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Abstract 
Model experiments on Alfvtn’s electric field theory of aurorae and magnetic storms have 

been performed. The transformation laws from nature to model are considered. It is concluded, 
that a proper scaling down of every detail in nature is not possible. Only the most significant 
features are scaled down properly. It is shown, that a mechanism like AIfvtn’s proposed auroral 
mechanism is very likely to be present in the model. In particular the conception seems to be 
experimentally confirmed, that space charge accumulated in the discharge region rather than 
destroy the whole pattern of motion, discharges along the magnetic field lines. 

Introduction 
In Alfvkn’s electric field theory of aurorae 

and magnetic storms (ALFVBN, 1939, 1940, 
1950) it is assumed, that a gaseous discharge 
due to an interplanetary electric field takes 
place in the surroundings of the earth during 
a storm. This discharge is affected by the 
terrestrial magnetic field and reaches the earth‘s 
atmosphere only in the auroral zones. The 
currents of the discharge are responsible for 
the magnetic disturbances observed during a 
storm. 

Previously MALMFORS (1946) has made some 
experiments on this theory. In a cylindrical 
vacuum chamber (diam. 40 cm, length 75 cm), 
covered at the ends with glass plates, he 
arranged a magnetized steel sphere (diam. 10 
cm) in the centre of the chamber and two 
insulated metal plates (60 x 25 cm) vertically 
on each side of the sphere se arated by 24 cm. 

plates had many similarities with the dischar e 
He found that a discharge !l etween the two 

considered in the theory. Indeed, the resu H ts 
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seemed so promising, that it was thought 
worth while to make a more detailed experi- 
mental study on a somewhat larger scale. 

Experimental arrangement 

A total view of the apparatus used is seen in 
fig. I. The volume of the vacuum chamber is 
approximately 1.5 m3. A pressure of about 

Fig. I. Total view of the apparatus. 
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Fig. 2. Terrella and electrodes seen from above. The 
dipole direction of the terrella is perpendicular to the 
paper with the magnetic south pole above and the north 

pole below the paper. 

10-4 mm Hg could be obtained in it at best. 
Fig. 2 is a sketch of the electrodes and the 
terrella, seen from above. They are arranged 
in exactly the same way as in Malmfors’ 
experiment except that the dimensions are 
larger here. The electrodes are aluminum 
plates (60 x 60 cm). Only the terrella is of the 
same size as that of Malmfors, the diameter 
being 10.6 cm, but here a coil is used inside the 
terrella to produce the magnetic field, instead 
of Malmfors’ permanently magnetized steel 
sphere. Thus we can vary the field and make 
it stronger than in Malmfors’ experiments. The 
coil is so designed, that it can produce a rather 
good dipole field. The deviation from the 
exact dipole field is less than 5 % everywhere 
outside the terrella. Cooling by air is provided, 
because when 3,000 gauss at the poles is pro- 
duced, the heating by the current amounts to 
8 kW. An automatic switch is used to break 
the current, when the temperature of the 
windings reaches a certain value (I 5c-200’ C) 
in order to avoid damage. The temperature is 
determined by measuring the coil resistance. 

Various probes and other electrodes for 
s ecial investigations can if needed be placed in 
t R e discharge region. 

Transformation from nature to model 
Before describing the various experiments 

made in the model we must consider in some 
detail, how such experiments should be carried 
out in order to simulate a ‘real’ discharge of 
terrestrial dimensions in a proper manner. If 
the linear dimensions of a gaseous discharge 

are changed, certain similarity laws are valid 
(see COBINE, 1941, p. 209, ENGEL and STEEN- 
BECK, 1932, p. 95, or ALFVBN, 1950, p. 39). In 
nature the following data are assumed to be 
valid (ALFV~N, 1955). 
Earth’s diameter . . . . . . . D = 1.3 107  m, 
velocity of the ionized 

beam from the sun . . v = 2  . 106 m/s, 
sum’s magnetic field at 

the earth’s orbit . . . . . B, =0.7 . ~o-~gauss,  
electric field of the dis- 

charge. . . . . . . . . . . . . E = 1.4 . 1o-~V/n1, 
earth’s magnetic field at 

poles. . . . . . . . . . . . . . . Bp =0.6 gauss. 

According to the similarity laws all po- 
tentials should be unaltered, because ionization 
and excitation potentials are the same. There- 
fore, all electric fields are inversely proportional 
to the linear dimensions, and according to 
Maxwell’s equations, the same is valid for the 
magnetic fields. Now, in the actual case, the 
linear dimensions are diminished by a factor 
k = 109. Hence, the magnetic field strength at 
the poles of the terrella ought to be of the 
order of 60 million gauss. In nature the 
potential over a length of the order of the 
earth’s diameter is V D  = D * E = 18 kV. The 
normal distance between the electrodes of the 
model discharge is 5.4 terrella diameters, and 
so the applied voltage should be of the order 
of IOO kV. 

Since these strong magnetic fields are 
impossible to obtain, we will neglect the 
condition about the unchanged potentials and 
put the question: How are the magnetic and 
electric fields connected, if the electron and ion 
orbits are unaltered, assuming them to be 
undisturbed by collision processes? 

First we note that we can confine ourselves 
to the non-relativistic case, because the energies 
of the particles are at most 100 keV. 

An electron moving in a magnetic field B 
with the velocity v perpendicular to the 
magnetic field lines has an orbital radius of 
curvature 

(1) 
mu @=a 

Rationalized Giorgi-units are used throughout. 
If the kinetic energy 1/2 mv2 is assumed to be 
proportional to the electric field E or the 
applied discharge voltage Vd, we find that if 

Tellur VII (1955), 1 
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Fig. 3 .  Border line of the forbidden zone in the equatorial 
plane. Compare fig. 6 . 1 ,  p. 180  in Cosmical Electro- 

dynamics. 
X D = I . 7 6  L, X d = I . 3 2  L, xm= -0.74 L. 
X D - X d = O . 4 4  L, XD-X,=Z.sO L. 

5 = constant B2 

the electron orbits remain unchanged. This 
will be illustrated with some examples, which 
are closely connected with the theory of 
aurorae and magnetic storms. 

In a gaseous discharge two classes of electrons 
are usually present. Some electrons start from 
the cathode and acquire a high energy in the 
cathode fall. When they enter the plasma, their 
energy is of the same order as the whole 
discharge potential. We  will call these electrons 
primary electrons. If the mean free path in the 

lasma is of the same order as the distance 1 etween cathode and anode, most of the 
primary electrons will reach the anode with 
only slightly diminished energy. A strong 
magnetic field perpenhcular to the electric 
field may, however, prevent the primary 
electrons from penetratin deep into the 

The other class of electrons consists of second- 
ary electrons formed in the plasma due to 
Tellur VII (1955). J 

plasma without a considera % It: loss of energy. 

ionization by primaries, other secondaries or 
photons. 

The primary electrons can then be considered 
as entering the magnetic field at the boundary 
between cathode fall and plasma with an 
initial energy equal to the cathode fall or in 
most cases approximately the discharge voltage. 
We see at once that (2 )  is applicable in this 
case. The secondaries on the other hand start 
in an electric field E and a magnetic field B, 
and we will assume their initial energy to be 
zero. Such an electron then starts moving in 
a trochoidal orbit with the mean energy 
perpendicular to the magnetic field expressed 
in electron volts 

where E l  is the electric field component 
per endicular to the magnetic field. 

because v - (Ti, we have 
I P we combine (I) and (3)  we see that 

and (2) is applicable also in this case provided 
the initial energy is small compared with eVL 
as calculated from (3).  

Further the so called Stormer-unit of length 
(STORMER, 1933)  is unchanged if the particle 
energy e l /  is proportional to B2. Stormer has 
defined a characteristic length for the particle 
orbits in a magnetic dipole field 

- 

where a is the magnetic dipole moment, Be 
is characteristic of the particle and k is a 
constant, which depends on the unit system. 
Now Be is proportional to the velocity of the 
particle and B - a ,  so that 

Alfvkn has calculated the electron orbits in 
the equatorial plane of the dipole field. He 
has introduced a characteristic length (see e.g. 
Cosmical Electrodynamics p. 179) 

L= P2.P 
C E  (7) 
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where a is the magnetic dipole moment, E is 
the electric field, ,uo =qn * 10-7 henryim is the 
permeability of vacuum and p (not to be 
confused with ,uo) is the orbital magnetic 
moment of the particle 

which can be shown to be a constant of the 
motion. Here eVl is the kinetic energy of the 
partiele referred to a system where the centre 
of curvature is at rest, i.e. where the drift 
velocity is zero. V ,  must not be confused with 
V ;  of eq. (3). In the special case of eq. (3). 
V ,  = V;/2. In most other cases the difference 
between VjL and V l  is very small, although 
always V ,  5 V;. From equation (3) we see that 

(9) 
E2 Vd2 

P - s - j j T  

Thus we find 

According to Malmfors (see MALMFORS, 1946 
e uation (7) or appendix II.) the latitude angle 
o 9 the auroral zones should be a function of 
E/B2 .  

Thus we see that we always arrive at the 
same connection between the applied volta e 
of the discharge and the magnetic field of t K e 
dipole 

V d  = kB2 (11) 

Particle energies in nature 

The particle energies in the beam from the 
sun determine to a considerable extent the 
properties of the discharge in terrestrial regions. 
Therefore, we will consider these energies in 
this section. These considerations are of course 
very uncertain. Their purpose is only to permit 
us some familiarity with the problems of the 
discharge, rather than to obtain any definite 
results. 

From the time difference between a solar 
flare and the commencement of a magnetic 
storm, the speed of the beam front from the 
sun can be calculated as 106-2 * 1 0 6  m/s. 
Now 2 I O ~  m/s means an electron energy of 
I I eV and a proton energy of 20 keV associated 
with the translation of the beam. These are 
lower limits, because the particles may travel 

in curved paths, e.g. trochoids. It seems very 
improbable, that the articles should go in 
approximately straight F ines from sun to earth. 
It is worth while to note, that from the relation 

(12) 
3 eV=-kT,  
2 

one finds that 7,700' K is equivalent to I eV. 
This means that if the beam is ejected from the 
corona, where the temperature may be of the 
order of I O ~  OK, the electronic energies may 
be some IOO eV, which is significantly greater 
than the above mentioned value of 1 1  eV. 

From the penetration depth of the auroral 
particles in the atmosphere Stormer and others 
have estimated the energy to 50-roo keV. 
Measurements made by MEINEL (1951) on the 
H,-line found in auroral archs indicate that 
the impact velocity of the protons seems to be 

VH 2 3,300 km/s 
or 

WH 57 keV, 
and the velocities perpendicular to the impact 
direction seem to be distributed between o 
and 1,000 km/s. 

According to Alfvh's theory the particles 
the earth's upper atmosphere are 

accelerate penetratint in the electric field of the beam. If 
the border of the forbidden zone is 7 earth 
radii from the earth, the electric field must be 
of the order of 10 kV per earth radius or 10-3 

V/m, which agrees well with the values 
calculated earlier in t h s  paper. 

From equation (7) we see that the currents 
of the discharge are determined to a great 
extent by the electron energy perpendicular to 
the magnetic field in the equatorial plane. W e  
rewrite (7) in a somewhat different form 

(7 4 
eVl= electron energy perpendicular to the 

magnetic field, referred to a zero drift 
velocity system. 

Be, =earth's magnetic field at equator on 
surface, 

R =earth's radius, 
E 
Further we may note, that VL/B is constant 
along the path of the electron. 

We  will now find a reasonable value for V l  

=electric field of the beam. 

Tellus VII (19SS). 1 
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at the border of the forbidden region in the 
equatorial plane. This has approximately the 
distance L f rom the dipole. Thus wehave 

or L * E =  V i  (7 b) 
at the distance L from the earth's dipole. This 
occurs at two points on the border of the 
forbidden region. In fact the energy eV1 of 
the electrons varies along thc border line 
according to the relation 

See fig. 3 .  Hence we find that 
V ,  = E ( x ~  - X) 

2.5 LE > V,  > 0.44 LE 

This means that, according to the values given 
above, V l  may be of the order of IOO kV. If 
L is assumed to be seven earth radii, the 
magnetic field at the border line is approxi- 
mately 10-3 gauss, and as V l / B  is constant, 
we find that at a magnetic field of 10-5 gauss, 
i.e. in the beam outside the earth's magnetic 
field, V ,  = 1,000 volts. 

According to these strictly mathematical 
considerations these high energy electrons 
would have nearly all their kinetic energy 
perpendicular to the magnetic field. If we 
assume that p =constant of the motion, also 
when the particles move along the field lines 
from the equatorial plane towards the auroral 
zones, the diamagnetic re ulsion of the 

(proportional to VL) and revent the particles 

one must assume that particles of all energies 
are present in the beam with a mean energy, 
which determines the dimensions of the 
forbidden zone and hence the auroral zones. It 
must also be assumed, that a statistical distribu- 
tion of the velocities is maintained, niainly by 
plasma oscillations, everywhere in the discharge 
in spite of the strongly increasing V ,  in the 
earth's magnetic field. If the velocity distribu- 
tion of the particles is isotropic, we are led to 
another constant of the motion than thep  of 
equation (8) as is shown in appendix I 

(7 c) 

(7 d) 

terrestrial magnetic field wou P d be very strong 

from reaching the aurora ! zones. Therefore, 

V"* 
B (13) x = -  

Tellus VII (19SJ), 1 
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Fig. 4. Comparison between forbidden zones 

a) assuming the orbital magnetic moment of the particles 

b) assuming isotropic velocity distribution everywhere 
to be constant, 

X'd-1.26 L, X'm= -0.63 L. 

Here eV is the total energy (referred to a zero 
drift velocity system) and is therefore according 
to our assumptions equal to 3/2 eV1. It is also 
shown in the ap endix, that this leads to another 
form of the for t idden zone 

instead of 

for p =constant. The forbidden zones in the 
two cases are compared in fig. 4. The difference 
is very small, the eccentricity being a little 
smaller for p =constant. 

Transformation of pressure from 
nature to model 

As will be seen in the next section the 
pressure used in the experiments was about 
I O - ~  rnm Hg. This corresponds to a particle 
density of about 1013 particles/cm3, and 
according to the transformation laws, the 

tional to the linear dimensions. Since t Xropor- e scale 
particle density should be inversely 

factor is IO~, the above mentioned particle 
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density in the experiments corresponds to 105 
particles/cm3 in nature. In reality the discharge 
takes place in regions with strongly varying 
pressures, the extremes of which are the 
ionosphere with 1012 or 1 0 1 3  particles/cm3 in 
the E-layer and the interplanetary space, where 
the density is probably much lower than 105 
particles/cm3. Therefore, the pressure used 
may be a good compromise between the two 
extremes. 

Performed experiments 
The various experiments performed will 

now be described, and after that we can apply 
the above considerations to the results obtained. 

There are two kinds of discharges which 
have been studied. If the pressure was low 
( < I O - ~  mm) there was an invisible non-self- 
sustained discharge (see COBINE, 1941, Ch. 
VII), which could only be maintained by 
means of some ionizing device, such as an 
electron beam indicated in fig. 2. The mean 
free ath of the high ener y electrons was then 

anode and cathode. If the pressure was higher 
(>z * I O - ~  mm) it was possible to get a visible 
glow discharge without any extra ionizing 
device. If the visible discharge was used, the 
cathode voltage V, was of the order of - z kV 
with respect to the terrella (every voltage is 
given with respect to the terrella if not other- 
wise specified), the anode voltage +zo to 50 
volts (it could not be higher because then the 
anode currents drawn from the plasma would 
be too high), and the currents were about 
10-50 mA. In the case of the invisible dis- 
charge, however, V, was usually - 1 0  kV, 
Va=3-5 kV and the currents only 0.1-1 
mA. It is probable, that the invisible discharge 
has more to do with the henomena in nature 

considered later. 
In figs. 5-11 photographs of the various 

discharges are shown. Fig. 5 shows the visible 
discharge with increasing magnetic field B. 
At zero magnetic field the electrons move in 
straight lines from the cathode to the terrella, 
which is covered by fluorescent material. Thus 
only the terrella side facing the cathode is 
bright. If a weak magnetic field (20 gauss at 
poles) is turned on, the electrons are deflected 
through a small angle, and the bright hemi- 
sphere of the terrella is turned over through 

of t R e same order as t i? e distance between 

than the visible one. T R is question will be 

the same angle to the dayside. With increasing 
magnetic field we get more complicated 
figures. At about 300 gauss, however, the 
equator becomes part of a forbidden zone, 
and ‘auroral zones’ begin to develop. With 
B still more increasing the auroral zones 
become narrower and move towards the poles 
as expected. With increasing B the discharge 
current increases, and hence the discharge 
voltage decreases due to the internal resistance 
of the rectifiers. In connection with this 
discharge another experiment was made, 
which may be interesting to note. A small 
non-inductive resistance (150 ohms) was 
coupled in series with the anode, and the noise 
voltage over this resistance was measured with 
an oscillograph, the ampllfiers of which had 
a frequency band ranging from a low value 
up to 5 Mc/s. The result was, that no noise 
was observed for low magnetic fields up to 
about 425 gauss at the poles. At this field a 
noise suddenly a peared corresponding to a 

two pA. This noise was sensibly constant up 
to the highest magnetic fields. The anode current 
was 6.3 mA. It is probable that the noise level 
is much higher nearer the terrella, where space 
charge is accumulated, so that discharges along 
the magnetic field lines take place. The author 
hopes to be able to make more detailed investiga- 
tions on this later. 

In fig. 6 photos are shown of the ’invisible’ 
discharge. As the electric field was much 
stronger than for the visible discharge, the 
magnetic field where the auroral zones begin 
to appear is much stronger, viz. 800 gauss. 

According to MALMFORS (1946) the discharge 
starts at the singular point between the terrella 
and the cathode in the equatorial plane, where 
the drift velocity of the electrons is zero (the 
drift due to the crossed electric and magnetic 
fields opposes and equals that due to the 
inhomogeneity of the magnetic field). At this 
point the electrons spiral repeatedly around 
the same magnetic field line from the northern 
to the southern auroral zone thus causing an 
appreciable ionization. It should therefore be 

ossible to switch off the discharge by a 
forizontal plate at this point. Such a plate made 
of insulating material was inserted, but it had 
no appreciable effect neither on the visible 
discharge nor on the invisible one. Then it 
was thought that the plate may be charged by 

noise current wit g top value of about one or 

Tellus VII (1955). 1 
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Dayside 

cathode anode 

Pi ght s i de 

anode cathode 

Dayside 

cathode anode 

Nights ide 

anode cathode 

2.7 kV, 0 gauss 2.7 kV, 0 gauss 2.7 kV, 81 gauss 2.7 kV, 73 gauss 

2.7 kV, 20 gauss 2.7 kV, 20 gauss 

2.7 GI, 35 gauss 

Daysl de 

cathode anode 

2.7 kV,110 gauss 

2.6 kV,212 gauss 

Nightside 

anode cathode 

2 .4  kV, 300 gauss 2.4 kV, 292 gauss 

2.3 kV, 337 gauss 2.3 kV, 335 gauss 

Fig. 5 .  Visible discharge. Below every picture the cathode voltage with respect to the terrella and the 
magnetic field at the poles of the surface of the terrella are given. Anode voltage was 30 volts. 
Pressure 3.5 . 10-8 mm. Cathode current varying between 10 mA at o gauss and 22 mA at 1,350 
gauss, anode current between 6.3 mA at o gauss and 5 . 5  mA at 1.350 gauss. The figure is continued 

on page 72 and 73. 

Tellur VII (1955). 1 
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Days i de 

cathode anode 

Nights i de 

anode cathode 

2.2 kV, 370 gauss 

2.1 kV, 482 gauss 2.1 kV, 450 gauss 

Fig 5 .  Scc text on page 71. 

1.9 kv, 313 gauss 

electrons to a negative potential thus reflecting 
the electrons on both sides, so that they could 
oscillate from the equator to the auroral zones. 
Therefore, the lower side of the plate was 
covered with a copper sheet, the potential of 
which could be varied. The effect of this is 
shown in figs. 7 and 8. The whole discharge 
is not switched 06 but a part of the auroral 

zones is ‘erased’. This is also sketched in fig. 
12. The plate seems to have a greater effect in 
this respect on the visible than on the invisible 
discharge. One can, however, qualitatively 
understand that the singular point of zero drift 
velocity ma have moved to another longitude 

caused by the plate. It seems as if the discharge 
because o f t  l e modlfication of the electric field 

Tellus VII (19SS) ,  1 
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Days i de Ni ghtsi de 

cathode anode anode cathode 

1.7 kV, 800 gauss 1.8 kV, 730 gauss 

1.3 kV, 1350 gauss 

Fig 5 .  See text on page 71. 

can always elude the investigator, but this 
experiment shows the great importance of the 
equatorial region for the generation of the 
auroral zones. 

One may question if the two bright spots, 
one within each of the auroral zones on the 
cathode (morning) side of the terrella, have 
anythin to do with the singular point of zero 

of this point on the terrella along the magnetic 
field lines. Fig. 9 shows that this is not the case, 
because the movable plate inserted between 
the cathode and the spot shadows the latter 
entirely. In the last. photo of the figure 

drift ve P ocity, e.g. if they are the projection 

Tellur VII (1955). 1 

a magnetic field line is indicated from the spot 
to the shadowing plate, showing that the 
electrons responsible for the s ot move from 

dicular to the boundary between the lasma 

magnetic field ma be too weak to deflect the 
electrons a precia l ly, but the plasma begins, 

Fig. 10 shows ho the awuroral zones can be 
cut off by a plate in a meridional plane. 
Malmfors has also made this experiment, from 
which it is apparent that the auroral zones in 
some way are generated at the morning side 

the point, where a magnetic fie f d line is perpen- 

and the cathode fall. In the cathode P all the 

where the e P ectrons are caught by the field lines. 
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Dayside 

cathode anode 

Night side Pays 5 de Night 8 i de 

B = 785 gauss 
v, = 4.3 kV 

B = 790 gauss 
V, = 4.3 kV 

B = 1235 gauss B = 1210 gauss 
V, = 3.1 kV V, = 3.1 kV 

B = 890 gauss 
v, = 3.85 icv 

B = 915 gauss 
V, = 3.85 kV 

B = 1480 gauss B = 1430 gauss 
Va = 3.1 kV Va = 3.1 kV 

B = 1010 gauss 
Va = 3.6 kV 

B = 975 gauss 
Va = 3.6 kV 

-~ ___~ 
B = 1890 gause B = 1780 gauss 

V, = 3.1 kV Va = 3.1 kV 

B = 1105 gauss 
Va = 3 . 3 5  kV 

B = 1060 gauss 
Va = 3.35 kV 

of the terrella, even if the generation is not 
erhaps exactly of the same kind as Malmfors 

gas proposed. 
A plate of the form seen in fig. 11 was also 

used. The teeth on the lower edge of the plate 

Fig. 6.  Invisible discharge. Vc= - 10 kV, I,=o.s mA, 10 
varying between 0.22 m A  at 785 gauss and 0.41 m A  at 

1,890 gauss. Pressure 5 .  I O - ~  rnm. 

made the auroral zone 'dashed'. It could easily 
be seen, that a tooth on the plate and the 
corresponding point on the auroral zone were 
situated in the same meridional plane as far as 
one could judge by eye. 

Tellus V11 (1955). 1 
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Day si de Ni Rht side 

Vp = + 40 volts 

vp = 0 vp = 0 

Vp = - 2 kV Vp = - 2 kV 

Fig. 7. Visible discharge. Vp=potential with respect to the terrella of the horizontal plate inserted 
on the cathode side. V,= - 2 kV, Va= +30 V, B =  1,090 gauss, pressure 2.5 . I O - ~  nini. 

Tellus VII (1955). I 
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Days i de Eli  ght 6 i de 

c at ho de anode anode cathode 

Vp = + 2 . 5  RV, 1460 gauss V = + 2.5 kV, 1460 gauss P 

v = 0, 1460 gauss vp = 0 ,  1460 gauss P 

= - 2 .5  kV, 1460 gauss V = - 2.5 kV, 1460 gauss 
vP P 

= - 2.5 kV, 1780 gauss 
vP vp - - - 2.5 kV, 1780 gauss 

Fig. X. Invisible discharge. Vc= - 10 kV, Va= + s  kV, pressure 5 . KO-( inin. Horizontal plate 
on the cathode sidr. 

I'ellus V11 (19j5). 1 
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Calculation of forbidden zones according to 
Stormer and comparison with 
the experiments 

One of the most important features of the 
discharges are the auroral zones and their 
latitude de endence on,the magnetic and the 

lated the orbits of electrons moving from 
infinity into a magnetic dipole field and has 
found, that if the magnetic dipole field is strong 
enough or the electron energies small enough, 
there are forbidden zones resembling toroids 
around the dipole axis in the equatorial plane. 
It may be advantageous to calculate the size 
of these forbidden zones and to compare this 
with the forbidden latitudes on the terrella as 
seen on the photos. The reason for this is that 
there seem to be two possible explanations of 
the auroral rings on the terrella. The first is 
that electrons emitted from the cathode move 
in orbits very similar to those calculated by 
Stormer (properly modified by the electric 
field), thus causing the auroral zones. The 
second is that the particles impinging on the 
terrella are mainly formed by ionization in the 
discharge region and have then moved in 
orbits like those calculated by Alfvtn. In the 
second case the energies of the impinging 
particles are lower than in the first case. W e  
will therefore call the first kind of orbits 
high-energy orbits and the second kind low- 
energy orbits. 

Stormer has defined a unit length C, the 
use of which makes all equations dimension- 
less. 

electric fie f d. STORMER (1933-37) has calcu- 

a = dipole moment, 
Be is characteristic of the particle, 
p0 =permeability of vacuum. 

We confine ourselves to the non-relativistic 
case where Be is connected with the kinetic 
energy by 

B@=3.37*10-6- vl/* (16) 
V is expressed in volts, e in metres and B in 
Vs/m2. All lengths are measured in C-units 
so that the distance 

r=AC (4 
Tellur VII (1955). 1 

Fig. 9. Visible discharge. Dayside. Spot shadowed by 
movable plate. Vc= - 1.95 kV, Vo= +ZO V, B = I , I I O  

gauss, pressure 2.5 . 10-* mm. 
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a 

anode cathode 

t e r r e I I a y o , ,  uroral 

-sc re  en 

b 
Fig. 10 a. Invisible discharge seen from the nightside. Auroral zone cut off by a vertical plate (screen) in a 
meridional plane. Vc= - 10 kV, V,= + 3.2 kV, B= 1,900 gauss, pressure 5. IO-( nim. b. Sketch of the experinicntal 

arrangement seen from above. 

If the dipole moment a is given in terms of 
the magnetic field B, at the poles of the terrella, 
we find, that if r is the distance from the dipole 
to the particle, A and V are connected by 

We use Stormer’s theorem 

V = 0 .594*10~*  B p 2 .  A4 (19) 

2 y  COST ( 2 4  cosw =- + __ 
Acosp, A2 

cp =magnetic latitude, 

I 
Fig. I I. Visible discharge. Nightside. ‘Dashed’ auroral 
zone. V,= -1.95 kV, V,= +zo V, B=I,IIO gauss, 

pressure 2.5. I O - ~  mm. 

cu =the angle between the impact direction o 
the particle and the east-west direction, 
y is a constant depending on the angular 
momentum of the particle with respect to the 
dipole axis at infinity. 

It is easy to find that the boundary of the 
forbidden zone, i.e. the lowest latitude where 
aurora can appear, is defined by w = 0, cos w = I .  
Thus we can solve for cos YJ in (20). 

The particles can reach the dipole only if 
- I  5 7 5 0  according to Stormer, and as 
cos p>o, we can only use the positive sign in 
(21). We assume that there are electrons with 
every y-value between o and - I  present in 
the discharge. We are only interested in the 
lowest possible latitude p,,,, that is the highest 
possible value of cos p,, which occurs if - y  
is as large as possible. Thus we must put 
y = - I which gives 

I 
cos p,o = 2 A( I + \/I + $) (22 )  

We see from this that the equator is forbidden 
only if the A-value corresponding to the radius 
of the terrella is less than 6 - I = 0.414. 

By using (19) and (22) we can calculate cp,, 
as a function of V and Bp. If the electrons from 

Tellus VII (1955), 1 
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the cathode are accelerated in a relatively short 
cathode fall to an energy corresponding to the 
potential difference between cathode and 
terrella and thenGmove only under the influence 
of the magnetic dipole field, then the lowest 
latitude of aurorae as seen from the photos 

Dayside 
I 

S T O R M S  79 

Horizontal 
plate 
\ should depend on V, and Bp in the same way 

the case in the visible discharge but not in the 

that no collisions and space charges appreciably 

i 
as yo on V and Bp. This may in particular be 

invisible one, where there is by no means a 
’relatively’ short cathode fall. It is also implied 

affect the general .behaviour of the discharge zone 
excepting their responsibility for the cathode fall. 

Particularlv in the invisible discharge the 
Y 

electrons do Aot immediately acquire an energy 
corresponding to V,, but they are rather 
accelerated by the electric field through the 
whole path to the terrella. It is very difficult 
to calculate the forbidden zones if an arbitrary 
electric field is superposed on the magnetic 
field. STORMER (193 I) ,  however, has calculated 
the forbidden zones in the case of a spherically 
symmetric Coulomb field from the dipole. It 
is most advantageous to use his equation 
(l.~., p. 39, eq. 9) 

( z  - a ;) 2 + 

r =distance from dipole to particle, 
R = r cos v =equatorial distance, 
c =velocity of light, 
c1 =kinetic energy at infinity divided by the 

a and b are defined by 
rest mass of the particle. 

pa =permeability of vacuum, 
e =electronic charge in Coulombs, 
m,=electronic rest mass in kg, 
M =magnetic dipole moment in Am2, 
V, =potential in volts relative to infinity at 

c2 is a constant corresponding to y in equation 

With a similar treatment of these equations 

r, metres from the dipole. 

(4. 
as of (20) we get 
Tellus VII (1955). 1 

Fig. 12. Sketch of northern auroral zone seen from above. 
A horizontal plate is inserted between the terrella and 
the cathode so that ‘a part of the auroral zone is ‘erased’. 

Compare fig. 7. 

where ro=terrella radius. It has been assumed 
that the kinetic energy at infinity (c,mo) is zero. 
This result can be applied to our ex eriment 

between terrella and cathode and that the 
cathode is at infinity and the electrons start 
from the cathode with zero velocity. It may 
be of interest to compare this with the ex- 
perimental results, although the electric field 
is not at all of the Coulomb type. The most 
important differences are, that in the ex- 
periments we have an anode, and the equipo- 
tential surfaces are not spheres, and thus they 
produce a radial component of E x  B, which 
means that the electrons can drift per endic- 

the dipole than if E x B had no radial component. 
The results of these calculations are compared 

in figs. 13 and 14 with the experimental results 
obtained from the photos in figs. 5 and 6 
respectively. It is to be expected that the 
experimental values should lie below the 
theoretical curve po(Bp) according to equations 
(25) and (26), where an electric Coulomb field 

if it is assumed, that V, is the potential I! ifference 

ular to the magnetic field lines far c P oser to 
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‘p, degrees 
801 

Fig. 1 3 .  The lowest allowed latitude qo as a function of 
the magnetic field according to Stormer compared with 
the experimental values obtained from the visible dis- 

charge in fig. 5 .  
Curve I :  An electric Coulomb field is taken intoaccount. 
Curve 2 :  Neglecting the electric field. 

Experimental values are indicated by + . 

is also taken into consideration. This means 
that the electrons can be expected to reach 
lower latitudes than this theory permits because 
of the radial component of E x B  in the 
experiment, and also because of low energy 
plasma electrons and ions moving according 
to AlfvCn’s theory. The latter will be considered 
in the next section. 

It is seen from figs. 13 and 14 that our ex- 
pectations are realized. In the case of the 
invisible discharge the experimental values for 
higher magnetic fields are even below the 
theoretical curve obtained from (22) without 
electric field. The curve calculated from (22) 
lies always below the one calculated from (25). 

Alfven’s forbidden zones compared with 
the experiments 

As already pointed out the auroral zones 
seen on the terrella may also be due to low 
energy plasma electrons moving according to 
AlfvCn’s calculations. In the case of an invisible 
discharge, however, one may not be allowed 
to speak of a real plasma, but still there are 
secondary electrons produced by ionization, 
perha s mainly by the electron beam (see fig. 
z), w x ich may determine the latitudes of the 
auroral zones. In order to see if this is quanci- 
tatively possible, equation (7) or the last of 
equations (14) can be used. If we proceed in 
the same way as when we obtained (7 b), we 
find that the energy of the electrons responsible 
for the forbidden zone is 

9, tdegrees 

Fig. 14. The same as in fig. 1 3  but for the invisible 
discharge in fig. 6. No electric field is taken into account. 

Experimental values are indicated by + . 

LE e V = e -  
k n  

at the distance kL from the dipole. The 
exponent n is 3 using (7) and 2 using (14). 
If (7) is used, V is the ‘perpendicular’ energy, 

We  first apply (27) to the visible discharge. 
assuming that the electrons and ions res on- 
sible for the auroral zones are forrneB by 
ionization mainly at a distance kL from the 
dipole. Since the terrella is situated in the 
plasma, the E-value prevailing there must be 
used. Assuming the anode voltage V, relative 
to the terrella to be an approximative measure 
of the electric field in the plasma, we get 
V, m30 volts, 
d a 3 0  cm =distance from terrella to anode, 
E = Va/d= I V/cm. 

L may be seen from the photos to be about 
15 cm or 3 terrella radii and k can be of the 
order of I to 5 ,  From (27) we then see that eV 
can be of the order of a few electron volts, 
which seems to be a quite reasonable energy 
for electrons formed by ionization in a plasma. 

In the invisible discharge we cannot assume 
the starting energy of the secondary electrons 
to be only a few volts, because we now have 
so strong an electric field, that the energies are 
determined by equation (3). suitably modified 
for V =  V l  instead of V ;  

A typical value of the discharge voltage V, - V, 
is 14 kV, so that E = 23 kV/m, and if B is say 
50 gauss=s * I O - ~  Vs/m2, we get V=60 

Tellur VII (1955). 1 



(27) and (28) and solve for k. This can be done 60 
50 if we use the law of the dipole field 

R3 
B=Bp-*  (29) 40 

213 

+ -  
+t  - + 

- 

\R) 

30 
where Bp is the field at the poles of the terrella, 
and R is the radius of the terrella. Putting 20 

10 r=kL we obtain 

If we take for example B,=o.z Vs/m2= 
=2,000 gauss, we see from fig. 14 that vo is 
about 3 8" experimentally, and the correspond- 
nig magnetic field line cuts the equatorial plane 
at a radius of 1.6 terrella radii. According to 
A h i n ' s  theory this point corresponds to 0.74 
L from the dipole if n = 3 and 0.63 L if n = 2. 
Therefore, we get 
for n = 3 : L/R = 1.610.74 =2.2, k = 1.76, 
for n = 2 :  L/R=1.6/0.63 =2.5, k=1.74. 
These values are quite reasonable. 

It is not possible to obtain a relation between 
Bp and the latitude of the auroral zones from 
equation (30), since we do not know how k 
varies with L. However, MALMFORS (1946) 
has obtained such a relation based on AlfvCn's 
theory. See also appendix II equation (7). 

- 

- 

cpa=maximum latitude angle of the auroral 

E =e!ectric field, 
R = terrella radius, 
a =magnetic dipole moment. 
Putting E =23 kV/m and R = 5.3 cm as before 
and using the relation between a and Bp we 
obtain 

zones, 

where Bp is measured in gauss. 
In fi . 15 the experimental results obtained 

equation (32). It should be pointed out, that 
this e uation is only valid, if there are real 

the terrella in the forbidden space, because 

from t I? e photos in fig. 6 are compared with 

aurora 3 zones with the equatorial regions of 

Telluq VII (1955). 1 

6 - 5 0 1 7 3 4  

I .  . . I  . . .  I . . .  I 
1000 1500 2000 BP gauss 

Fig. I S .  The maximum latitude of the auroral zones 
according to Malmfors compared with the experimental 
values obtained from the invisible discharge in fig. 6. 

Experimental values are indicated by + . 

the electric field theory is based on the assum - 
in the magnetic field is much smaller than the 
terrella radius. Therefore, the curves in fig. 15 
are drawn only for Bp > 1,000 gauss. It is 
seen, that the experimentally obtained curve 
approaches satisfactorily the theoretical curve 
at high magnetic fields. 

The angle va is always greater than vo, the 
minimum latitude of the auroral zones, which 
we have considered in the preceding section. 

tion that the radlus of curvature of the partic P es 

The eccentricity of the auroral zones and 
Stormer's trajectories. 

It may be seen from the photos, that the 
auroral zones are generally eccentric in 
qualitative agreement with Alfvkn's theory. 
In this section we will examine th s  eccentricity 
in some detail. In the two preceding sections 
we have considered two ossible explanations 

It is apparent, that from these considerations 
only, we cannot decide whether an AlfvCn- 
mechanism or electrons moving in high- 
energy orbits are responsible for the auroral 
zones. With high-energy orbits we here, as 
before, mean trajectories described by hi h 

cathode, and where space charge effects have 
been neglected. In the AlfvCn-mechanism on 
the other hand, s ace charges are essential, 

charge accumulated in the equatorial p ane 

of the auroral latitudes an B the forbidden zones. 

energy electrons coming directly from t f e 

because the aurora P zones occur where s ace P 
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, A i p o l e  axis 

Fig. 16. Definition of the eccentricity of the auroralzones. 

discharges along the magnetic field lines, and 
the energy of the particles may also be much 
smaller than in the case of high-energy orbits. 
As we shall see, the eccentricity strongly 
favours the Alfvin-mechanism, and there is 
also another reason against high-energy orbits. 

We define the eccentricity E as 
0, - 0, 

0 1  
& = -  (33) 

The angles 0, and 0, are defined in fig. 16. 
It may be noticed that 0, + qo = 112 z. In this 
definition it has been assumed, that the border 
of the forbidden region in the e uatorial plane 

of the auroral rin s, but it may more 

however, often bright spots within the rings. 
W e  do not know whether they belong to the 
rings or not, and so it is difficult to find the 
middle of the rings. The lower edge is more 
well defmed but seems to give something like 
10 % lower values of E than the middle of the 
rings. According to Alfvin’s theory the 
eccentricity should be about 0.26 or 0 . 3 1  
(because of the two possible ways of calcu- 
lating the forbidden zones). The only value 
which relates to nature is obtained by inter- 

according to the theory defines t x e lower edge 

robably define the midde bi of the rings. T ere are, 

preting the auroral curve from the measure- 
ments of the azimuth of auroral arcs. This gives 
E = 0.48 (see Cosmical Electrodynamics p. 186 
fig. 6.7), but this is a very uncertain value, and 
not much weight should be attached to it. 
From the invisible discharge we get a consider- 
ably smaller eccentricity. From fig. 17 it may be 
seen that at Bp = 1,000 gauss the eccentricity is 
about 0.13, and at increasing field it goes 
down to about 0.10. This discrepancy may be 
due to the geometry of the electric field. In the 
theory it is assumed to be homogeneous, but 
in the experiment it is strongly modified by 
the terrella. It has also been observed, that the 
eccentricity strongly depends on the terrella 
potential relative to anode and cathode, if the 
potential difference between anode and cathode 
is fixed. We can say that E = E (  V,) with V, - 
- V, = Vd = constant. The dependence is such 
that E increases with V,. The theory corre- 
sponds to V, = 112 Vd, but the curve in fig. 17 
is drawn for V,=0.29 Vd. The experiment 
therefore gives greater eccentricities than those 
in fig. 17. More recent experiments indicate 
that the eccentricity at V, = 1/2 V d  is about 
0.20. Details of these experiments will be given 
in a later communication. 

In nature the electric field is modifled by the 
earth‘s ionosphere, as it is in the experiment 
by the terrella. The above mentioned value of 
E in nature is probably too high. This is indicat- 
ed by magnetic storm measurements and will 
be considered in a later communication. 

There is also another very important ques- 
tion about the eccentricity: Is it possible to 
obtain eccentric auroral zones from Stormer 
trajectories, and can they be continuous around 
the whole earth or terrella? A detailed study of 
Stormer’s papers reveals that this is not the 
case. We can get a good picture of this by 
examination of his paper in Astroph. Norv. 
I. 4, second part of P1. XI. The orbits are there 
shown in the R--z-plane, the dipole pointing 
in the z-direction. If we follow the different 
orbits, we see that for higher values of y1 = - y, 
the electrons make an increasing number of 
oscillations through the e uatorial plane and 

exactly in accordance with our previous 
calculations (see the discussion before e uation 

means that the electrons move through an 
increasing meridional angle. This may be seen 

reach lower latitudes of t a e terrella. This is 

(22)). The increasing number of osci 9 lations 
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Fig. 17. The eccentricity of the auroral zones in the 
invisible discharge in fig. 6. 

I 

L 

L 

in Astroph. Norv. 11. I, P1. 111 and the ac- 
companying table on pp. 68-69 in the same 
paper. In fact, it is possible to construct from 
Stormer orbits an auroral zone, which is llke 
a s iral starting from a high latitude on the 

latitude circle from above. This as been done 
by Stormer and is shown in fig. 18 with 
subsequent y-values indicated. The observed 
auroral zone on the terrella may therefore be 
in agreement with Stormer’s theory on the 
dayside, where its latitude is decreasing from 
left to right, but not on the nightside, where it 
is increasing from left to right. The spiral also 
shows, that it is not possible to obtain auroral 
zones which are continuous everywhere, 
especially not on the cathode side. In the 
experiment they are continuous at least in the 
case of invisible discharge, although we have 
also noted a bri ht spot within the rings on the 

orbits (see fig. 9). 

ii cat g ode side and asymptoticall attaining a 

cathode side, w fi ch probably is due to Stormer 

Night side 

anode 

- dayside 

Fig. 19. Comparison of Stormer orbits in the R-z-plane 
and the visible discharge in the last photo in fig. 5 .  The 
Stormer orbits are taken from his paper in Astroph. 

Norv. I, 4, PI. XI. 

In fig. 19 some Stormer orbits from Astroph. 
Norv. I. 4, PI. XI are compared with the 
discharge in fig. 5 ,  the last dayside photo. It 
is very clearly seen, that there is insufficient 
space in the discharge for the electrons to 
oscillate through the equatorial plane so many 
times, that they can reach the nightside of the 
terrella (compare the y-values in fig. 19 with 
those in fig. 18). 

From t h s  we may conclude, that the general 
behaviour of the discharge is not governed by 
high-energy orbits, although some subsidiary 
features, such as the bright spots on the cathode 
side, probably are due to such orbits. 

It is apparent, that Alfvin’s conception has 
been confirmed by these experiments, that 
space charge accumulated in the equatorial 
plane, rather than destroy the whole pattern 
of motion, immediately discharges along the 

Magnetic Direction of Philips ionization 
dipole field electric field discharge 

I 
rerrella 

Drifi of 
the beam 

cathode 

Fig. 18. ‘Auroral spiral’ constructed from Stormer orbits. 
See STGBMER: Corpuscular theory of the Aurora Bore- 

alis, Terr. Magn and Atmosph. El, 22, fig. 4, p. 32. 
Tellur VII (1955). 1 

Fig. 20. Arrangement for suggested experiments where 
the neutral beam from the sun is also simulated. ‘N’ and 
‘S’ refer to magnetic north and south poles. At the 
‘Philips’ discharge, ‘c’ and ‘a’ mean cathode and anode 

respectively. 
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field lines. One should bear in mind, that experi- 
ments like these can never be a proper scale 
model of nature, but they can show in a con- 
vincing way, if a certain proposed mechanism, 
such as Alfvkn’s ‘auroral mechanism’, is likely 
to exist or not. 

Suggestions for further experiments 

As already ointed out it is impossible to 

laboratory dimensions in an entirely satis- 
factory way. In this section we will discuss one 
possibility of improving the experimental 
arrangement, so that we can be more sure of 
closer similarity to the real conditions in nature, 
as suggested b the electric field theory. 

most important difference between nature and 
experiment. Therefore, experiments arranged 
as indicated in fig. 20 may be more like 
nature. In ‘Phil; s-type’ discharges electrons 

the terrella because of the crossed electric and 
magnetic fields. As will be seen, this arrange- 
ment makes it possible to work with lower 
electric field and without the usual type of 
discharge between the plates. The only purpose 
of the electric field is then to guide the drift of 
the particles, so that the beam itself can 
produce space charges, which may cause 
discharges along the magnetic field lines, just 
as in the theory. 

We  have pointed out in the beginning of 
this paper, that according to the correct 
transformation laws we should have 

Bp w60 m a o n  gauss = 6,000 Vs/m2. 
Using (II) ,  however, we can get the same 
electron orbits (assuming the kinetic energies 
to be proportional to the applied voltage), if 
we use another magnetic field B’ and another 
voltage V’d, which are connected by 

scale down t x e real auroral discharge to 

The neutral B eam from the sunconstitutes the 

and ions are pro B uced, and they drift towards 

vd I00 kV, 

(34) 

If B’ =0.2 Vs/m2 = 2,000 gauss, we get v’d= 
=10-4 volts. As I O - ~  volts corresponds to an 
electron temperature of I’ K, this is impossible 
to obtain in any experiment. The only way to 
get any similarity with nature is to confine 
ourselves to a correct value of L according to 
(14) or (IS) 

If we want L = 4r0 (ro = terrella radius) at Bp = 
=2,000 gauss, and if we use 

(37) 

we get 

Xtia = 56 vd (39) 
or 

= 480 vd 
e 

respectively. If the magnetic field in the 
‘Philips’ discharges is say 300 gauss the elec- 
tronic energies in them must be 

(41) 
or 

(42) 
In the ‘Philips’ discharges V l  can be at most 
some hundred volts, and so V, becomes less 
than IOO volts. This low value of vd cannot 
cause a usual type of discharge between the 
plates. 

ev= e .  56 * v d  ( 3  . 10-2)’’a 6 evd, 

eV1 =e.480 vd. 3 * IOP2 % I4eVd. 

Appendix I. Calculation of forbidden zone 
assuming the electronic velocities to be 
isotropically distributed everywhere. 

‘According to the perturbation method for 
calculation of electron orbits (see AlfvCn: 
Cosmical electrodynamics, Ch. 11) we have 

p = ~ = constant of the motion (I) 

In a discharge collisions and plasma oscillations 
frequently occur, and they may to a certain 
extent maintain an isotropic distribution of the 
kinetic energies, which would not be possible 
if ( I )  is strictly valid. W e  may therefore 
assume, that an electron first moves a short 
distance, where (I)  is valid. The magnetic 
field changes with a small value dB during 

e v, 
B 
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this motion, and according to (1) VL changes 
to V, +dVl,  so that 

From this we get one of the curves in fig. 4 
which cuts the x-axis at 

3 - 
xfd= d 2 L  = 1.26 L, 

1 3 -  

2 
XI, = - -(2 L = - 0 . 6 3  L. 

Then collisions and plasma oscillations re- 
distribute ''' change that the At infinity we get (stdl neglecting v, and B,) 
isotropic distribution is maintained. 

3 5 -  
x = X D  = - V ~ Z  L = 1.89 L. 

2 
2 2 

The y-axis is cut at 
( 3  1 -V -Y+Vd 

3 3  
B B+dB 
_-  

$; 
where 2 / 3  V= V, butdl/=dVL ofequation (z), y = 5 -= = * 0 . 7 3  L. 
since dl/,,=o there. Integrating (3) we get the 

(4) 

\i 3 

Finally we must estimate the error made by new constant of the motion 
V?, 
B 

neglecting V, and B,. By putting 

xB, = Vi/a (10) 
x =  - 

Using the same notation as earlier in this paper, 
e. g. in fig. 3 ,  we have 

V =  V, + E ( X D  - x), 

B=B,+-- 
(x2 + y y a  

( 5 )  

(6) 

b =  co, (64 

b 

with 

4n 

B, is the solar magnetic field and eV, is the 
electronic energy far away from the earth. 
Together with (4) this gives 

with 

Supposing B, = 0.7 - I O - ~  gauss, E = 1.4 . I O - ~  
Vim and L = 7r0, where r, = earth's radius, we 
get ' = 3.85 . 105 m =  0.86. IOP2 L. 

E (14) 

Since B, and V, are very small compared to the 
other quantities, we can neglect them here. 
They affect only the orbits far away from the 
dipole, where they are of little interest. Then 
we pet 

whch is equivalent to 

(9) 

If we use this value in (13)  and put X D  = 1.89 
L, we find that = 1.026 at x =  1.8 L. Since 
+> I and steadily increasing with increasing x 
for every x < x D ,  the error made by neglecting 
Vo and B, is negligible. 

Appendix 11. Calculation of the aurod 
latitudes according to Maimfors. 

Earlier in this pa er frequent reference has 

(31)  is taken from his paper. Since it is out of 
print and somewhat inaccessible, it seems 
desirable to derive that equation here. 

Electrons are assumed to osda te  along 
magnetic field lines from the northern to the 
southern hemisphere of the earth. If the 

been made to Malm P ors) experiments. Equation 

Tellus V11 (1955), 1 
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amplitude is large enough, the electrons hit 
the atmosphere and are absorbed there, thus 
causing aurora. If r, is the distance from the 
dipole to the equatorial point cut by the field 
line, we get the equation of this field line 

r = ro cos2q, (1) 

and the magnetic field strength is 

Only the morning side of the earth (region 
between terrella and cathode) is considered, 
because the discharge is assumed to be generated 
there (at the singular point of zero drift 
velocity). The electric field E V / m  is then 
situated in the same meridional plane as the 
magnetic field line. If r=rl, q=ql  is the 
turning point of the electron, the ‘perpen- 
dicular’ energy there is 

where r V, is the ‘perpendicular’ energy in the 
equatorial plane. Since p 1  is rather near 90°, 
rl<ro and V, is small, we can simplify (3) to 

W e  also have 

r V ,  =eV, + eE(r, - r1 cos q1), (3) 

V,  = Er, ( 3 4  

(4) 

According to (28) in the beginning of this paper 
V, is determined by 

(5) 
E2 V,= 2.85 . 1 0 - l ~  -. 
B2 

Malmfors has used 5.7 instead of 2.85, becaues 
he has not considered the difference between 
V ,  and V; discussed after equation (8) earlier 
in this paper. Combining (2)’ (3 a), (4) and 
(5) we arrive a t  

If the auroral zones are due to electrons with 
r l z R  =earth‘s radius, and if (pa is the maximum 
latitude angle of the auroral zones, we get with 

ER5 
m2 - cos16 qa = 285 7 

Since m is of the order of unity, this equation 
is equivalent to the earlier equation (31). 

(7) 

(1) and (6) 
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