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Introduction *.

With regard to the origin of the long delayed echoes
of short radio waves — ) about 31 m -— observed
by -JoreEN HaLs, C. STORMER®', BALTH. VAN DER PoL? and
others, a rather great difference of opinion prevails between
the various authors who have treated the question. Some,
as f. inst. C. StorMERY, P. O. PEpERSEN® and K. W, Waa-
NER*’ assume the echoes to be caused by the radio waves
being reflected from, or propagated along, swarms or bands
of electrons out in space, while others, as f. inst. BArLTH.
vaN DER Por? E. V. AprrLeToN®? and M. v. ARDENNESS,
assume the long delay of the echoes to be due to particular
conditions existing along the path of the waves in — or
bounded by — the ionized part of the earths atmosphere.
As to the manner in which the propagation of the waves

* Notes in square brackets are added after the date — 8th Februar
1929 — when the paper was read before The Royal Danish Society
of Sciences.

b (. STorRMER: “Nature”, Vol, 122, p. 681,1928; Vol. 123, p. 16, 1929.
“C. R.” Tome 187, p. 811, 1928; “E. N. T.” Bd. 5, p. 483, 1928. [“L’Onde
Electrique”, 7, p. 531—532, 1928.]

® BsLTH. VAN DER Por: “Nature” Vol. 122, p. 878, 1928. [“L’Onde
Electrique”, 7, p. 534—537, 1928.]

* P, 0. PepersEx: “Radiofoniens Aarbog” 1929, p. 9—25 (Copen-
hagen, Nov. 1928).

* K. W. WagNER: “E. N. T.”, Bd. 5, p. 483, 1928.

S E. V. ArpLETON: “Nature”, Vol. 122, p. 879, 1928.

® M. v. ARDENNE: “Populzr Radio”, p. 345, Copenhagen, Decbr. 1928.

? [DesLaxDrES: “L’Onde Electrique”, 7, p. 532—533, 1928.]
8 [H. S. JELsTRUP: “I’Onde Electrique”, 7, p. 538—540, 1928.]
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4 Nr. 5. P. Q. PEDERSEN:

shiould then occur in order to show such great delays —
up to about 30 seconds as were at the time observed —
these authors have, however, very different opinions. M. v.
ARDENNE * thus assumes that the waves simply travel round
the earth a sufficient numbers of times — some hundreds
— in the Ken~NeLLy layver, the attenuation of which he
assumes to be so small for short waves that in spite of
the great distance travelled they will arrive at the receiver
with sufficient strength. AppLETON? points out that the
length of the time of delay depends upon the group-velo-
city of the waves in the medium in question and if this
velocity is small, then the length of path will also be
correspondingly smaller. Aprreron? further points out,
however, that the waves will be too strongly attenuated
in the ionized part of the atmosphere — at least at heights
less than about 600 km. But he suggests another possibility,
namely, that the lower boundary of the ionized layer of
the upper atmosphere acts as a sharply defined reflecting
“shell” %, B. v. p. PoL* also suggests the long echo-times to
be due to very small group-velocities at places where the
electrons are so densely crowded that the refractive index
for the waves in question approaches zero. But he hardly
pays the necessary attention to the attenuation of the waves
under such circumstances.

We shall later discuss these various possibilities, but
since a detailed freatment of the very complicated condi-
tions of the path is extremely difficult, and since it is
hardly possible to give an account of all the geometrically
possible tracks of the waves, and, finally, since we know

Tl e
21 e
8 [JeLsTrUP, L c., holds a similar view of the phenomenon.]
|
. e



Wireless Echoes of Long Delay. 5

so very little about the atmospheré above 150 km we will
try to find some criteria of general validity to throw light
upon the matter.

1. The Attenuation of Electro-magnetic Waves in a
homogeneous ionized Atmosphere.

Plane eleciro-magnetic waves propagated in a homo-

geneous medium are attenuated at the rate

. x i (i
e—-yom—l-]w (tﬁj) — emyomq—]w k! n c) (1)
where y, is the attenuation constant and
c
v = @

is the phase-velocity of the waves; ¢ = 3-10' cm sec™
being the velocity of the waves in empty space and n the

refractive index of the medium for waves of the frequency
w

=57

v
The parameters y, and n are determined by*

Yo = %‘/]/%2+<2nc2 g)z—g ®)
n = l/‘/%z—!-(,‘chzg)z—F; ¢))

where ¢ is the dielectric constant in E. S. U. of the medium
and ¢ its conductibility in E. M. U.
From (3) and (4) follows that®

and

yon = 2mco. (5)

! p. 0. PEDERSEN: “Propagation of Radio Waves”, p. 117. (G. E. C.
Gad, Copenhagen 1927). Cited in the following as “P. R. W.”
24P, R. W.”, p. 118 (6 a).
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A signal “‘carried” bV a wave of frequency w = 27rf
~ travels with the velocity n determined by?

c . nc nc 2‘ 1
== = =——g=n"t_-w
d{(n? 2

nbodt a1l d@d) g
S de -2

d(n

™. ®

dw

~ The attenuatlon of a wave which hac tr'lvelled the
dlstance x is according to (1) determmed by

. Yo® (1/)
and the attenuation of a signal having travelled ¢ seconds
is consequently
_ e U (7)
since © = u-t.

According to the équations (5) and (6) we have

volic 27TC g., -t

Yo% = gonl = nz+l d(n?) = g = T, ®)
2 (3] dm .
where
. g
Ty = 2o ©)

is the time the signal-wave must travel to have its ampli-
tude decreased in the ratio e %,

The above formulae are valid generally for homogeneous
media in which the attenuation of the waves is not exces-
sively high. If the medinm is an ionized atmosphere with
N ions (electrons) per cm® and these are on the average
suffering » collisions per second, then the dielectric constant
of the medium and its conductibility are determined by?

T UP.R.OW.Y, p. 174 (68).
*UPLR. W, p.121 (11).
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e2

: v
=N Lj:ﬁmc2 w® - ® [ )
and these formulae are valid in the cases in which we may
neglect the influence of the magnetic field of the earth.
By inserting
2 2

—NagE =1 N O
k= N-2m p 57w O N-dm i (11)

the equations (10) will be

2k >
¢=1l——srsg=1—2—57>

o'+ v W+ v

and (109
‘ — %@V
2 O v k 2

2t — = gy = e 5.

@ 0w T+ W+ v

From equations (4) and (10) we then find*!

1 d(n®
— 2y > UML)
g=n + 9@ o

s 1
:1{1 zw’y? +[(1_“)w o (1’“ > (o 2+v)2
@+ Y[A=n e+ + e )
' 2__]’__ 2

For (1—®)e®*+v*» 2wy or =« Aj,,_ we gel
] w

3 1
1 760211‘ <2—-§x>w2+<2—§x>2/2

(13)

If further v €« w, we have

LCp R, W, po 172 (55).
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»? *®
oV 1, . !
g1 i (1 4(1-—~x)> as)
which .for # « 1 reduces to
iy
oo 1, "
g 21—z PR (13")

2 2
In all cases where x « a(:;—l— ;};, g =1 will consequently

give a good approximation.

g
10
y=0
a)=/00y
w=/0¥V
0 -
4 o5 /0 8 20 X
Fig. 1. The Factor g as a Function of .
For » = 2 we have
4 4
v v
= 2 13"
g (0 + 22 ® ( )

Fig. 1 shows ¢ as a function of x and we see that for
v < 102w we get with good approximation g = 1 for
0 < #% <1 while g is very nearly zero for » > 1. For » = 1

_ 2°
From (6) it appears that for ¢ — 1 the group-velocity
is proportional to n. Therefore it will be of some interest

to determine the smallest value which n can assume. By

we get g =2
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means of the equations (4), (10) and (11) we easily deduce
that n will have minimum value for x = 2 and that
v ¥
s = —— O
Nmin Vw—zw = (14)
while the corresponding value of the dielectric constant
will be
y? — w?

= &9 1
€= A 1. (15)

Another point of particular interest is the one corres-
2
+V @ 1, here we get n |/* and

ponding to z =
e = 0.

The density of electrons® corresponding to the various
values of # is according to (11) determined by

N = ""45 = 3.14-107- 2 ? electrons per cm®. (16)

40—
m

The refractive index is thus independently of the air

pressure minimum for
N = 6.29-107»% = 2 N,. 17
Assuming that » « @ we further get ¢ © 0 for N = N,
= 3.14-10710- 2,

! In the deduction of (14) no account is taken of the influence of
the earth’s magnetic field on the conductibility and on the dielectric
constant. If we do so then we get (see “P. R.'W.”, p.122) that for

w—h ! oo v
= 2= — we get g 2 ——
8 I min == o—~h
and for
w-+ h v
¥ = 2-——— we get nymin &2 .
= @ <) I min = (o—l'—h

* We generally only speak of electrons, because one electron will
influence the propagation of the waves about as much as 50 000 ions.
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Table 1. The values given are valid for y « m, Ny=3.14- 10",

N , o
* = v, & n g i T, Yo P B
0<e<<1l—x| VI—2| 1 |eyT—=| = | 2. # |
= k b'3% 2¢ 1—zx |e a—nw
: v v | 1 1 1/ 5
;=11 0 2| = P LS =]/ -2z
* 2w 2 CV @ v c 1/2 ¢
o v| »* P \* [ P w _og
*=20 T = e ) s, S e

* These expressions are formally in agreement with the formulae (6) and (9)
but have no physical significance. See the texl.

In table 1 is given a view of the constants which are
of interest for the propagation problem here considered.
Beside ¢, n and ¢ the table contains the formulae for the
group-velocity u, for the constant T,, for the altenuation-
constant y, and for the attenuation-factor ¢ 7o* swhich latter
indicates the attenuation of the amplitude by its travelling
a distance equal to one wave-length in the medium in
question;

From the table it appears that for » = 2 we find u > c.
Since, however, we must always necessarily have u < ¢ the
method of determining the group-velocity applied has led
to wrong results, and the corresponding value of T, is
consequently also of no significance. To emphasize these
circumstances both of these expressions are placed in
brackets. _

The reason why we come to such unreasonable results
at great densities of electrons — or moré correctly, at great
values of 2 — is quite evident. In the deduction of the
formula (6) for the group-velocity we assumed the “signal”
to be produced by the superposition of a number of

continuous waves having a frequency only very slightly
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different from the carrier frequency f= 2% From the last
column in the table it appears, however, that for » = 2
the attenuation will be so great that the waves will lose
entirely their periodicAal character. If for example we put
w = 6-10" and » = 6:10% then by travelling one wave-
length the amplitude will have decreased at the rate 20t
and in this case the formula (6) must consequently lead
to unreasonable results. There is, however, no reason to
enter further into this question since it is quite evident
that the attenuation here is so great that waves entering
a medium of the character considered within a period will
be reduced practically to zero.

Even for % = 1 where we get u << ¢ it is doubtful
whether the-values found for u and T, will be correct
since in this case the attenuation over a wave-length will
be e 27, The long delayed echoes observed would con-
sequently be unable to pass through a medium corresponding
to x = 1, and in thé following we will therefore confine
ourselves to freat the transmission of signals through such
media for which 0 < » < 1. For these we get

2
y

T, =

(18)

N

and after t seconds the attenuation of plane waves in such

a medium will be

e To=¢ 2, (19T

In order to get in fseconds a track-length travelled by the

wave of &-¢-f instead of c¢-t as would be the case in empty
space we must have

! For x—> 1 the attenuation deduced here is in agreement with
the one given by E. V. ApprLeETON (L. C.).
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E=)1—x or z=1—g, (20)

During f seconds the amplitude will decrease at the rate

S =2a a—g
e To=¢ 2 =, 2 . (21)

If the track traversed by the wave is to be very much
shorter than what it would be during an equal time in
emply space then we must have £« 1. In thal case the
attenuation S during fseconds will be approximately

=1
S=¢ 2 (22)
which is exactly the expression used by AppLETON.

To &-+0 corresponds # —1 and the density of elec-
trons N— N, = 3141071042, :

ApPPLETON assumes that for a height of 250 km above
the surface of the earth we may put » = 1000. I should be
inelined for this height to apply »=360". For =10 seconds
the attenuation factors would then be respectively

S = 0 apd 8§ = 1800

and accordingly we would get an attenuation much too
great even for a delay of 10 seconds by applying even the
value for » assumed by me. For a height of 400 km
ApPLETON assumes S = e~ for ¢ = 10 seconds which he,
however, considers as too great an attenuation; but he adds:
“But if there were sufficient ionisation at heights of 600 km
or more, it is certain that retardation without much absorp-
tion could take pllace, although our inadequate knowledge
of the values of » for such regions precludes a more
quantitative statement”.

In estimating the value of », only the collisions of the

! “P.R.W.” Appendix, p. 6, fig. IX. 1; compare also table 3 below.
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electrons with neutral molecules have, however, so far been
considered, and not their collisions with other electrons or
ions. The error thus introduced is, however, small, as long
as the number of electrons and ions are exceedingly small
in comparision to the number of neutral molecules, which
will always be the case — at least for the circumstances
here considered — as long as the air pressure is not
extremely small. The error will, however, be very great if
the air pressure approaches zero, or if the number of elec-
trons -+ ions approaches — or even exceeds — the number
of neutral molecules.

We will therefore now cousider the free path [ and the
number of collisions » of a pure electron atmosphere having
N electrons per cm?®, According to W. ScuoTTkY and H. Rotue*
the mean free path is determined by

1
C x)eNa&

(23)

where d is the “diameter” of the electron. The latler is
determined by the potential electric energy of the two
colliding electrons — or of an electron and a positive (or
negative) ion — being equal to L of the kinetic energy of
a single electron, when they are at a distance d from
each other.

The mean value of the kinetic energy of a single electron
will, at a temperature T° abs., be determined by

%m U = %kT = 2.058 10~ T, (24)

where & = 1.872-1071 is the BorrzmanN constant.
The number of collisions » is determined by

! Handb. d. Experimentalphysik. Bd. XIIL. 2 p. 41, 1928.



14 Nr. 5. P. O. PEDERSEN:

U = 3kT
— — 9 2 bl =
v=r 7}/ 2Nd — (25)

the mean‘velocity of the electron — according to (24) — being

U= ]/31]:1T = 6.76-10°)/T. (25"

The diameter ¢ will then be determined by

2
1
e _ 11 1.§kT — Looss-1007 (26)
d 72 7 2 7
or
2
d=-1% — 1.107-10-2 2, (267)
3, r '
SkT

ScaoTTEY and ROTHE assume as an upper limit ¢ = 100
to which corresponds

1 .
d = 0.1107-T~[cm}. (27

By (23) and (26") the free path will generally be

. T2
I=184-10 N (28)
and the number of collisions
2
y = 3.68-L-.N. (29)

T3
L

At f. inst. 7 = 300° abs. we then get » = 7.08-107*2N.

The value = 100 assumed by ScroTTkY and RoTHE'
for other purposes is no doubt too great for the object here
considered. 5 = 1 is, on the other hand, no doubt too
small. The formula (29) shows, however, the necessity of
fixing somewhal narrower limits for # or for the diameter d
which depends on g.

1le
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For reasons which will be given in the following we
will, however, not consider collisions between two electrons

but between an electron and a positive — or negative —

ion, and we assume the latter to be at
rest as well before as after the collision.
The angle of deflection, 26, of the

eleciron — see fig. 2 — is determined by*

e?

tgh — —
g mU*p
where U is the velocity of the electron

and p the distance of the ion from the

(30)

straight path of the electron.
By means of (25) and (26) equation
(30) is reduced to

1 d o
tgo = = — == (31)
J 29 p p
where
d & 55-107% |
*T oy 8kT T (1)

R
2
%3

!
7
/

e e e e e 22

#

R

\
\
-—

Xo
"—‘—"l_‘—""—
-
N
G_\

VirKadcdd

Fig. 2. Collision be-

tween an Electron

and a fixed negative
Ion.

The velocity component of the electron after the col-

lision, in the original direction will be equal to the original

velocity multiplied by

2 __
¢ =1-—2sin?g = L%

p2+a2'

(32)

That fraction of the original velocity which is deflected

from the original direction is consequently

9 g2

et e

(32)

By integraling this quantity over a circular area at right

angles to the original direction of the electron, and having

the radius p,, we get

! See f.inst. Handb. d. Physik XXIV, p. 4, 1927.
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0

Dy . pZ%_aEZ
A= §-2npdp=27raz'lg—°a—2—. (33)
If we put
A=ndl (34)

then d, may be taken as a kind of equivalent-diameter
and we then get

T 2 2
dy = a‘/zzg%. (35)

) d .
Table 2 contains some values of =% for various values
[44
of &.
[24
2 2 0
Table 2. Values of ‘/2 Igw for wvarious values of p_.
o

[24

— = 1 2 3 4 5 10 | 20 | 100 [ 1000

2 2
l//2lg pere _dy 1118179

o o

[
-y
w

2.382.55 |5.043.46 | £.29 | 5.26

d, increases steadily but slowly with increasing values
of p,.

These calculations assume, however, that along the entire
curved part of the path the colliding particles are so far
away from other charged particles that their movements
are practically unaffected by these. Since the density of
electrons, according to table 1, must be about N = N,
= 3.14-107% (27)%- 10" = 1.24-10° electrons per cm?®, in
order to reduce considerably the group-velocity of the
30 m wave, and since according to (31) « 2 107° em
for T = 550° abs. it will hardly be justifiable to assign to

Po 3 value much higher than 100, to which corresponds

dy = 429 «. On the other hand, the value Do should, no

[24
doubt, be higher than 3 to which corresponds d, = 2.15 «.
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Since for the following it is not
essential to know the exact value
of d, we simply put

_ 1.65-107°
o T

d, = 3« [em] (35)

which is 67 times smaller than the
value assumed by ScmorTRY and
RoTHE.
To (35") corresponds a length
of free path
TZ

= -10%-
I=8310*+

(36)

and a number of collisions

u _ 6.7-10°T%
[ 883-10*T?
(87)
\T
= 8.1y,

G

Table 3 shows for some values
of T the corresponding values of

. 14

the ratio N
We cannot, however, insert the
values of » thus obtained in the
formula (22) and by this means
calculate the attenuation of the
waves in an almosphere consisting
solely of electrons. In this case,
where the colliding particles are
perfectly identical, a collision will
exert no influence at all on the pro-

pagation of the waves, since we have

Vidensk. Selsk. Math.-fys. Medd. IX, 5.

calculated by means of (37). Values of y for N = 1.2-108,

¥
N

Table 3. The ratio

17
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_l— —_ ¢ I . — ‘ i .
Dyp T Ugy T + Vo Uily+ Uzy U1y+ va » 1

and

i ’ -
R TR J (38)
2 8 s e
vito, = v Ty,

where v, and v, are the velocities of the electrons before,
and v and v, their velocities after the collision.

The sum of the “current” components, viz. —e(vl;—l— sz),
—e (vly + U2y), —e(v, +v,,), and of the kinetic energy of
two electrons is thus not altered. Radio waves are con-
sequently propagatedinan atmosphere consisting
solely of electrons withoutsufferinganylossand
in the same manner as if there were no collisions
at all between the electrons®.

On account of their unstable character such pure elec-
tron “atmospheres” (*layers” or “bands”) cannot, however,
play any important réle in the cases of propagation of
radio waves here considered. To illustrate this we will
consider such a large, plane band of electrons or ions.

The mutual repulsion will cause the thickness of the
band to increase and consequently the density of electrons
to decrease.

It is easily proved that the density q of the éharge
within a plane layer, see Fig. 3 part I, decreases with
increasing time according to the following formula

' {In a letter in “Nature” (February 2, 1929, p. 166) L. H. THOMAS
has also called attention to the influence which the other electrons and
ions, that are present in the neighbourhood of an electron or ion,
exert on the length of the effective mean free path of this electron or
ion. He does not, however, mention the fundamental difference, with
regard to the attenuation of radio waves, between collisions taking place
between charged particles of equal charges and equal masses, and
collisions in which the two particles have unequal masses or charges
(or hoth).]
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g, = —ﬂ-;— (E.S. U.] (39)

¢, being the density at the time ¢ = 0, and ¢, the density {

seconds later.
Fig. 3 part I1, sections 1, 2 and 3 show the dispersion

of a plane homogeneous layer having at the time { =0 a

A

A . a2, ¢ ¢ Z ~ [

1] M 0
t-o |1
i{ / 170
4 I o
%o a2l |o
o AV prral |€
g)l’i ”‘I‘//O.M:

I “ g
H A -7ﬂ c
H N t=2/03ec
I} 3 0
I o

s} slid | p

Fig. 3. ABCD represent parts of large, plane Bands at Electrons or Ions.
In partl g, is the Density of the Charge at the time { = 0.

density of N = 1-10° electrons per cm?. Section 2 shows
the distribution 1-10~7 see. and section 3 2-1077 sec. later.

From this it appears that a band of electrons having
a density of 10° can exist only if inside the band there is
a positive space charge of practically equal value, and
evidently # must be mainly the less mobile positive
particles which determine the geometric relations of the
band.

If the positive space charge consists of mono-valent
collisions »

s

positive ions, then the number of “effective’
is determined simply by means of (37), N being the total

density of the positive and negative atomic or molecular
o
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ions, and the attenuation of the wave is found by inserting
in (22) the value of » thus oblained. If the positive and
negative ions are poly-valent, then », and accordingly also
the attenuation, will be even .greater,

In order that a 30 m wave shall travel at a slow group-
velocity the electron density of the medium must — as is
shown in the preceding — be -about 1.2-10° electrons per
cm®. For a temperature of 900° abs., according to table 3,
we then get » = 360! A wave travelling in such a medium
for 10 seconds will, according to ¢22), suffer an attenuation

——wl
2

S=e = ¢ P For T = 1600 abs. we get § = ¢,

From the preceding it appéars that even if we
pay no attention to the attenuation suffered by
the waves in consequence of collisions between
electrons and neutral air molecules, the radio
waves will, nevertheless, in consequence of the
collisions between the electrons and the neces-
sarily existing positive ions be so greatly atte-
nuated that the long delayed wireless echoes
cannot have fravelled a considerable part of the
time within an electron-ion-atmosphere giving a

very small group-velocity’.

" Even if the long delayed echoes cannot be due to propagation in
media having a very small group-velocity, such propagation may play
an important réle in the various methods of determining the altitude
of the highest point of the path of radio rays, often called the height
of the ionized layer, and may have caused some of the discrepancies
between the values which various experimenters have found for this
altitnde in so far as the discrepancies are not due to “reflections” from
various “layers” (See “P. R. W.” p. 211). This guestion is treated of in
“P. R. W.” pp. 171—178, 209—212, and the theory is further developed
by E.V. AppreTON (Proc. Phys. Soc. Vol. 41, p. 43—56, 1928) and J.C. ScHEL-
LExg (Proc. Inst. Rad. Eng., Vol 16, p. 147176, 1928), whose papers
will be a great help to the investigation of this problem in the future.
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2. The Propagation of Electro-magnetic Waves Along
the Boundary Surface between an lonized and a Non-
ionized Part of the Earth’s Atmosphere.

Having now shown that the long delayed echoes cannot
be due to the propagation of the waves in a space con-
taining so many electrons that the group-velocity is many
times smaller than the velocity of the waves in free space,
because in such a medium the attenuation will be too great,
it may be appropriate to investigate whether the long delays
may be due to the fact that the waves are propagated
along the boundary between such a medium and either
empty space or a non-ionized air space. A smaller atte-
nuation would be possible in either case, since the loss of
energy in the ionized part could be compensated for by
the field emergy in the non-ionized part. Something similar
occurs in a very pronounced manner in the propagation
of the waves along the surface of the earth.* We will there-
fore now consider a little more closely the propagation of the
waves along such a plane boundary-surface. .

The boundary-surfaces will, of course, generally be curved
but the radii of curvature must at all events be very great
if propagation along such surfaces shall be of any signifi-
cance at all for the cases here considered. Further, the
concavity of the boundary-surface must face toward the
earth and toward the non-ionized part of space and will
thus serve to collect the radiation-energy. The boundary be-
tween the conductive and the non-conductive part of space
will never bhe perfectly sharp because some electrons and
ions will penetrate into the otherwise non-conductive part.
Under such condilions the waves will be refracted and
show a tendency to follow the curved boundary-surface.

T “p.R.W.” chap. lII. p. 22 and 29—32.



22 Nr. 5. P. O. PEDERSEN:

The conditions existing at a plane boundary-surface will,
no doubt, give an approximately correct representation of
the actual conditions. Considerable mathematical difficulties
would also be met with in the treatmen{ of a propagation
along a curved surface, while the problem of propagation

along a plane boundary surface — as shown by J. ZEn-
NECK' — may be solved in a simple manner.
z !
W\
.- \<<‘—Jr?
-0 _99 Y
59:/ - 1
I
)

_ ///

Fig. 4. Propagation of Waves along the Boundary-Surface XY. In the
upper Medium the Energy is propagated in the Direction indicated by
the Arrow P.

By considering the boundary surface to be an XY-
plane and then assuming the plane waves to travel along
the plane in the positive direction of the x-axis — see fig. 4
— the attenuation along the boundary surface will be
determined” by

e V%, (1)

If we call the phase-velocity along the surface » then y,

and v can be determined by the following equation:®

o €
e 1+J; 45w c? @)
Vo JU JC l_l_-ﬂ.l—i—e
1 ané

* J.ZexNECKk: Ann. d. Phys. (4) Bd. 23, p. 846, 1907. “P. R. W.” Chap. IIL.
2 “p. R. W.” p. 17 (the symbols used are different).
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provided the medium (0) has the dielectric constant ¢, = 1
and the conductivity o; = 0 while the corresponding con-
stants for the ionized medium are ¢ and o [E. M. U.].

Let the X- and Z-components of the electric field at the
boundary-surface be E; and E. then we have

o 1
Eax - _J_”_@L’ZV_ 3)
Ez z = 10 . €
3 1 —
+J0’ d7cr

where the index z = + 0 indicates that the field components
shall be taken in the insulated medium but immediately
at the boundary-surface z = 0.

&

If 0<<e<1 and %’—- » 1 then (2) and (3) will give

drc?

2mco 1+¢
= —— p=c =u
T A reVelt o l/ P
and 4)

. E,
E:

z = +0 &

Since here there is no dispersion, the group-velocity is
equal to the phase-velocity and both are greater than the
velocity ¢ in empty space. This is quite natural, since the
energy-propagalion does not occur along the boundary
surface bul in a direction P (see fig. 4) which is perpendi-
cular to the resultant of E; and E;. If ¢ is extremely small,
then the energy-propagation will take place practically
perpendicular to the boundary-surface.

For the attenuation exponent we get (compare equation
(10" in sect. 1)
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vyt 2EC
TE T T s+ e ..
1 w’y 1 ; (5)
1, o» 1
4,2’{(02_}-’/2 ) Iy A 2 "’ —
T A=n)@2—%

= P w2
—_y—2 VMo,
(= (2 )

where the last term is correct only for v« w.

In order to obtain a small attenuation exponent the
smallest possible value of x should be chosen. If » « 1 then
for (5) we get

k 70§v=yout=i-xvt. ()

We will come back later to the application of this
result.

Next we will consider the case where the density of
electrons is so great that x > 2, and we therefore have

2
(i)
§ = lgxm< 0. We then get

& wl+1? W d 4o w
= —— and Y = x——s.
4 7z c? xOY v w w? -+ ?

w
[2)

For » « o by means of (2) we get

v % #—2
= ——————— and vzc‘/ =u. (6)
7o 2¢ (x—2% (x—1)2 x—1 ¢
The attenuation exponent will then be
zv 14 ’
;/OCC:yollt:m'fC:\)ox'f (6)
where the last term holds good for « » 1.
Finally, if » » w then
9:0)2 " I~
v =clf2=u (7)

T 4y’
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to which corresponds

w-z

st (7)

Yo = youl =

= |

For a judgement of the conditions we must know how
rapidly the amplitude of the waves decrease in the non-
conductive medium and in a direction perpendicular to the
boundary-surface.

Using the symbo]s from fig. 4 this decrease is deter-
mined by

e o, (8)
where r, and the phase, velocity of the waves w in the
direction of the Z-axis is determined by'

je. 1

w w o 4dmcd

. L0 e v =t 9

IO+']11) ‘](,‘ 1+jﬂ_1+5 ()
' ¢ 4nc?

For # <1 and » K ® we consequently get

®V

Fg = 5. (10
T ac(2— )t
.| B
The values of r, and of the ratio i . and further
z |2 =+
of p = arctd'Eﬁ as well as the above obtained results are

<4 | Fa
shown in table 4.

From this table it appears that the attenuation becomes
very great for &< —1 (x > 2) both for v«e and still
more for ¥»w. In both cases it is so great that it is
out of question that the corresponding wave-propagation
can form the basis of the long delayed echoes. A closer

consideration further shows that the attenuation-exponent

Lep ROW., p. 1T
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Table 4. The Attenuation-Exponents for the Propagation of plane Waves along a Boundary-Surface
between an Ionized and a Non-ionized Part of Space.

I

Group-velocity || Attenua- P
Attenunation exponent along the boun- tion-
z
Assumptions Yo = yout dary-surface constant || £« arcty f’
=1 6 =0 E:lz=+0 | E:
v v = xr u Iy = tan .
T
___ || arctg Vl —x
Xy 2y 1+ xv l l/ 1
& 0 1 -t —1 N R
e (T T S EYc e Yo ”I/ : 2ot | ¥ 1= | Ttan Vi
< 45°
0<Ce<<1 —
1 1 1 ~ -
(€221 —x) | 0<x« 1 vt =t cl/—ﬁgcyz LA 1 45°
4 ¢ & 42 ¢
v vy ®—2
»2 — 1 —- .
v &Ko x 2% 2 i ¢ l/x—l
g <—1
2 2
% @ w
-2 o = 2
v o x i, in 3 [ l/_
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becomes very great within the interval 0 > ¢ > —1 so that
this assumption also is-out of the question.

We then only have the interval 0 <<e<<1 (1 > x > 0).
For x — 1 and consequently ¢ — 0 we have yjul~- o0 while

1 1 .
for » = 5 and ¢ = 5 the attenuation-exponent y,ut = %1 -t.

Taking », = 360 and t = 10 seconds we get an atlenuation-

. 1 3 .
factor § = ¢%% while » = 1 and & = 7 gives S = 557
for t = 10 seconds. In order to obtain by the waves pro-

pagated in this manner the long delayed echoes we must

consequently have that 0 <=« <i and accordingly 7?;< e< 1.

From the table 4 we learn that the attenuation-expo-
nent y,ut along the boundary-surface will be the smaller
the smaller we have the value of x. We cannot, on the
other hand, have » = 0, as in that case we should have
no boundary-surface at all and therefore the entire energy
of the waves would disappear out into space. We are
unable to fix any definite limit for the value of z. However,
if the waves must be able to travel several hundred times
round the earth, which is necessary in order to obtain
echoes up to 10 seconds or even more, then the refractive
index n.= 1—4n of the ionized layer must assume such
small values that waves leaving the transmitter in a hori-
zontal direction are totally reflected at the boundary-sur-
face. At a still smaller value of the reduction #n of the
refractive index practically all of the energy radiated would
proceed out into space and get lost. We therefore must have

An g% (11)

where h is the height of the boundary-surface above the
earth and R the radius of the earth.



28 . Nr.5 P.O.PEDERSEN:.

Since

n=1—4n ), 00 }/1— 22 1=—4
we get
h

i — >
% ZJIIZQR

(12)

Taking h = 160 km and R = 6400 km we find by means

1
of (11) and (12) that x §~2~0 and the corresponding value
of the attenuation-exponent for ! = 10 seconds, is, according
to table 4. ‘

1
votilt = Zx2V1t = 2.25 (12"

for »; = 360. The attenuation-factor will then be § = ¢~ 2%,

This  attenuation is so small that it will be of no
importance in the case here considered; and therefore such
a manner.of propagation would appear to be a solution
of the question and may be so for ionization bands in free
space, see sect. 4 below. We shall, however, immediately
show that this is not the case for a wave travelling some
hundreds of times round the earth. To realise this we must,
however, consider the field energy in the non-conductive
medium during the wave-propagation in question. According
to table 4 the attenuation constant r, [compare (8) and

1 .
(10)] for = = 50 and for », = 360 is
__mn

e 5.3-10712 [cm—l] = 53-10~7 [km™

1
and for x = —
4
ro = 1.3-107° [km—1] .
In the derivation of ZeNNEcCK’s formulae for wave-pro-
pagation along a plane surface, the non-conductive space
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is assumed to be of infinite height perpendicular to the
boundary-surface. The total electromagnetic field energy in
this space is equal to the field energy of a layer of the
height H, with a uniformly distributed field having all over
the same intensity as that found at the boundary-suiface,
where Hj is determined by

H, = S et dz = — (13)
2r,
b
1 5 o 1
For =z = 20 we have H, = 9.4-10° km, -and for # = 1

we have Ho — 3.8-10*km. If we assume the boundary-

surface to be at a height of 160 km above the earth, the
. . 40-103
total energy will be respectively M~— = 5900 and

160 = 240 times smaller than assumed. The effective

attenuation will, therefore, be very much greater than the
value 2.25 according to (12').

The conditions are rather complicated, partly owing to
the fact that the boundary-surface is not plane but spherical,
and partly owing to the presence of the earth surface. We
cannot therefore directly infer that the above found values
of the attenuation-exponenls, namely, you- 1 = 85.7 and 2.25
should be multiplied respectively by %-240: 120 and % - 5900
= 2950 which would raise their values to respectively
10280 and 6700. The correct figures are, however, not essen-
tial in this connection but only the fact, which we can
casily derive, that the attenuation with this manuner of pro-
pagation would be so great that a wave-propagation subject
to such conditions cannot form the basis of the long de-
layed echoes.

If the waves were propagated in that manner, then the
longer waves, as f. inst. 60 and 90 m, would at all events
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be propagated with a smaller attenuation and consequently
give longer delays. Further, echo should generally be ob-
tained after each passage round the earth. Both of these
consequences are contradictory to experience and we conse-
quently consider it as impossible that the long delayed
echoes are produced in that manner.

TC’ LD
ved g/ 9 clz
| ~

~

AN

~ ~

I N o ’
B
£:80 6'1&‘/07 / :
/// ///////////////////// %

Fig. 5. Schematical representation of the Propagation of Radio Waves

between the Surface A—>B of the Earth and an ionized Layer C—D.

Assuming the Height H to be infinitely great the Waves would travel

in the Direction shown in full drawn Lines forming an Angle of inci-
dence @ £2 45° at a very small Value of z.

'

This result is also verified by a consideration of fig. 5
where the full drawn lines show the direction of the energy-
propagation under the assumption that within the limited
layer between the earths surface A—B and the boundary-
surface (—D the propagalion occurs in the same manner
as in unlimited space. The actnal propagation will evi-
dently suffer very great losses partly by reflection — at

°l — from the ionized

an angle of incidence of about 45
layer, partly by reflection of the wave from — and its
propagation along — the surface of the earth.

The most favourable case would be if the propagation

occurred between a perfectly even ocean-surface and a per-

' Compare “P. R. W ", p. 140.
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fectly conductive outer shell at a height h (22 160 km). If
we further assume the wave-energy to be uniformly distri-
buted between the earth’s surface and the outer shell, then
at o = 6.10" (4 22 30 m) we should get an attenuation-
constant y, with a value of?!

5-1073

7o 22 S 22 3.1-10°° [km—].

For x = 3-10° km corresponding to an echo-period of
10 seconds we get yoax = 93. The aclual attenuation-exponent
will, no doubt, be considerably greater.

A propagation such as this would only attain a suffi-
ciently low attenuation if the height h were very great —
at all event so great that the ionized layer should be located
entirely outside the earths atmosphere?,

On the other hand, a propagation in the manner here
considered, and repeated reflections from the surface of the’
ionized layer contribute in a great measure to the remark-
ably efficient transmission of short waves in the earths
atmosphere which we know from experience. We have in
fact that while the direction of the wave-ray in the non
conductive medium forms the angle ¥, = 90° — ¢ with the
boundary surface, where

E:

tgw() = EZ

z=+02 ]/g’ a9

the ray will in the ionized medinm form an angle ¥ with
the boundary surface, where

L “p, R.W.7, p. 32, fig. IIT 9.

? With regard to the limit of the earth’s atmosphere we may refer
to A. VeErowneT: Constitution and Evolution de 1'Univers, p. 153
(Paris 1927). '
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tgw =2 Vs, (15)*

so that @ « Y, when ¢« 1.
For refraction, the direction of the wave-ray in the two
media will be determined by

sin (90° — 1) = Ve - sin (90°— 1), (16)

In both cases there is thus a pronounced ten-
dency to transfer the electro-magnetic energy
from the non-conductive medium to the ionized
medium, and further, for the direction of the
wave-ray in the latter to become parallel to the
boundary-surface. And this teﬁdency must exist
even if the transition from the one medium to
the other may not be quite sharp but changes
gradually.

The well known far-carrying ability of the short waves
may thus be satisfactorily exPiained by means of the pro-
pagation here discussed, but this manner of propagation
does not afford an explanation of the long delayed echo

signals.

3. The Propagation of Radio Waves in a Space Between
an Upper Layer, having a Sharply deiined Lower Boun-
dary, and the Surface of the Earth.

This problem has partly been treated in the preceding
but must be considered a little more closely. A ray SP
— see fig. 6 — leaving the transmitter S sirikes at the
point P a part of the upper boundary-surface which is not
quite concentric with the earth’s surface but having such

1“p.R.W.”, p. 18, table 1.
2 “p. R. W.”, p. 197—200.
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an acclivity that the reflected ray PQ does not come quite
down to the earth. If the upper boundary-surface taken
as a whole is otherwise a spherical shell concentric with
the earth’s surface, then such a ray may travel on in the
manner referred to without ever returning again to the
earth. If the intervening space is perfectly non-conductive
then the rays may travel round the earth several times
since comparatively little atte-
nuation will in general be
suffered at each reflection
from the upper boundary-sur-
face. The number of reflec-
tions a during a complete

circumscription is

R
™V on €y, Fig. 6. Schematical Representa-
tion of a possible Path of a Ray

a

v

in the Non-conductive Space be-
tween an Upper, lonized Layer
100 km above the earth and and the Surface of the Earth.

If the boundary-surface is.

if the radius of the earth is
R = 6400 km then « > 17.8 =2 18. The height can hardly
be estimated as more than 100 km, since otherwise we
should have to reckon with a comparatively strong ioniza-
tion in the intervening space.

To simplify the case we will consider the losses by
reflection at the upper boundary to be negligible. In that
case the ray in fig. 6 will be able to travel very great
distances with very small losses; however, in ‘that case
we do nol receive any signals.

If signals are to be received at the earth’s surface we
may as the simplest case assume that after each reflection

from the upper layer the ray returns to the earth, which

Vidensk. Seisk. Math.-fys. Medd. IX. 5. 3
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will be at least 18 times during each circumscription of the
earth. The ray may then be either reflected from the earth’s
surface at an angle of incidence very little less than 90°,
or it must just graze it. In the first case the amplitude
will decrease in the ratio of about 0.8%. In the last case
the ray will travel at least about 16 km along the surface
of the earth corresponding to that the earth “dips” 5 m
inside of the ray. In this manner we get for each reflection
an attenuation-factor® of about ¢ %%, One circumscription
of the earth gives thus an attenuation of respectively 0.8
= 10727 and ¢ = 1072, After 100 circumscriptions the
attenuation would be' respectively 10" and 10—2%,

If we assume that reception is possible within a zone
of 40 km at each reflection from, or grazing along, the
earth’s surface — according to the assumption made above
this width may hardly be estimated at a higher value —
then the probability that a signal is received at a given

. . T 40-18 1
place during one circumscription is equal to 10.000 a8} 55"
This probability is of the right order of magnitude since,
if a certain signal is giving an echo at all, it very often
gives two or more®; and for 110 circumscriptions we shall
then actually have a probability of gelling two signals.

On the other hand, the ahove calculated attenuation is

Y “P.R. W7, p. 132—135, fig. VIII, 11—18.

* “pP.R.W.”, p. 19, fig. II1, 2.

¥ B.v.p. Por: 1. e. Of a series of 11 long delayed echoes obscrved
in Oslo the three gave only onc echo, six gave two echoes and two gave

- 21
three echoes. This gives an average of I 22 2 cchoes for the cases

where echoes are obtained at all. The present experimental material is,
however, too small to justify a definite conclusion with regard to the
average number. In the here considered observations the average of

delay was 16 seconds; the longest being 30 seconds, the shortest about
3 seconds. i
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unreasonably great. The attenuation-exponent should be

1 .
reduced to at least 50 of its value, and consequently also
the number of reflections or grazings at the surface of the

earth should be reduced to % of that assumed above in

order to get a reasonmable atienuation. In that case, how-
ever, the probability that a signal will give two successive

echoes is reduced also to about % which is in contradic-
tion to the available experimental material.

Even though the above considerations 'mély not prove
the impossibility of obtélining long delayed echoes in the
manner last referred to, they show, at all events, that such
a probality is extremely small. And another circumstance
is decidedly against such a probability. ' »

The losses due to the reflections at both the upper
boundary-surface and at the surface of the earth, or by
grazing along the earths surface, will decrease with increas-
ing wave-length. Somewhat longer waves, as f..inst. 60 or
90 m, should consequently show extraordinarily long ranges
under such conditions as are considered here. Two cir-
cumstances may, however, possibly counteract the longer
range of the longer waves: Due to the lower frequency the
rectilinear radiation would be less pronounced. This, how-
ever, is again compensated by a more regular reflection of
these longer waves at the uneven surface of the earth. The
second circumstance is the attenuation caused by the pre-
sence of ions or electrons in the intervening space hitherto
considered perfectly non-conductive. No doubt, such ions
are present and they will attenuate the longer waves most.
The attenuation-constant may namely in this case be
determined by!

T YP.R.W.”, p.o121 (8a).

3%
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2T e? v

"o me w+?’

(2)

which for the 60 m wave will be at most 4 times, and
for the 90 m wave at most 9 times greater than for a 30 m
wave. Since all the other attenuations, under the conditions
postulated, are smaller for the 60 and for the 90 m wave
than for a 30 m wave, then the 60 m wave must have a

o1 1
range of at least e and the 90 m wave at least 9 that of

the 30 m wave. If the latter is able to travel round the
earth f. inst. 100 times, then the longer waves should be
able to do so at least 25 and 11 times respectively. Any
such feature has, as far as the writer is aware, never been
observed. In all of the cases where complete circumscrip-
tion of the earth has been observed the wave-length was
between 15 and 25 m.

Presumably therefore we may consider it as an estab-
lished fact that the long delayed echoes are not obtained
in the manner last referred to.

Also, presumably, we have now tried every conceivable
;possibility' of explaining the long delayed echoes by means
of the propagation of radio waves within the earth’s atmo-

sphere.

4. The Reilection of Radio Waves From — or Propaga-
tion Along — Bands of lons out in Space.

Since, according to the preceding, the long delayed
echoes cannot arise ecither by the propagation of radio
waves within the earths atmosphere, or by the waves
travelling outside the latter in a .medinm so strongly ioni-
zed that the group-velocity approaches zero, they must be
due to the fact that the waves have travelled very great
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distances outside the-earth’s atmosphere. I shall not enter
too deeply into the astro-physical problems connected with
the present case but shall only consider some of the rele-
vant wave propagation problems.

The first problem in that respect is: which 1'adio-waveg

are able to penetrate the earth’s atmosphere and procegd

c
A a c
[¢] a8 40 A
7 B C
2] /6 70 A /Vl

Fig. 7. All Wave-lengths within the Interval C (D1 represents the Con-

ditions at Noon, Nj the Conditions at Midnight; about 40° Northern

Latitude) cannot penetrate out to Space but are refracted or reflected

back to the Earths Surface. All Waves within the Interval 4 penetrate

the atmosphere and go out into Space. Within the Interval B it depends

on the angle of ascent of the Wave whether it leaves the Atmosphere
or is reflected back again to the Earth’s Surface.

out into space? This question is thoroughly treated else-
where?!, and according to what is set forth there we assume
— see fig. 7 — that all waves shorter than about 8 m will
always penetrate out into space with comparatively small
attenuation. At midnight this will be the case for all waves
up to about 16 m. All waves longer than 40 m are com-
pletely refracted or reflected back to the earth at noon, and
at midnight all waves longer than about 70 m. The given

1 “p R.W.”, chap. XI especially section (i), p. 214—218. See also
“Radiofoniens Aarbog 19297, p. 16—20 (1928, Copenhagen). ' :



38 ) Nr. 5. P. O. PEDERSEN:

limits are, however, not fixed values but vary according
to the varying state of ionization of the upper atmosphere.
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Fig. 8. The Earth Angle y _  as Function of the Wave-length .. The
full drawn Curve represenis the Conditions at Noon, the -dotted Curve
at Midnight.

All experimental data indicate, however, that the figures

given are reasonable mean values.
‘For waves between 8 and 40 m at noon it wiil conse-
quently depend upon their angle of ascent ¥ (see fig. 8)
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whether they penetrate out inlo space or return to the
earth. The greatest angle of ascent at which a wave does
not penetrate out into space is called ¥, ., and the de-
pendency of this angle on the wave-length at noon is shown
in the full drawn curve in fig. 8 while the dotted curve
shows the same relation at midnight. These curves also
depend of course on the state of ionization in the upper
almosphere, but represent reasonable mean values.

According to the above, the long delayed echoes can
arise only with waves shorter than 70 m. Waves longer
than 70 m can generally neither penetrate out into space
nor from the outside penetrate the upper ionized layer and
come down to the earth.

The relations for these long waves are indicated in part G
fig. 7 where E indicates the earth and the black point the
transmitter. No wave-rays go from the transmitter out
to space.

The relations for very short waves are indicated at A.
Here emission occurs to the whole of the hemisphere
which has for lower boundary the tangential plane to the
surface of the earth at the point of transmission.

Of most interest are the relations within the active
short-wave interval B. Here the emission to space occurs

within a cone having the apex angle

p = 90" — . . ' e)

If the transmitter radiates with é,qual strength in all
directions then the ratio between that fraction 7 which
penetrates out into space and the total radiation within
the whole hemisphere will be determined by - -

g = 1—cos¢p = 2sin2§. R (2)
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If the radiation occurs from at vertifical, linear aerial
the length of which is small in comparison to the wave-
length then the radiation intensity is proportional to sin®¢

and we then get!

1
072:1+§cos3go—§cos¢. 6))

In fig. 9 are shown the values of 4, and %, as functions

i -6
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Fig. 9. The Values of the Constants »; and 5z at Day and at Night, calculated
on the Basis of fig. 8. The N-curve shows the Values of N calculated by
means of Equation (4).

of the wave-length 1. Corresponding values of 4 and ¥,
are taken from fig. 8 and then ¢ is found by means of
equation (1).

! Beside the direct radiation to space calculated by means of (2)
and (8), where the wave-rays out in space proceed in nearly the same
direction as the one at which they left the transmitter, a more or less
regular radiation will take place from — and in a direction nearly
parallel to — the upper surface of the ionized layer. This radiation is
mainly due to those rays which leave the trapsmitter at an earth angle
in the vicinity of + . Rays may be emitted from any point of the
upper surface of the ionized layer on wave-lengths within the interval B

fig. 7 but the intensity of such rays is generaily rather small.
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From Fig. 9 it appears that at wave-lengths appreciably
more than 40 m, 7, and g, decrease to very small values.
Above 30 m the radiation out to space will consequently
be comparatively very small, and it appears from the figure
at all events that the probability that waves may penetrate
out into space in a favourable direction decreases rapidly
with increasing wave-length for waves from about 30 m
and upwards.

On the other hand, we have shown above that for
total reflections at normal incidence of a 30 m wave a den-
sity of electrons of about N, = 1.2-10° per cm? is necessary.
At other wave-lengths the necessary density of electrons is

determined with an accuracy sufficient in this connection by

2 4 2
N=N, @—0> o 1.2-10° @—0> (4)

The N-curve in fig. 9 shows the values of the density
of electrons determined in this manner, and we see that
these values increase rapidly with decreasing wave-lengths.
The probability of finding a band of ions having a density
of electrons equal to, or greater than N is of course smaller
the greater the value of N.

From the preceding it appears that there must be a
certain wave-length for which the probability of getting long
delayed echoes is the greatest, and from figs. 7 and 9 we may
draw the conclusion that this most favourable wave-length
must be about 30 m; but the possibility of course exists
that echoes may be observed on somewhat shorter as well
as on somewhat longer waves; but to the best of our know-
ledge, long delayed echoes so far have been observed only
on waves of about 30 m.

If we were to judge solely from fig. 9 we would be apt
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to assume that a somewhat longer wave, f inst. about
40 m, would be the most favourable for the observation of
echoes. By calculating the #;- and g,-curves we have, how-
ever, not considered the loss suffered by the waves by
their passage through the ionized part of the upper atmo-
sphere and since this loss increases with increasing wave-
length, the said curves for the effective radiation out to space
should decrease somewhat more rapidly than shown in fig. 9.

Another circumstance of some importance in this con-
nection may be mentioned. All of the preceding conside-
rations are based upon a state of ionization of the atmo-
sphere which is assumed by the, writer in consequence of
the experimental material at hand with regard to the
propagalion of radio waves in general. Considering this
very comprehensive material there is some reason to believe
that the Ilonization-distribution assumed as a whole is
approximately correct from the earth’s surface up to the
altitude of maximum ionization i e. up to about 130—
150 km. As to the density of electrons and the conduc-
tivity -above that height where the ionization is maximum,
our ordinary terrestrial experience with propagation of
radio waves is unable to give any information. The den-
sity of electrons at greater heights may consequently very
well exceed somewhat the values indicated in “P. R. W.”.
Hitherto it has been possible only to judge about the state
of ionization in these regions above the altitude of maximum
ionization by means of multiple echoes of short delays!
and by means of the terrestrial magnetic conditions® The
investigation of the ionization of these very high layers

1 “p.R.W.7, p. 209—212.

* [The bearing ot the magnetical evidence on the value of the .total
ionization of the atmosphere is discussed in a valuable paper by S. Cuap-
MAN just published (“On the Theory of the Solar Diurnal Varjation of
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may possibly in the future profit by the experiences gained
from the long delayed echoes.

With regard to the characler and the location of the
bands of ionization which cause the echoes we may just
mention that presumably they may be divided into two
groups, namely, those along which the waves are propa-
galed, and those from which the waves are reflected.

Of the first kind are presumably those bands of elec-
trons which according to STOrMER are due to the invasion
of electrons into the magnetic field of the earth; see f.inst.
fig. 10. As long as it is a question of relatively few eclec-
trons only, the classical work of STORMER offers the neces-
sary information with regard to the form of the tracks
possible, and to the bounding of those spaces to which
such tracks are limited. Above we have shown, however,
that in those bands or layers which may be of importance
for the phenomeha here considered of the propagation of
radio waves, the density of electrons is so great that the
electrostatic forces will prevent the development of pure
electron-bands or of dense bands consisting exclusively
of ions of one sign. In the ionized bands which are effective

echo-reflectors the positive and the negative space charges
the Earth’s Magnetism”, “Proc. Roy. Soc.” (A). Vol. 122, p. 369—386, 1929).
This author comes to the conclusion that the total ionization required
from a magnetical point of view is of the same order of magnitude as
that assumed by the writer in “P. R. W.”, the magnetic evidence indi-
cating a somewhat higher value. CHarMaN adheres to the “dynamo”
theory eventually combined with the “drift current theory” which he,
suggests in the above mentioned paper. Upon numerical considerationg
he concludes that the “diamagnetic” theory of Ross Gunx (“Phys. Rev.”,
Vol. 32, p. 133—141, 1928) can hardly be right. [t may be added that N. Bonr
(“Studier over Metallernes Elektronteori”, Chap. IV, Copenhagen 1911)
has proved that such a djamagnetic effect does not exist. The remarks
of R. Guwx (1. ¢. p. 136) do not meet the main points of Bour’s argnments
and do not invalidate lhis general conclusi011s.]
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must be of nearly equal value, i e. the resulting space
charge must be comparatively small. Such a band of ions
will also have a tendency to follow the tracks calculated
by StORMER, and the shape of the track and the velocity
will in the main be determined by the heavy ions.

Z
i

Fig. 10. The full drawn Curve indicates the inner Limits of the Paths

of charged Particles according to Equation (5). E represents the Earth

with its magnetical axis along the Z-axis. The dotted Curves 1 and 2

indicate the two Echo-Tracks possible. The direction § pointing toward
' the Sun.

In fig. 10 we have shown as an example the boundaries

of the tracks of the corpuscular rays in a particular case

for which the equation of the bounding-curve is®

\ —
Lo’ / M )
1+ )1+ cos’s em

where r is the radius veclor, <§~8> its angle with the

' C. SténMER, Arch. sc. phys. et nat. t. XXIV, p. 129, 1907.
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magnelic¢ axis Z of the earth. M = 8.6-10% = the magnetical
moment of the earth, ¢ = 310" ¢cm sec.™ = the velocity
of light in empty space, m and e the mass and the charge
of the ion [E. S. U..

According to STORMER the bounding-surfaces which may
give long delayed echoes constitute the boundary-surfaces
between those parts of space into which the ions in question
may penetrate at a given velocity, and those parts of space
into which these ions cannot come. Such boundary sur-
faces may be efficient as guiding planes for a propagation
of radio waves, and such a propagation is indicated by the
dotted curve 1 in fig. 10.

For such a propagation along a band of electrons or
ions, which connects the northern and sounthern polar afeas,
and which has very great radii of curvature, only a com-
paratively small density of electrons is demanded and,
according to table 4, the propagation may occur with com-
paratively small losses.

The other manner of obtaining echoes is indicated by
the track 2 in fig. 10. Here the wave-ray is reflected from
the bounding-surface and returns to the surface of the
earth. This manner of propagation may occur with only
very little attenuation, but demands in the bounding sur-
face the density of electrons determined by equation (4).

These bands of ions, formed by the magnetié field of
the earth, presumably play an important réle in the pro-
duction of wireless echoes up to 30 seconds and possibly
even up to 60 seconds, as was originally suggested by
StormMERDZ.

1 .C. StérMER: “Nature”, Vol 122, p. 681, 1928; “C. R.” tome 187,
p- 811, 1928,

? For this kind of echo the probability of ebtaining good echo signals
will, as shown by StdrRMer (“Nature”, Vol. 123, p. 16, 1929), depend
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But there is also the possibility that outside that space
in which the magnetic field of the earth exerts its influence
in this manner, bands of ions having sufficient density of
electrons may aftain such forms that they act as reflectors
which after one or more reflections return the radio waves
to the earth. If a wave-ray is to return to the earth with

Fig. 11. Two curved lonization-Bands acting as Concave Mirrors at the
Places indicated. E represents the Earth.

sufficient intensity after a single reflection from a very
distant ionization-band the centre of the curvature of that
band must necessarily be located at or near the earth.
Such curvatures may partly be due directly to the influ-
ence of the earth’s magnetic field and, outside that space
where the latter appreciably influences the ionization-bands,
partly to the electric field from charges directly on the
earth and particularly from such charges which may be
upon the angle between the magnetic axis of the earth and the direction
to the sun, being greatest when these two directions are at right angles

to each other. [The latest evidence seems to be in agreement with
STORMER’s. prediction.]
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“arrested” by the magnetic field of the earth. Such bent

ionization-tracks are outlined in fig. 11.

Long delayed echoes may further be obtained in the

manner indicated in fig. 12, where R, and R, are two bands

of ions extending from the sun and
which at a and c reflect a wave-ray
coming from the earth E. Between
a and ¢ the wave-ray f{raverses the
curved path abe the curved form of
which is due to increasing density
of electrons in the direction toward
the sun.

Since, generally, the bands of ions
are not perfectly electrically neutral
they will mutunally act upon one
another, thus forming more or less
curved bands. In this case the centre
of curvature will, however, in general
not be located near the earth and
consequently the bent part of the
band will not be efficient in pro-
ducing echoes. If, however, the radia-
tion from the earth is emitted at a
comparatively greal space-angle an
exceedingly large space within our
solar system will be searched and

Fig. 12. Schematical Re-
presentation of a possible
Manner of obtaining
Echoes after two Reflec-
tions, at a and ¢, and of
a curved Path abc-of a
‘Wave-Ray between the
two Points of Reflection.
E represents the Earth.

consequently the probability of finding a favourable con-
stellation may be not altogether vanishingly small, although

such echo-phenomena presumably are rather seldom.

In consequence of the above considerations the writer

therefore anticipates that in the future, as the study of the

echoes is carried on more systematically and on a more

extensive scale there will be occasionally reported echoes
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of very long delays, possibly up to 10 to 15 minutes or
even more’,

From the considerations set forth in this paper, it
presumably appears that: '

(1) Echoes delayed more than 10 seconds cannot be due
to the propagation of radio waves entirely within the atmo-
sphere of the earth, nor to a propagalion of the waves
outside this, in a medium so densely crowded with elec-
frons that the group-velocity decreases to such small values
that the distance travelled will be comparatively short.

(2) Echoes delayed up to 30 (possibly to 60) seconds
are probably due lo propagation along -— or reflections
from — “STORMER bands” of electrons within the magnelic
field of the earth.

(3) Occasionally echoes may be obtained with such
great delay that those bands of ions to which the echoes
are due must be located at such great distances from the
earth (more, for example, than 40.000.000 km), that they
are outside the space in which the magnetic field of the
earth exerts any appreciable direct influence.

' This prediction, set forth some time ago by the writer (“Radio-
foniens Aarbog 1929, p. 22—24, Octoher 1928 -— the above figs. §, 11
and 12 are taken from this paper) has received an unexpectedly quick
confirmation, since in a letter dated February the 2nd 1929 Mr. JORGEN
Hars of Oslo communicates that he has observed echoes up to 4 min.
20 sec. corresponding to a path-length of 78.000.000 km. This observation
— if correct — confirms the above eonsiderations, namely, that the
long delayed echoes are not due to propagation entirely within the
earth’s atmospliere, and further that echoes may occur with such long
delay that they must he due to ionization-bands located outside that
space in which the magnetic field of the earth directly exerts its influ
ence. [Another echo, having a retardation of 3 min. 15 sec. was observed
by Mr. Hars February 14, 1929.]

Forelagt paa Madel den 8. Februar 1929,
Fierdig fra Trykkeriet den 81. Maj 1929,





