*—=>0%4e+H* — 13638 1,5.10~18
47 O+H*=0f* +64+H—3493 38.10717
48 O+HY—+O*t 4+ 2+ HY — 484 3¢ 1,3.10"18
1) Process number; 2) procesg reactions; 3) effec-
tiXi cross sectlon, o (cm®). 9B = ev = electron-
volt.
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Mol cula

~ s . .y p— M
b N R 5 s a2 P 1 11
ri _/lY Ry 1 r T AL T 4.(,1 l‘- ,tty L8

a sl - pers HE sl

Actlion c¢f Helium lons He' from Corp“cula Cureams

% AE Jddextunnoe ceyeniue

npouec- L2 Cxema npouecca \ s (i)
coB | wax
9__!_£ﬁiﬁk’*fh L He =123 30 1071

_ % | (h'LYM'**(V;~()L}h‘;%3-w 181070
5 +te? =+ 07 - O('D ) + He + 38 36 3.3-1071°
52 _’)z + He'=+0' + 0 ('6) + He+ 16 38 },8-10':“

T 53 | 0,4 He' = 0;*" 4 e+ He— 255 1 2,5.10~¢
54 | O+ HM-‘O’%(ﬁ—+H9+439 3=
55 | O +iHe" 0" 4 He+ 109 2 49.10—19
56 O + He' =0"* t e+ He—239 38 34.10—1¢

1) Process number; 2) process reacticns; 3) efrec-
tive cross sectlon, o (cmg). 3B = ev = electronu-
oLe max
TABLE €
Molecular Ccnversion Pracssses fer orygen Undar the
Acetlon of Helium Icns Het™ from Corpuscular Streams
np‘;\ﬁec- ~ Cxema npouecca | ddextupuce ceenue

coB | ol 3 Zmex (e4)

BT | _OabHetd =07% - e 2 287 30 161071
T8 | Oy He = O+ Het L 420 50 6410718
T 9L 00 Het =07 £ 0 Hot 4350 w | 4010717

50 _'h+HN“NY*”U%4Her1m , 46 1071

6! O + He™* =07« 0 ("D} + He* + 333 35 ' 4,2.107"
62 Ur+HN"O*++r+W‘»4233 - iiﬁ:”__“"
L S e A T 8.1
64 e m”»uﬂ‘n<+m§mu— —"i§m4‘_m’

65 | OfHet =0+« 4 He + 303 30 151677 N
_&M! 0_-+:_H(‘” -0 —x—li(-“.. 'i;-'j n 44. 10-Y7

67 O+He = 0% Lo He' 4568 26 12,104

1) Process numlier; 2) pruvc=tg reactlons; 3) offgc-

/

tive cross gccilen, o (cem=). s = ev = uloctror-
’ max
volt.
by the conversiv. dla  ran., the c¢ffeetise cro cections
o'k [ > 3 le * ; r . A
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Flg. 3. Diagram of most probable conversions for HQO molecules under
the action of hydrogen lons H+ from solar corpuscular streams.

TABLE 7
Molecular Converslon Processes for H?O Under the
Action of Hydrogen Ions from Corpuscular Streams

. 3! - — —i= ‘
“Pé‘ol:ec' o Cxema nponecca , 3¢§¢*::‘:‘:0(€c::)“c“c
68 | __HO+H*-=HO0*+H B 1.3.107%
69 HyO + H* » Hy + 0% + ¢ + H* — 18536 1.2.107"
70 HO + H* = OH + H* 4 ¢ + H* — 1893¢ 24-10-1°
71 HO+ H* =+ OH* + H4 2 + HY — 18938 1,5-10718
" 12 | HO+H*>OH+H-—93s o 9.1-10~"
S : MO HY D HA QT BBl 2.0 )
! HO+H' =H +0+H—=733 Y N
M| 1O H = T OOD) 2598 - L1om e
76 | HO+d* - Hll' +0(S)—27 2 | 751074
77 | HO--%i* - H+H'+H—545 26007t
78 | HO+H*— 01" +2H — 5438 ; 26-10~1°
79 HO* + H* = (' + Hy + H* —b3s N e
80 0%+ H* = 0% + 1} + H—83 28100
81 HO® + HY = O Hf +H —8298 | 407"
T 82 | HO* +HY=OH* tH e H' 635 19007
T 83 | HO*+H = OH" +H"+H—-63s | 22.0 "
84 C Ht +HY = OH 4+ H* + H* —63 ’ 22.10°1
85 HO* - H* = 0* +H+ H* + H — 10530 12108
86 | OH+MH*=OH*+e+H" —1383 1.7-10
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the actlen of helium ior. He™ from cclar corpuscular streams.

.__87“

_____' _ OH+ H = OIt* 4 H T e
T O T SOy et e H G4 BRI
T 89 | OH4+H =0 s Haet bt —1830 | eaaw
% | OH+H'= 0" HiH— 185 4l.10%
9 OH* -+ H* = 0* 4 H™ + ' — 4250 481071

reactions; 3) effec-
3B = eV = electron-
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4, Diagram of most prcbable molccular conversions for H.0

& 4

TABLE &

Molecular Converocion Zroceises for ? O 'Inder the

g ten of Balinm Tor? Hes J0&W (B2 g e SUPEIn:

- . C i IhdexTrRHOC cenenue
npOlle'.‘. —-~ XeMa nponiecca

cos | c ; 2 Crag (1HY)

92 | MO+ He” = H0" + He + 1197 l 47.10~"*
oy HO + He' —»H*+()+nf}}7»n 130008
"1 | HO s He = Hy+ O ¢ He 505 S Ry S
TTus | M0 Het' 411‘V'+0,|u.1s;-_' T oonae

96 | 1,0 4+ Het =21+ OF + He + 168 2210~ 14

G7 — —bH,O* bHe' == 1)+ O 4 He ¢ 27 a8 - ': __"——7'()-?“;—”’_ o

98 | O bk Het -7 2 O e n e 993 | 7000708

W ‘ mO{'lh’—QH2¢|lJQ. e 3590 " ARG -
—_NW | O+ He* == OH* . e ¢ 107 Tioqe-v T
CHOE  OH o Het =07 e He s 65 v
102 O et O H L He s b e | aient
W3O et s O¢S) e HT e - t0Kss 6210718
_Hod _—(IH FHE = OD) © T s b a8 ;n— T _l."~|() IR
T 105 | OH' +Hlet = 0" L H* 4 He + 68 va == 12.10-%

under




106 | " H,0* + He* = H* + H*4+0" +e+He—132¢ 4,6.10°18

107 OH + He* = 0* + H* 4 ¢ + He — 7,030 20.10°1
108 l HyO + He* = OH + O* + He — 8,1 26 | 63.10~1¢
1) Process number; 2) processg reactions; 3) effec-
tive cross sectlon, o (cm©). 3 = ev = electron-
max
volt.
H, 0 .
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Fig. 5. Diagram of most giobable converslons of H,O molecules under the
action of helium 1lons He from solar corpuscular streams.

TABLE 9

Molecular Conversion Procgsses for HLO Under the
Action of Helium Ions Het™ from Corpgscular Streams

M npo- Cxema nponecca 3¢¢°“:"“"°(°c;f)“""e
ueccon 2 3 mex
109 H,O + He** = Hy + 0** . He — 253 34 6,1.10~'6
110 HeO + He** = H} + O* 4 He + 443 38 24.10~"7
i H.0* + He** = Hy + O** + He* —24 56 6r1c”"s
12 OH + He** - H + O** 4+ He + 259 36 58-10-"7
n3 OH* + He** =+ H+ O** 4 He* —152 30 1,7.10~'6
14 HyO* + He** > HS* + O + He* + 118 36 2710716
115 HyO* + He** — H} * + O* + He + 22,7 56 6.5.10~"7
116 HyO* + He** == Hi* + O* 4o+ He*— 18 30 L1.10~14
7 HiO + He** > H* 1 H+ 0**4e +He—13s  65.10 "%
118 HsO + He** = H; + O + Het + 35,7 36 o 4_9-19_"7
119 | Hy0+He** — OH + H* + He* + 356 s 5.1-10"7
120 HyO + He*+ = OH* + H + He* + 353 ¢ 5.107"7
121 | HO + He** > OH* + H* + ¢+ He* + 21,8 38 1107
122 HyO + He** = 2H + O** 4+ ¢ + He* — 3,7 s 29-107"%
T123 |HO +He't > H* +H+ Ot *fetHe 17230 16-10~15
124 |HO 4+ He** = 2H* + O* 4 2¢ + He* + 4,1 30 24-107"
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molecules

in the excited oxygen atoms C(°S) and Of

b

1

125 HO - He* " = HS " 4+ 0 4 ¢+ Het — 5338 | 44,1070
OB MO et M 0 He s 192 | L
Tl er:ﬂJ;*H”+O*FHJh+5Ua~ AT
s Hé)j~ut+*-» M0 ¢ 0+ He** — 12690 1,9-10-1
__L.’Q_ n,u ~- He* vy zH* ¢_()* _; r_:li—c_—+—lb 7 58, ‘2:2--]0“"’%
130 | OH4He'* = 11" - 0% 4 rs He s 12400 | 2300716
I OHtHe'* = H* {bljfTECJEQ"-_lzlu ) 30107
132 OH* 4 lle* "= H" - O* " + v -~ He* + 1.7 8 1,2.:07"
133 | HO 4 et = 1,0% 4o +Het T — 126 4 19-107'°
134 | OH+He * —H+O% to4+He* +idv|  20.101
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CORPUSCULAR MECHANISMS FOR THE EXCITATION OF ULTRAVIOLET
EMISSIQONS IN POLAR AURORAE

V.I. Cherednlchenko

1. Emissions of the molecular ion N; (the negative band system
ING), a nitrogen atom [NI] and a nitrogen molccule N, (the second posi-
tive band system 2PG) predominate In the ultraviolet section of the po-
lar auroral spectrum {1, 2, 3]. The ultraviolet line 3466.5 Angstrom
units 1s the most characteristic of the [NI] emissions for polar auro-
rae of all types. It has been established that the intensity I3M66 in-
creases with the height of the polar aurcra and the more intense lines
[N] are encountered in the low-latitude polar aurorae which are “ound
at great altitudes [1]. Studies of high-altitude polar auroral spectra
have shown that they apparentiy result from direct collisions between
solar corpuscles H+ and He+ and are accompanied by the emlssion of hy-
drogen H_ (3, 4, 51.

It would be of great interest from thls standpolnt to examine the
possibility of exciting ultraviolet pclar auroral emisslons through the
action of solar corpuscular radiation on the atom:; and molecules <f the
terrestrial atmosphere.

2. In 1957-1958, at Roshchino (geomagnetic latitude 9 = 60°), spec-
troscoplc cbservations of polar aurorae were carried out (dispersion
80 Angstrom units/mm) and five spectrograms were obtained with H, emls-
sion during aurorae of the Ha, R, F and RP types [3]. F.K. Shuycka
measured the wavelengths nf several auroral spectra in the near ultra-

violet region, performed the supposed ildentification and evaluated tric
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ative intensity in fractlens of the intensity for the Yine [NI] at

The measurement results are presented in Table 1. The third cc_umn
shows the emlsslon Intensities in conditioral units (I, 3466 = 1) and the
Wmy colupim glwes the dbselute smigmion latens it es tn Kl
(v.}. The method for determinin ¥ sbiolute emission valuss is irdi-
L2%ag below.

3. We demonstrated the impcrtant role of corpuscular radiation in
wE= processes of the divseeiation and ifenizalicn of Ne méleculE®ES and N

atui. in Reference [€]. The presence in the majority of the above-men-

vivned spectrogra
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s of fTne hydrogern emission Hl ir which the
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origin may be responsible for the cbsersed intentity of the bands
ioYa) -i— 2 N M . . ~ 1 N
N-2%G, N, ING, N,VK and the linec (N IJ. This wac also Indicated by the
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% ol vy Efeltatiad (6, Ve
Nz +H* > N* L N* o H — (), (1)
\} [ :\J*‘.! (
A:':i —P(A)) f”——U:, .
N = s Nz - H® =W, (3%
Tho avterisk dem®ids excitd] Prudueiss of r<2ehion, while U U St

4 note the energy of the reacstlon. Rezcllon (1) may yield axcited me-
tactable atoms N(LP), producti: s el o ion at. A IWOGO A. A a resull of
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tion (3) in the C3Hu and B3Hg states, providing the beglinning for the
emissions of the seccnd positive system of bands 2FG of the N2 mclecule
and the Vegard-Kapian VK bands of tne N2 molecule. The great probabillty

of Processes (1), (2) and (3) wa' proved experimentally at the Lenin-

grad Physics and Engineering Institute [8].

TABLE 1
,\(;‘:) OroxaecTsae. e ! (%
3997 N2 2PG (1) 259 0
3913 LN 2PG23) 0.35 L
3914 NS ING (U0) 24, -
3882 | 4\2’ ING (1.()) .5
3857 MYING (29 057
3832 LUNJYING (33) 0,32 {
3804 N:2PG (0.2) 9
3756 N BOGr (1133 29 1
3707 i N;2PG (2.4) 1.6 i
3684 [ N;VE (111 0,06 G
3582 N2V ING (1,0) 22 o,
3576 N2 2PG (0,1) 5,5 i
3535 ! N'_ 2PG (1,2) 4,3 A
3466 | NTaps 4§ —2p3 2p 10 x
3300 N;2PG (2.0 1.4 fiiir,
3423 N2 VK (1,10) 1.5 ()
3371 \:2PG (0,00 11 4 E.
3341 L N\22PG (1) 0.5 6ot
3285 N22PGo (3% 0,54 0,100
3270 l N22PG (4,4 1,2 oA
3160 | N:2PG (1,0) 2.5 L3
3134 I N;2PG (2,1) 0,92 {=

|
1) Identification.

We obtain the followlng empirical formula in Reference [7] for
purposes of calculating the effective cross sections of Procecses (1),
(2) and (3):

= 5.3"0"3 ,4)
Ul + VAW (9—2z)]

For processes of dissoclative charge transfer with excitation: Ui
1s the process energy (Ul); AN 1s the difference between the energles
of the 1lon neutralization and the energy of dissociation {in terms of
absolute magnitude); 2z 1s the number of valence electrons of the dis-

scclatlng molecule.

For the charge-transfer processes (2) and (3):

= 105 =
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10j. The theoretical waluex of £, svbtalned from §nis foymuls, are
Lot aoreenent with experimertal valuer {u, O8].

4. In order to compute theoretically
olet emissions In the poiar aurcrac, it 1s
effective cross section of Processes (1), (2) and [(3).

According to th2 relationship

0 = IO 'Q-H'i’lo'ﬂh'* “UVR+ 9,
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~ 69°) and at Zvenigorod (¢ = 36%), 1t ras been established that on the
average the intenslty of the green oxygen line 1S at A 5577 A amountic:
to 20 kR for aurorae greenish-white in color [3]. The ratio of the in-
tensity of the negative band at X 4278 A of the molecular ion N; to the
intensity of the green oxyvgen lilne 18 fcr polar aurorae of the indlcatl-

ed type 1s

I427a~{_ 0%, (6 )

Issmrion;

1 = = 0. . = 5.2 kR,
Hence, since I5577[OI] 20kR, IME?BNE 0.206:20 = 5§ kR

The distribution of energy in the spectrum of a polar aurora on
the basis of numerous auroral cbservations in the Soviet Union [3, 11]
and abroad [2] ylelds for the ratio of the Intensity of the negative

bands at A 3914 A and A 4278 A for the N; ion

lsmm.} )
Tamwy = % (7)

From Relationship (7) 1t follows that /fwuv;=2-52=104 kR. In Table 1
I3914NE = 24 conditional units, i.e., one conditional unit of intenci-
ty 1s equal to 0.433 kR. From this we obtain the values of the absolute
intensities presented in the fourth column in Table 1.

6. No determinations have been made of the height of the lower po-
lar auroral border at Roshchlino. The magnitude of the concentratlion ng
was found indirectly — on the basis of the lifespan of the metastable
state 2P of an atom ¢f nitrogen. At the helight at which the extinction
of luminescence at X 3466 A becomes notlceable, 1t 1s necessary to sat-

isfy the condition

Qi >

b (8)
where T is the lifespan of the metastable state 2P of an N atom; X 1i:

the length of the free path; v is the mean-arithmetic velocity of th

N atoms. However,

= 107 =




]
AV2.son

where ot 1s tne eoffective cross cectlion of the de-exclting collislions.

¥rom (%) nnd (9) wo have:

(10)

atoms N(°P) maw be a recult of collisions of the secend kind with ion-

Ze transfer, transfer of excitatlion to an O atom or N?

2
MLl

milecule and vl trancfoer of exciration to an electron. Let us exa

-1

r urder the efliclsncy of all of thes¢ possibillties Iin the extinction

of Lr- luminescence at A 3466 A

N
[l
—
(=]

3

)
1) The procecses cf deo-excitation of N(TP) atems with ionlzation

ma, t2 as follows:
O = 7~
N o N, = N+ NJ e, {(11)
NP, + Q=N L0 4o, (12)
N2y, LN i o+ N
N (2] N—=N : \‘+€, (13)
The affectiv. crous vl LI Thast procgsses are very smati, singe

the lepizetion peteriials fgr W (350 @), (1:.C ev) and N (14.5 ev)

sonsiderably axecrd vhe <oituilon pof oo ia) of Lae melastable level
2) Extinction with charge tranafer:

N7 - Nipi >N - Nyg—46 ¢V, (14)

O - N N2 0—=26, 4. (15)

' * - . . o A o Su o . y < ey cey | v e 3 H o q
L@CUlw®E oPGSe BT WLt i 7 processes, caleculated in accord-

the neviival atem G ofr meSlecuis W

:\(‘zl'D'r'U—>L\+U(ZS| f“l,b:"l’ (1())

— —————— ~——————— ——




N(CP)+Ny(v' = 10)+ N+ N*(v" = 9) + 0,0312 €V (17)

According to experimental data the prcbabllity of electron exclta-
tion between colliding systems will reach 1ts maximum if the differeacc
between the energles of the electron statec of both systems 15 equal to
zero. The probabillity of the transfer of excliltatlion depends 1in great
measure on the difference AE between the energles of the electron state:
on the velocity v of the colllding particles and on whether or not the
transitions of the glven state f£c¢ the ground level are allowed or for-
bidden [10, 12].

The effective cross sectlon for the transfer of excltatlon, as-
soclated with the electron transitions, 1s describted by the following

relationship [10, 12]:

_ PP 2/s s-1 - _
Bk &= 1:( AE') f@AET . (Pipy)'ls - -h=t), (18)

where f(x) = (&-7/s) for x << 1,
f(x) =32.x-1.e-2x fOr x» 1,

S 1s the order of the multlpolarity of the electrical momeant of the
electron transition (i1f the electron transiiions in both colliding sys -
tems are allowed, s = 3; 1if the transition in one system ic =llowed,
while ferbidden in the other, s = 4; if, however, both transiticns are
forbidden, s = 5 [10, 12, 13]); p; and p, are the electrical moments
of the electron transitlons. For the allowed transition p, = e-a (e 15
the electron charge; a 1s the order of magnitude for the gaskinetic
radius of the atom or molecule); for the forbiddcn transiticn p = eaa
(the quadrupole moment); h = (h/27), with h the Planck constant.

For process (16) both transitions are forbidden, s is large and
equal to 5; 4E = 1.6 ev 1s also large. In this case x = 100 and f(x) =
=0, 1.e., Process (16) is virtually impossible.

For Process (17) the transition for a nitrogen atom is forbidden,
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* 3 3 + I3 .y T SO 3 . }i i 3 .
while allowed oy 4 nitroger miiccuds and o = &, wi h the product of
'
Lhio quadrupcle wng alpelc e.ver vleolonl nents —mprslealt)(eay) (a=07510-% ;|

R

a. =1.55-10"" cm — respectivel,, the gasklnetic radil of the atcm N

and the molecule Ng).
.

Having substituted th- se values into Formula (18) and having made

b =~ D) H 3 ~r (-4
ase of the value of v = 2.94.107 2m/sec which ceorresponds to T = 25007K,

for Frocess (17) we obtain

]
st =1 B\ 0 e .
recat probability of de-exelting ccllisions for (17) alse follous

frm tne fact that for tnis procescs the following condition is not sat-

~  must be substantial.

) m . PR I ., Uy e S AR S L . 4 S : 3 I
4. The extension of luminoctity a1 a result cf z2lectren Impact. The
T + ~ ~ 4 2 o 5 J 2 a
1; PR Vs 2 AS ECTLON o n = i [ wal ° 113 = TR it tar’ =

NQ@U) 4+ 0= N(s)+e

15 d-.fined by the relationship [%]:

ane{l/) = 2,72

\ ,r~« - - B ar . e M » P 2 - K [

Whie re zgo = 4 and E5r = O oars , wpuetiveo Y uhe sum of the Ctatlisticatl
i

Wil & U The grourd amd excll & LG el 4 %e aton N; @ is the ef-

frcetive exclitatlaor crosh “eciidn v "l 1oyl TP; Ua = S B ev EMGnE
A2 Vatl ol pelehntial of 'Ene siw B L Vg - loctrom cEmrEy Rofrede

pendling Lo the maxinuwm of Le Lxelitadliol TeaeTlong U 1 (thwe tleciren
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In the transition frum the ground level 1’S L0 the teeived leval

°F the multiplicity changes. In this case [14]
Un=U,+1. (21)
The effective cross cectlon cf excltation by electron 1mpact of

the metastable level of the atom may bc determined r'rom the relation

shiz [12]:

o= 362100

un " (22)

where m, € and U are, respectivel;,, the mass, charge and energy of ihe

!
striking electron; f - ls the osclllator force of the transiticn 4S-—»

o
— P of the atom N; EO is tie assrgl Cf the ground Slate of tie avom:

o
(U8
g

wherc Z 1s the charge of ihe atowie nucleus. For the atom N we have
EO = 1.09-10—9 ergs:. The escillator fonce fU for the wetastable level
can bec found on the basis c¢f the lifrepan 1t of this level from the re-

lationship [12]:

] Rrle? Yo, 1
= 4= y ‘
5 c ¥ e J o

wihere ¢ 15 the speed of lieght; T = 2.1 seec is the liferapan of the mpha -

5
stable level “p of the atom N. Fur the £vanzlitien S - P of the atom ¥

R -, A-10 7
th> fermula yields £ = 0.3 . 1n thils case, when U =U_ = U_ +
on m 2
+1 = 4.58 ev from Formula (2) #e obruln o h(UW> = ¢.3.107 m” whle!
10 the maximum ctfectiv. <cm PRl i of the exeltation &¢F legveld P by

glectiron Lmpach.

The maximum effective cro SEELIOn ™ Lhe de -Txclfing c&l 98 16ns

in this cane will, according tc¢ Furmnla (20), be c¢qual to: o (U ) =

B =22 ° i
= 1.5.10 cm , L.e.; exteemely Small.

It must alsc be taken into conclderation that when T = 25007% the

L




number of electrens exhlvlting energy U accordlng to the relationshlp

an, Um( U.)
S s

(25)
2T

amounts to only 1079 of thelr total number.

On the basis of these considerations, the process of extinction by
electron impact 15 extremely 1ineffectlve.

Thus, conslderation of all possible prccesses of extinctlorn for the
line 3466 A of atomic nitrogen shows that the most probable is the pro-
cess of the extincticn of N(2P) on collision with cscillation-excited
molecules N2.

8. With an effective cross section for Process (17) of o, =1.3 x
xlO'15 cm® from Relationship (10) we will obtain the concentration of

osclllation-excited molecules N2

3

An,(v'=10}=33-10° cm>.

The gquantilty ny (v' = 10) may be derived out of other considerations ac
2
well.

The total number cf de-exciting collisions required for the trarsi-

tion of the oscillatlicn-excited mclecule Np from a higher level v' to a

lower level v", on the one hand, is determined by the relationship [15,

16]:

7= 1.(.‘_+—1—+...-r»-—l oy : )-e:;'.

a0 O ¥ —1 v4+2 v+ (26)
where v,_, i1s the provb.bility of the oscillation transitlion v" =1 —
N

= ¥ = 0 ( f15, 16]); hv 1s the quantum energy for the

transition v' = 10 = v" = G,

-

On the other hand, thls same number of collislons
2= Tl (27)
where 29 1s the total number of colllisiors experlienced by the molezule

N~ within 1 sec; 79 1s the time reaqulired for the transition of the mole-

2

-~ 113 =~




gt

cule N, frem the level v' t9 thée leved w':
[N

Zl=4l”2"v‘31'nd-|0: (:d)
81 st

In (29) w= TN 15 the reference mass of the molecule N; ry = 1.55 x

Q mN:‘r-mN
« 1077 cm 1s the equilibrium distancs between the atome N in the mole-
cule No; p = 1.03-10‘15 CGSE [1lu, 17] i1s the dipole moment of the mole-
cule No3; X = 3620 A 1s the wavelcngth for the transition v' = 10 — v! =
= G,

Having denoted (L_+__L_"+“.+ | ! ) by B and having equated

v v —1 v'+1 v +1

(26) and (27) to one ancther, we o' tain

Re

4V§'Gz'no'-10"5'to=-”l‘ .B.e—_b_f. (30)

Ti-»0

from which we optain

=
>

ny, (v =10)=4,1.10* cm ~.
Therefore the earlier derived juantity n{v' = 10) = 3.32.10" cm nay
be regarded as promising.

The concentration Ny ¢f neutral N, nitrogen molecules in the

Fal

sround osclllatory state can t- f.und from the relaticnship [10]:

(

(WS

27 .n2.rg kT )"3

n¢=m==nrexp(—-——m—§ﬁ_——- 1)

Jith T = EBOOOK Relationship (31) I nO == 1-109 cm3, which corres-
ponds to the heleat of the lower pclar zurcoral boundary h = 185 km [18]
assuming that the etmosphere below 00 km consists of molecular nitro-
gen and atomic oxygen ¢ [L, 1.

The great height of tltic Indiecatdid pelar aurorae 15 confirmed also
by the presence of the n drogen | line i in their -pectra, since a num-
ber of facts apeak in favor of thie cortent lon *hat thie hydrogen emis-
nion appears a2t helghtu considerabl: above 100-110 km [3].

§. Let us now deternne “he magnltude of the prcton concertration

= A =




at the lower polar aurcral boundary. The quantity I can be found by

5l

O W

proceeding from the fact that generally 1 .15 [19], ard slnce

(legry =
H ' Ts577
= 20 kR, I, =3 kR.
Qa

The most affectlve reactlons for the excitatlon c¢f the H% 1%ne 1in

L5577

polar aurorae may be those of charge transfer with excitation:
H* 4+ N, - H(3s) + N7 — 143 €V, (22
H* + 0+ H@3si + 0+ — 12,1€V. (33)
The effective cross sections found for these reacticns on the ba-
sis of Formula (4) are respectively equal to oy = 1.9-10—16 em® and
0y = 4.1-10_16 cm2.
Since molecular nitrogen 1s a mcore abundant component of the ter-

restrial atmosphere than atomic oxygen 0 [1, 2], In the computations of

nH+ we can assume 0 = 0.

The helght of the homogeneous atmosphere for the helght h = 185 km
amounts to K = 3‘106 em [20]. Now substituting the values of ILI 5 1%
T
Ny, VN+ and o, intc Relatlonship (5) we obtailn

-3
ny+ =137 cm .
10. To calculate the intensity 1NG Nt 1t 1s @lso necesr-ary L3 know

the magnitude of the molecular ion concentraticn Part +
e

According to Chamberlain's calculatlons [21] to produce the cb-

served brightnescs in the polar auroral rays a current wlth a densit;, of

ii2 )2 f
1 =6.10 electrons/cm™«sec must pacs. The current of Ng lons must be

1 —

the same., With a velc 1ty of v = 1.38~105 cm/sec, corresponding tc T

= 25OOOK, the concentration ny+ will be

=

B

=4,35.101Cm ",

Ax+ i
NEY =1,
2 v

+

The quantity ny, was assumed . be cqual to ny (19].

1l. In addltlon, Table 2 shows the most probable excitation reac-

0
tions for lines and bands of Intensity I7 cf emissions computed in ac.




i -~

cordance with Relationship (5). The table shows thit in a number of ca-
ses the ultravioclet polar aurcral emlssions may be satisfactorily ex-
plained by reactlions of charge transfer with excltation during the col-

+ .
1153cn cf N~ molecules and N, lonc with neutra’ and ilonlzed atoms of

2

hydrogen.
12. Can the electronc in peclar aurcrze be sufflcliently effectlve

. : Sl o o
in the excitatlion of the emissicns 2PCG N, and ING N,? The effective

2

2
c5s sectlion of exciltation for the CJHu level of an N, mclecule which

(@)

serves as the origln for the emiccicn of the bands ZPG for the maximum
of the excltatlon functlcn can be computed 1n accordance with the for-

mula {10]:

Ty = —-—_.f-]n =,

re! QU
UnaU, ( \

[ ]
when Um = Ua + 1 {14], Ua = 1..2 ev and f = 0.033 [22]
2
om = 4,1.10-17 CIL ™.
Since Formula (34) 1s valid when U > 7Ua, and for lcwer values of
U ylelds ¢ greater approximately by an crder of ma.nitude than the true
value [10], for U, = 12.2 ev we can assume
2
In=4,26-10-" cm~.
However, the number of elecctrons with energy equal to Um with T = QSOOOK
according tc (25) amounts only to lO":l af thre) vetal numbe®s Nlrer | tire
afficlency of the electrons in the excitaticn of the bands 2PG 2f thils

temperaturc will be neglligibly omall.

_ o
However, even at a temperaturc of 15,0600°K the number of eleclrons

: -4
having an energy equal to Um amounts tol 10 of the total number and
i
0
Lopn = 4.5 kev.
If a temperature on the crder of 15,000°K 15 developed in the po-
lar aurorae unde: conditieoms of €28 dizcharge, It 18 peossible Lo Btate

that electron excitatiorn wlll make a noticeable ceontributlon to the ex-
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cltation o
For t

[23]. Sinc

If we
fled, we ¢

At a

.
i.e., even

not be recs

f the bands #BG | ..

he ex:

ot
(@]
H
*
(&)
c*
(=
14
-~
~
2
"
——

1 NG Na tha msetlla¥for lfoves T° = C.15
e U=U_ = L4g ev [24], U = 19.6 ev, according tc (. 4)
am=2£3104’cm2.
take Into comslderatler that conditisn U > U, 1s net stli.-
-1& =

an assume 0, = 210 cm

temperature T = 107K =*=10"" ana Inyivo=10""4R,

50
atl KU ZPLal & LZmperalure as lOD K the electron impect

(@)
‘\

ponsible for the obuicrved Intersity of the bands 1NG N..
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CERTAIN FEATURES OF PCLAR AURCRAL FCRMGC WITH RAY CTRUCTURE
N.I. Dzyubenko
The study of the structural featurecs of the various polar auroral

forms 1s presentl;y a matter of pressing urgency. Together with the re-
sults of morphological, spectral, photoelzctrical and spectrometric in-
vectigations such a study will doubtlessly serve to promote a more tho-
rcugh understanding of the escerce of the polar aurcral phenomenon. The
ma jority of the polar aurcral forms are extremely dynamic and the prob-
lem, iIn final analysis, reduces Lo the taking of motion picturzs naving
adequate spatial and time resolution. This willl make 1t possible to
study both the 1instantaneous characteristics cf the structure as well

25 thelr time variations. The photographic methods in us

D

to the pres-

ent time for t:. study of polar aurorae (including moticn pictures) are

]

only sl_ghtly effectlve in terms of the possibilities of studying the

structure (the great cxposure. of indi-idual frames, the small imas

2

R
9

scale, limited frequency of frams repetiticn, ete.). Hew vor, cortain
average characterlsiics of the struecture of certaim forms Of polar sur-

rac can be studied even with such photographs, which is the purpose of
L& present paper .

The obgservational material used In thils paper was obtaircd in
March 1959 at the AANII Geoophysical Jtation and the KGU [Klev State Un-
ivercity] at Tiksi Bay. A NAFA-33/2%5 aerial camera was used (f = 25 cm;
relative aperture l:2.5; phctograph 18 x 24 cmg; ficld-of-v'icw angle
along the 18-cm side of the photocraph, 40°; along the 2L-cm cide of

A0

the photograpn, blo; along the diagonal, 62 ). The cbserver was D.P.
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were studled, and their characteristic iIn accordance wlth the notes
made in the observation log.

1. 1.3.1959. 14Dy UT. Exposure 7 seconds. Portion of ray arc.
Average helght of ray base above horizon h = 11°. Azimuth 214°. Judging
from photograph aurora very bright. Four brignt rays stand out, pos-
sibly representing bundles of individual thin rays.

2. 1.3.1959. 14h45m UT. Exposure 15 seconds. Bright ray arc con-
sisting of a large number of thin rays formlng several bundles along
the arc and these are outstanding because of the elevated luminosity
brightness (Flg. 1). The average height of the lower border of the stud-
ied segment of the arc above the horilzon 1is 150. B = 222°,

3. 1.3.1959. 140y8™ UT. t = 8 seconds. Arc wlth ray structure. Ray
brightness along the arc exhibits outstandling periodicity. Thilis period-
lcity stands out particularly clearly in the closer portions of the arc
where the structure 1s not nearly so affected by distortions of pers-
pective and similar phenomena. The average height above the " corizon for
the subject part of the arc is 170. A= 2430. Isolated thin rays stand
out rather clearly only on certala seoments of the arc.

4. 1.3.1959. 14750™ UT. t = 15 seconds. The height of the lower
border of the subject reglon above the hcrizon 1s 150. A= 2390. The
aurora exhiblts a rather unique form — two arcs of ray structure posi-
t.ioned one above the other, with the outline of the .iower border of one
completely duplicating the outline of the lower border of the second.
Moreover, the rays of the lower arc are seemingly an extenslon of the
rays of the upper arc and similar to these not only in terms of mutual
position but also wlth respect to relative brightness. One gets the 1m-
pression that we are dealing with a single arc of ray structire, of
great extent 1n height and exhlblting a strange brightness depressicn
through the middle. The structure 1s extremely diffuse; however, on




certain segments of the arc 1t 15 possible to 1cclate reglons sultable

for evaluation.

Fig. 2 Photograph of aurora described in Item 6
at 15P38M20° Universal Time. Exposure 15 seconds.

m}OS UL. t = 20 seconds. Eastern part of arc

5. 9.3.1959. 15°3%L
with ray structure passes through zenith. Average heilght of lower bor-
der of rays above horizon 13° (from 6% to 20°). A = 283° Pulsating arc,
rapldly changing. Brightness 3 polnts. Rays exhlbit great vertlcal ex-
tension. Photograph apparently shows conly bright portions of arc close
to horizon, reflecting large-scale structure. Finer structure not seen,
on the one hand, because of blurring, and on the other hand, because of
the great atmospheric absorption at the horizon.

6. 9.3.1959. 15737"™45° UT. t = 15 seconds. Bright arc of ray struc-
ture rated at 3-4 points. Individual rather broad rays stand out clear-
ly, possibly exhiblting fine structure which, however, 1s difficult to
ascertain because of the effects of rapid motion. There are five suc-
cessive photographs of this aurora taken in a time Interval of about 3m
and these photograplic make 1t possible to draw certain conclusions re-

garding the motlon of the aurorae. On the first photogr-ph (15h37m45S
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UT) the lower border of the rays 1s situated at a helght of 56° above
the northern horizon. The aurora subsequently rises to the zenlth at a
rate of 30-5O per minute. On the basls o the characteristic appearance
of the rays (western edge of the ray diffuse, eastern edge sharp) we
can draw the ccnclusion that all rays (possibly with rare exceptions)
moved as a single structural formation in one dlrection (Fig. 2).

7. 9.3.1954G. 15h38m50S UT. t = 10 seconds. The aurora described in
Item 6, but at another instant of time.

8. 26.3.1959. 12h39m UT. t = 25 seconds. A part of the corona at
zenith. Ordinary aurora of moderate brightness (underexposure at t =
= 25 seconds).

. 26.3.1959. 1o0,8™ UT. t = 5 seconds. Arc of ray structure. Un-
derexposed. Helght above horizon 310. A = 3540. Two waves 1in the bright-
ness along the arc can be seen, apparently reflecting the small- and
large-scale structure.

10. 20.3.7959. 14h51m UT. t = 30 seconds. Arc with ray structure
on N1 of ordinary light. Long rays extend to the zenith. Despite the
pronounced effect of overlapping and blurring, we note the perlodlcity
of the structure with two spatial perilods.

11. 30.3.1954. 14h25m UT. t = 15 seconds. Homogeneous arc changing
into arc with ray structure. Height above horizon 290. A - 1390. Bright -
ness 3 points. Structural periodlcity noted.

12. 30.3.1G654. 14h30m UT. t = 20 ceconds. Arc with ray structure.

0]

= e

il (=t 200 Structure very clean, but great underexposure. The
exposure probably falled to cover the entire aurora or the rays exhilb-
ited great stability and low brightness. The clarity of the structure
makes 1t possible clearly to detect the periodicity.

To all of the foregolng we should add that all examined aurorae

were of conventional green coloration and the brightness, except for
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rare Instances, did not drop below 3 polnts. The photographic measure-
ments were carried out with a ruler and grid accurate to 0.5 mm, which
corresponds to 7' in angular measure. To determine the absolute values
of the dlstances of Interest to us in a polar aurora thc¢ slant ranges
of the border points were determined on the basis of thelr height above
the horizon. The height (zenith distances) and azimuths were determined
from stars which stood out clearly on all of the photographs. In deter-
mining the slant ranges it was assumed that the lower borders of all
the rays of an arc are situated on a surface concentric to that of the
earth and situated at a height of 110 km above the ground. The curva-
ture of the terrestrial surface was taken into consideration 1n the
case of aurorae low over the horizon. The effects of perspective wnd
mutual spatial position of auroral details were taken into considera-
tion in all cases. Distortion was regarded as insignificant, at least
in a circle with a 50-mm radius at the center of the frame.

The measurements produced the followlng information:

l. The periodicit; in the brightness distribution along the arc
with ray structure is more or less reliably noted for all subject auro-
rae. In certaln cases two spatial A periods are noted. One of these,
reflecting a large-scale structure, includes the second which reflects
a finer structure which can still be made out photographically.

2. Assuming the periodicity 1n the structure of the auroral forms
with ray structure to have been established, we determine the absolute
values of the spatial periods for the aurcrae examined. The results are
glven in Tab_e 1. The fourth column of the table shows the mean error
of each result. As we can see, the relatlve error is rather great (15-
25%), which 1s basically governed by the inaccuracy in the determina-
tion of the position of the lower bocrder of the rays blurred as a re-

sult of the rapid motion of the structural detalls, the approximation
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of certaln simplifying assumptions, etc. The fifth column shows the

number of rays (structure bundles) on the basls of which the averaging

was accompllished.

3. Table 1 shows that three values of A are characteristic of the

studied aurocrae:
A== (4—8)-10* cm,

i,=(1,5~25)-100cm,

hg = (45—6,01-10° cm.

TABLE 1
- N A ak
na.q Enna Mnposoe Bpeun (X 109 ca) | (X 108 ex) Mpumevanng
=3 5
1 1.3. 1959 14%2"™ 45 6 Yarena no-
npaska 3a
KPHBH3IHY
ﬁ 3eman
2 1.3. 1959 14%45™ 60 9 To xe, a0
5—6 Henl
3 1.3. 1959 14%48™ 25 3 To we, at0
56 unmnl
4 1.3. 1959 140" TE 1 To xe, w0
! neno |
5 9.3. 1959 15%34™3f 60 9 To xe
8
6 9.3. 1959 15%37™45° 8 N BoamMoxuo, S
H<110 xu
7 9.3. 1959 15*38™s0° | 8 ! To xe, 910
I Wwan 6
|
8 I 26.3. 1959 19%39™ 4--5 Jeunr 10
|
9 26.3. 1959 12%48™ 4 1
15—20
e Crpyxrypa
10 26.3. 1959 14751 4—5 CHABHO Cha-
aava  ]1]1
1 30.3. 1959 14%25™ 12 2
12 30.3. 1959 14*30™ 6 1 To xe, 910
usml

1) Item No; 2) date; 3) unlversal time; 4) number of rays; 5) remarks;
6) correction factor for curvature of earth taken into conslderation;
7) the same as in item 1; 8) the same; 9) possibly H ¢ 110 km; 10) zen-

1th; 11) structure extremely diffuse.
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Fig. 3. For the deter-
mination of ray wildth.

Apparentiy both the physical state of

these atmospheric layers in which the pheno-

mer.on occurs, as well as the conditions of

observation, affect the presence of a given

perlod 1n the arc under consilderation. The

large-scale structure (particularly X3) can

be seen only 1n arcs with ray structures when

observed at great distances.

Since at low

helghts above the horizon the error in the determlnation of range in-

creases, etc., the spatlal perliod of the large-scale structure, in ad-

dition to the mean error, apparently 1s welghed down by a considerable

systematic error.

To determine the wldth of the rays several mlcrophotcmetric sec-

tions along the ray-structure arcs were made. We have selected rays

which, in our oplnion, were least subject to blurring. The ray width

d was deflned as the half-width of the ray contour on the trace (Fig.

3).

The average values of 4 for two measured aurcrae are presented 1in

Table 2. On the basls of approximate ~»stimates the width of the rays

In other arc forms of ray structure 1s approximately the same.

It 1s

impossible to make any more preclse determinations because of the in-

fiucnce of motlion. For the same reason the widths which we have obtailned

apparently are somewhat exaggerated.

TABLE 2
1 . u""f’”“a 5 ad Yncao
o 2 Dara M3upou,e Bpexs ()2);6:-:“) (% 10 cx) IY‘lﬁﬁ npu??eqannl
. O
1 1.3. 1959 14%45™ 11 0,2 5 |Varena no-
. npaska 3a
KPHBHAHY
deman
8
2 1.3. 1959 14*50™ 1.2 02 7 |To xe 9
1; Item No.é 2) date; 3) universal time; 4) width d of ray (x 10° cm);
5) & (x 102 cm); 6) number of rays; 7) remarks; 8) correction factor
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for curvature of earth taken into consideration; §) the same.

It 1s possible that the 1lnvestigated structural features of arc
forms wilth ray structures are assoclated with the phenomenon of hori-
zontal electrical discharge in the upper atmosphere [2] and in a cer-
tain sense analcogous to the stratification whilch takes place 1n gasals-
charge tubes.

The author wishes to express hls gratitude to S.K. Vsekhsvyatskly
and Ye.A. Ponomarev for thelr advlce and comments, as well as to D.A.

Andrienko and I.A. Rudenko for thelr assistance 1n the computations.
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CERTAIN PROBLEMS RELATING TO THE LOCAL GEOGRAPHIC DISTRIBUTION
AND DYNAMICS OF POLAR AURORAE

Ye.A. Ponomarev, I.A. Rudenko

From the time of Fritz, numerous 1lnvestigators have occupled them-
selves wlth the questlion of the geographic distribution of polar auro-
rae, primarlly ir connection with the development of an observational
basls for the theory of polar aurorae. Thils latter circumstance left
1ts mark on the methodology of the work. Primary attentlon was devoted
to questions pertalning to the global dlistribution of polar aurorae.
Appearance frequencles were studled for aurorae at various geomagnetic
latitudes as functlions of local time. The deflectlon of polar auroral
arcs from geomagnetic parallels was investigated in detall [1]. This
trend had a pronounced effect on the selectlon of the observational ma-
terial. Stable qulet arcs, primarily of the homogeneous ki.id, were
sought for evaluation. With the development of the S-180 wide-angle
cameras and the establishment of an extensive netwerk of stations dur-
Ing the period of the IGY a more detalled 1lnvestigation of global and
local features in the dlstribution of polar aurorae b« zame possible
with greater time resolution and more rellable conditlons of simultan-
elty. However, the use of the S-180 cameras for these purposes is as-
soclated wlth certaln additional difficultles which ar- brought about
by the distortion of the mirror-optical system of thls camera.

D.P. Duma [2] studled the positions of 80 polar auroral arc forms
on the basis of materials provided with an S-180 camera at Tiks! Bay

during the 1957-1958 observation season. In brief, the treatment method
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involved the followlng. Arc forms with a sharp lower border were chosen
on a strip of motion-plcture film. Along the entire lower border a suf-
ficient number of points were marked to provide for a comparatively
complete characteristic of the projection of this arc on the frame. The
broken line which was produced by connecting these points was then
transferred point by point onto a geographic map prepared in Mercator
projection. For eacn of the polnts a determination of 1ts distance on
the frame from the instrumental zenith was determined, and then recal-
culated for the range curve, with consideration of distortion, in killo-
mecers. The azimuth of the points was determlned directly by counting
off from a meridian on a grid. No correction factor for the change in
scale along the parallel was introduced for the plet of each of the
points on the chart. The above-described method was excessively cumber-
some and selectlve, since 1t did not permit the evaluation of polar
aurorae with lower borders not clearly defined. Nevertheless, a number
of extremely interesting and unexpected results were obtalned. It
turned out that the polar auroral arcs behave differently over water
from thelr behavior over dry land. In c~rtain caszs there was a clear
indicatlon of a tendency on the part of the arcs to assume the outline
of the coastline. D.P. Duma designated this phenomenon as the "shore-
linz effect.”

Since a comparatively small quantity of material was used for pur-
poses of evaluation, a need arose for a more careful study of the

"shoreline effect" on consiaerably more extensive material, using more
productive evaluation methods.
§1. THE EVALUATION METHOD. PLOTTING OF "TRANSFORMED" CHART

The method* used in the present paper involves the following: a
chart of the surface of the earth within the 1limits of the field of
view of the S-180 camera for Tiksi Bay was prepared so as to show dis-
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tortions in accordance with thedistortions of the camera's mirror-optl-
cal system. When projecting a frame of a motion-plcture fillm onto such
a "transform" chart it becomes possible to see how the luminosity is
positioned relative to the coastline.

The actual proJjection onto the chart was accomplished by means of
a D-1A slide projector. A drawing with a representation of the “trans-
form" chart 1s attached to the plotting table, and this 1s then project-
ed onto a wall.

The orlentation of the photographs 1s accomplished with marks W
and O to account for errors in the camera setting. Approximately 60,000
frames were examined for the present projJect 1n this manner, these pic-
tures having been obtained during the 1957-1958 observation season.

The "transform" chart (Filg. 2) was prepared in the following man-
ner: 117 points were marked on a blank chart of the Tiksl Bay regilon
(Fig. l) along the coastline and certailn rivers; these polnts bist rep-
resented the coastal outline. The point at which the S-180 camera was
set up was taken as the center of the "transformed" chart. The calcula-
tion was carried out for polnts situated no farther than 900 km from
the center, since beyond thls distance the accuracy dropped below the
permlssible magnitude.

The coordlnate axes X and Y were drawn through the projection onto
the chart, and the coordlnates of all of the points were determined
relative to these axes. Since the blank chart was drawn in Mercator
projection, consideration 1s glven to the change 1n scale along the
parallel (M 1:30,000,000 along parallel 75). The geographic coordinates
were then determlned for each polnt: latlitude 9 and longltude A. The
measurements were carried out wlth an accuracy of up to 1 minute of arec.

The problem lnvolved the determlnation of the azimuth and distance
for each polnt relative to the selected center. The calculation was
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carried out on the basis o formulas from spherical trigonometry:

sin A cos ¢,

sine.= sinf ' (1)

where a 1s the azimuth of the polnt; ?q 1s the geographical latitude of
the point; £ 1s the distance in angualar measure; O = X — Xl, where A
and Xl are, respectively, the geozraphic longltude of the center and

the polint.
cos / == s{n ¢, sin'p,4 COS ¢, COS § - COS AN, (2)

where ¢ 1s the geographical latitude of the center.

oy -
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Fig. 1. Blank chart of the Tiksi Bay area,
with the magnetic parallels and meridians
shown.

The distance obtailned from Formula (2) in angular measure i3 con-
verted into lilnear measure and expressed in km. The error in the calcu-
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lations did not exceed: for the azimuth, 30'; for distance, 15 km.

For points situated no farther than 150 km, the distances were
calculated with sufficient accuracy by means of formulas from plane ge-
ometry. Note should also be taken of the fact that according to the cal-
culations that were carried out, consideration of the auroral heights
above the surface of the earth would have influenced the final results
insignificantly.

For purposes of studylng auroral positions relative to the magne-
tic parallels on the "transformed" chart (Fig. 2) a magnetic coordinate
grid was plotted on the blank chart (Fig. 1), for which purpose use was
made of the magnetic charts of the seas of the Soviet Arctic, prepared
in 1944 by the AANII [not identified in standard references] [3], and
then on the basis of the points the magnetic grid was transferred to

the "transformed" chart by the method described above.

Fig. 2. "Transformed" chart of the Tiksi Bay region with the magnetic
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parailels and meridians plotted.
§2. INFLUENCE OF GROUND SURFACE ON DEVELOPMENT OF POLAR AURORAE

The method described above made it possible to trace the motion of
various auroral forms, the transition of one form into another and to
evaluate the change in auroral brigntness during the process of 1lts de-
velopment.

In terms of structural features the investigated auroral forms

were convenlently divided into the following types:

Arc of ray structure LD

Arc of ray structure, with inter-ray dif-

fuse luminosity Lib*
Homogeneous arc with ray structure OD*
Homogeneous arc OD

Diffuse luminosity DS

The analysis of the observational material made it possible to es-
tablish the following quantitative relationship~ for the behavior of
polar aurorae:

1. Homogeneous arcs (OD) 1-2 on the point scale, over water to the
north of Tiksi Bay, generally qulet, little mobility, frequently show-
ing signs of regular drift to the south. In the overwhelming majority
of cases OD follow the magnetic parallel, with the eastern border of
the arc generally deflected from the magnetic parallel through an angle
of about 10°. Very frequently the wectern border of the arc shows a
characteristic bend which, in general, corresponds to the bend in the
magnetic parallel to the west.

A noticeable depression in OD luminosity 1s seen at the point where
one of the western branches of the Lena enters the sea and at the en-
trance to Buorkhaya Inlet.

2. OD of great brightness (3 and higher on the point scale). gen-

erally speaking, are few in number and the above-described quantitatilve
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Fig. 3. Homogenecus arc with ray structure; depression in luminosity
observered in the area of the Tumatskaya channel of the Lena River del-
ta.
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Fig. 4. Arc with ray structur ] -/ dirfuse luminosity, fol-
lowing the coastline ol RBucrl v 0 cuntinuity observed in the
area of the Bykovskaya chnar o [ Lver Jelta.




Fig. 5. bright arc of ray structure with inter-ray diffuse luminosity,
following the coastline of the Buorkhaya Inlet.
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relationships are not characteristic of these.

3. Homogeneous arcs with ray structure (OD*¥) do not follow the
magnetic parallel, although OD* which are rated 1-2 on the polnt scale
continue to exhibit the tendency to assume positions in a west-to-east
direction at some distance from coastlines.

In the overwhelming majority of cases OD*¥ form stable discontinu-
ities where OD show depressions in luminosity (Fig. 3).

4. Arcs with ray structure showing inter-ray luminosity (LD*) as a
rule, exhibit "complete" stable discontinuities, i.e., luminosity at
those polnts where OD exhlbit depressions does not occur in the case of
LD*., If LD¥ have formed lmmedlately out of OD, the discontinuities
arise simultaneously.

Note snould be taken of the fact that at the zenith 1n the N di-
rection LD and LD* rarely bend (within several seconds after appearance),
followlng approximately the coastal outline. This effect occurs in 20-
25% of all arcs and is seen in the area of the Buorkhaya Inlet, and in
the area of the Gulf of Yana and Khatanga (Figs. 4 and 5).

The LD* are oriented approximately as the OD (see item 3).

5. The behavior of the LD seems very complex and little governed
by the presence of a coastline and the direction of the magnetic paral-
lels, so that any conclusions are difficult.

These results lead to the conclusion that the properties of the
ground surface somehow affect the development of polar aurorae. The
role of the magnetic field as a factor governing the direction of polar
aurcoral arcs varles with the auroral forms and 1is particularly pro-

nounced in the case of feeble homogeneous arcso.

REFERENCES
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130 The 1dea for this method had been simultaneously and indepen-

dently put forward by Yu.A. Nadubovich.
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SIMILARITIES BETWEEN TH: AURORAE BOREALIS AND AUSTRALIS
G.A., Rubo

Data produced in 1958 in accordance with the IGY program at Mos-
takh and Mirnyy Statlons by means of 3-180 cameras were used to study
similarities between the¢ nortnern and southern polar aurorae, a study
proposed and headed by Professor S.K. Vsekhc syatskiy.

The nature of polar auroral observations 1is such that there are
only brief intervals of time for which the northern and southern aur-
crae can be compared. These intervals are symmetrical with respect tc
the equinox nodes and are functions of the geographic coordinates of
the statlons. The observations of the aurorae are not conducted around
the clock, thus even further limiting the possibilities of comparison.
The selection of stations in the northern and southern hemispheres 1is
governed by the requirement that the geomagnetic characteristics of
these stations not differ markedly from one another.

The Moctakh and Mirnyy Stations which we selected are found on
markedly different geomagnetic longitudes, with a slightly less pro-
nounced divergence in geomagnetic latitudes and geographic coordinates,
thus permitting comparison of the progrecs and nature of polar aurorae
at these statlions for three months of the year, and namely from March
through the first half of April and from September through the first
half of October.

The processing of the survey materlal used for this paper showed
that there are 16 nights sultable for direct comparison (the observa-
tions were carried out simultaneously at both stations). For the sta-
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tistical evaluation (analysis of auroral forms, course of diurnal and
seasonal activity) the possibilities were greater and cover a complex
of 45 nights for Mostakh Station and 49 nights for Mirnyy Station.

Forms. In virtually all cases of aurcral photographs 1t 1is possi-
ble to classify them according to a given structural form. In addition,
motion-picture photography makes it possible to employ the dynamics of
auroral development to the problem of determining auroral forms. As a
rule, active polar auroral forms (arcs with ray structures, rays, cor-
onas) undergo extensive changes within brief intervals of time, which
makes 1t possible to distinguish these virtually without error from the
quiet forms (quiet arcs, diffuse surfaces, horizon glow).

The most frequently encountered active polar auroral forms both
for Mostakh Station and for Mirnyy Station are the arcs of ray struc-
ture (RA) and [homogeneous] quiet arcs (HA), as well as rays (R). From
among the quiet forms, special mention should be made of the [feeble]
glow (G) at the horizon. However, in all probability, the pulsating
surfaces (PS) which were visually observed frequently at Mostakh Sta-
tion and Tilksi Bay do not show up on the photographs taken with the
S-180 camera.

The development and change in the auroral forms at Mostakh and
Mirnyy Stations show no pronounced differences. The most extensive con-

tinuous forms at these stations are the folliowlng:

G —~RA(HA) -G,
RA‘—C'_R'

where C 1s the corona.

Diurnal activity. The variatlons in polar auroral activity at

night were studied in an anaiysis of plots produced for these stations

on the basis of motlon-plcture fllms for the above-indicated periods.
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A motion-picture plot is a ,ualitative

(]

i index of the intensity of polar aurcrae. In

N the preparation of the motlon-plcture plots
L consideration 1s given to the auroral form
- (active or qulet) and their position (auro-

A he horil -
Fig. 1. Curve showing ra overhead or at the horizon)

diurnal polar aurcoral lot sauares filled at
activity for Mostakh LheRunbe ity pie H <4
Statlion. half-hour intervals of time for all days

Ay - : cf observation was computed, and then aver-
o

aged over the number of days (A). The pat -

tern of the diurnal auroral activity yleld-

" ed the function A = A(t), where t is lccal
20 7 2 2 2 T, time.

I'ig. 2. Curve showing An analysis of the derived curves
diurnal polar aurcral

activity at Mirnyy Sta- (Figs. 1 and 2) shows that the diurnal ac-
tlion,

tivity curve for Mostakh and Mirnyy Sta-
tions ylelds a maximum at around 23h local time — the so-called main
diurnal-activity maximum for polar aurorae, studled in detall by Vegard.
In addition to an indication that the diurnal polar auroral activity 1is
similar for the subject stations, the result whilch is in good agreement
with the results obtained by other investigators [1] is important from
the standpoint that 1t characterizes the objectivity of the motion-pic-
ture plot as a descriptive index of polar aurorae.

Seasonal polar auroral activity. The A-Index for an evaluation of

the integral activity of polar aurora- during a single day was found by
a method analogous to that described above. To eliminate the influence
of diurnal changec in polar auroral activity on the preparation of the
A-index, specific Iintervals of time wore sclected for Mostakh and Mir-
nyy stations, and thic index was ectablliched for these. The selection
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of the intervals was based on the curves shcwing the diurnal activity

of the polar aurorae. For Mostakh Station the chosen interval was from
12 to 18 hours universal time, corresponding to 21h-3h local time; for
Mirnyy Station, from 15 to 21 hours, universal time, also corresponding

to 217.3" 10cal time.
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Fig. 3. Polar auroral activity in March-April
1958 at Mostakh and Mirnyy stations. 1) Mostakh;
2) Mirmyy.

The derived results are shown in Figs. 3 and 4. An examination of
these leads to the conclusion: 1) that thepolar auroral activity in
March-first half of April at Mostakh Station (northern hemisphere) is
greater than at Mirnyy Station (southern hemisphere); 2) that the polar
auroral actlvity from September to the first half of Octoter at Mimyy
Station 1s greater than at Mostakh Statlon.

An analysls of the durations of continuously recurring polar auro-
ral forms also bears out thls concluslon. Namely: from March through
the first half of Aprll there are more of these forms and they last
longer 1n the northern hemlsphere, whereas from September tihirough the
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Fig. 4. Polar auroral activity in September-

October 1958 at Mostakh and Mirnyy stations.
1) Mostakh; 2) Mirnyy.

dicated in Figs. 3 and 4 demonstrates that in addition to the above con-
sidered differences in auroral activity for the northern and southern
hemispheres, it is possible also to note the following:

1) There are days in which aurorae are observed at Mostakh Statlon,
but not at Mirnyy Station, and vice versa (13 March, 11 September, 27
September).

2) The auroral activity at Mostakh Station on 13 March was maximum
whereas at Mirnyy Station on th.s same day a clear actlvity minimum 1s
indicated.

It would be interesting to examine solar actlvity for these same
periods and to establish a relationshlip between thls and the polar auro-
ral activity. Descriptions of solar activity were used for this purpose
[3].

After an examination of the relationshlp between the exlstence on
the sur of active regions (spot groupings accompanied by flares, facu-
lar and floccular fields, etc.) and the polar auroral activity, 1t can
be demonstrated that: a) from March through the first half of April the
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at Mostakh Stations.

Investigations of polar aurorae carried out in the USA, Canada and
in the Antarctic led to the concluslon that polar aurorae occur simul-
taneously in the northern and southern hemispheres [4]. Auroraec whose
times of onset differed by no more than 1 hour, universal time, were
regarded as occurring simultaneously. However, we included among the
simultaneous aurorae only those whose times of onset according tc uni-
versal time differed by no more than one minute — the 1limit or deter-
mination for the instant of aurora onset when working with a ~amera
shooting 1 frame per mlnute.

Unfortunately, the interpretation orf the derived results 1is made
particularly difficult because of the substantial differences 1n geo-
magnetic coordinates of the stations. Nevertneless, the conclusion in
[4] 1is doubtful. Further investigation of this problem 15 necessary.

The azimuths of polar auroral arcs. Based on photographic mater-

1als obtalned at Mostakh and Mirnyy Statlons, we found the average de-
flections of the magnetic azimuths of the ends of the arcs as seen on
the motion-picture frames from the magnetic parallels (Aam) for a unit
interval of time, set at one houl. We considered only the rather quilet
arcs which passed through the zenith or in the immediate vicinity of 1it.
There were about ten arcs on the average which served as the basis for
the determination of the deflectlons for an interval of one hour. The
determination accuracy for the azimuths of the arc ends did not exceed
2-30, which is explalned by the great distortion at the edge of the
field for the S-180 camera and the fact that the ends themselves were
diffuse.

The derived value of Aam served as the basls for the construction
of the function relating this quantity to local time (Fig. 5). The mag-
netic declination for Mostakh Station was assumed to be equal to (-100)
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and that for Mirnyy Station (=787).
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Fig. 5. Deflection of the ends
of polar auroral arcs from the
parallel. The upper curve 1s
for Mirnyy Station; the lower
curve 1ls for Mostakh Station.

An analysls of tnis figure shows that for Mostakh Statlon the de-
flection of the azimuths of the arcs from the magnetic parallel amounts
to 13-150, which is in rather good agreement with the Vegard results
[5]; he obtained results indicating that this deflection was of the or-
der of 10°. For Mirnyy Station the deflectlon reaches 20-250. In addi-
tion, while at Mostakh Statlon the maximum or the average deflections
for the arc azimuths of the polar aurcrse from the magnetic parallel
coincide with the maximum of the diurnal polar auroral activity, 1.é.,
onset at around 23 hcurs local time, at Mirnyy Station at thls time a
minimum of deflection is observed.

Conclusions. A study of the forms, behavior and polar auroral ac-

tivity at Mostakh and Mirnyy Statlons shcews that in addition to the
great similarity of these phenomena there c¢xlist substantial differences
between the characteristics of the polar aurorae in the northern and
southern hemispheres.

The similarities are indlcated by the following:

1 the maln maximum of diurnal actlivity for Mostakh and Mirnyy
Stations sets in at around 23 hours local time;

2 significant differences in auroral forms and thelr development
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are not observed;

3) polar auroral arcs follow the magnetic parallels.

The differences lead to the following:

1) from March through the first half of April the polar auroral
activity at Mostakh 1s greater than at Mirnyy; from Septembe:r through
the first half of October the opposite 1s the case;

2) the systematic deflection of the ends of the polar auroral arcs
from the magnetlic parallel “or Mostakh Station amounts to 13-150; for
Mirnyy Station the correspcnding figure 1s 23-250;

3) _.__.lon of the ends of the polar auroral arcs from the
magnetic parallel 1s at its maximum for Mostakn Station and at its Min-
Imum for Mirnyy Statlion close to the main maximum of the diurnal polar
auroral activity.

The study of the aurorae at Mostakh and Mirnyy Stations also shows
that:

1) the course of solar activity 1s in better agreement with the
activity of polar aurcrae in the hemisphere in which this activity in
the given half year 1s greater;

2) there are days on which at Mirnyy Statlon aurorae were seen,
while none were observed at Mostakh Station; the opposite phenomenon
was also encountered;

3) aurorae occurring simultaneously at Mostakh and Mirnyy Stations
are very few 1n number;

4) forms and development of forms for simultaneously occurring po-

lar aurorae are not necessarily identical.
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