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Preface and contents

The three main directions of the research work conducted
by the VLF team at Innsbruck during the past four years
include:

1. Investigation of VLF propagation through solid media,
preferably rock, and construction of the necessary
measuring apperatus.

2. Measurement of the electrical conductivity & and the
dielectric constant £ of verious rock, preferably in
naturel state.

5. Theoretical studies on problems of excitation and
propagation of VLF waves in solid media.

In the present report, the research results of 1964 are
described. For a better survey and especially for better
orientation of laymen in the field of VLF propagation, a
brief review shall follow.

On the first main direction (chapters 1 and 2):

In chapter 1 (Apparatus) a small, easily portable field
strength meter for frequencies ranging from 1.9 to 25 kc/sec
i3 described. The nuvistorized apperatus has & high sensiti-
vity and a large signal-to-noise ratio. A wire-wound ferrite
rod, approximately 1 m long is used as an antenna.

The studies on optimum receiving antennas for VLF signals
have been terminated. The dimensioning of magnetic dipole
antennas with ferrite cores is discussed in detail.

In the mine of St., Gertraudi, a new transmitting entenna
with an antenna area of 1600 m* and a wire cross section of
135 mm* was set up in the immediate neighborhood of the VLF
laboratory there. The distances reached with this new antenna
are much larger than those reached with former antennas.

For studying the exact directicn of the electromagnetic
field of a VLF transmitter, a direction-finder anteuna was

constructed that cen be freely rotated in space and fixed
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in any desirable position. The results of measurement are dis-~
cussed in chapter 1.

For exact angular measurements in other mines when using
the portable transmitter, a small trensmitting antenna was
designed. Any angular adjustment bccomes possible with this an-
tenna, up to an accuracy of.i2o. It is mainly used for deter-
nining the directional patterns and field directions in the
neighborhood of geological interference zones.

In chapter 2, the propegation measurements in homogeneous
and in inhomogeneous rock of St. Gertraudi and Bleiberg, re-
spectively, are dealt with. A 50 VW transmitter was usecd for
measuring the propagation and the directional pattern. The
attenuation values thus obteined cannot be compared with the
attenuation of a remote VLF transmitter (GBR). It is shown
that the great differences in attenuation are assumed Lo
be due to the fact that one mensurement was conducted in tne
near field; whereas the other one was made in the far f{ield.

The difference in the type of propagation and attenuation ob-
served in th:c above two cases can also be derived theoretically.
The probler of near field and far field is discussed in
enother section giving a number of liagrams of the field strength

trend as dependent on the quantities r,~g3 w and €,

Measurements in inhomogeneous media made it necessary to
determine the value of the field s.rength et the point of
reception es well as the directicn of the field vector, If the
rock conteins inhomogeneities, %he latter may be determined
ruch more easily and accurately by measuring the field dircction

than by measuring only the field strength value.

On the second main directio. (chapter 3):

Measurements with dircect current and with alternating
current were conducted the latter in samples as well as in
solid rocke.

By means of measurements following the Wenner method it

was empirically shown from what ceclectrode distance onward the
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cffect of the gallery space on the result of measurencenc may 3
be neglected. It can also be seen that the WVenner mcthod is a
four-~electrode configuration well suited for meassurements in
mine gelleries (section 3.1).

The sample measurements yiclding a strong frequency de-
pendence of g and 6 were evaluated by K.W. Vagner's dispersion

theory, assuming a continuous distribution of relaxation times.

b it ekt s e

The graphic methcd by W.A. Yager wes used for the evaluation,
although ncither the results obtained for completely dry nor
those obtained for complctely damp semples can be evaluated by

means of the curves calculated in his studies. The evaluable

s 2.

resulte, however, show a good agreement between experiment
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and theory. The dependence of the humidity constants contained
in the theory was studied {section 3.2).

Furthermore the propegation resistance of electrodes in
solid rock as dependent on the frequency wes measured. The

6 values calculated therefrem, however, could not be made con- %

= .

sistent with the results obtained for the samples (section 3.3).

On the third main dircction (chapter 4):

The theoretical part of the present annual report is meinly
dedicated to one region essential for the excitation of VLF
waves: Dipole radiation in & homogeneous and conducting medium.
So far, dipole radiation in air or in vacuo as an elementary
process of every antenna phenomenon has been treated adequately |
in meny publications, and has been investigated in great
detail. Furthermore it has been pointed out that the mathe-
matical representation that describes the physical process
when passing from vacuum to & conducting medium must be inter-
preted with great care, and that for certain physical standard
concepts, the definitions used for processes in vacuo have
to be modified for describing the processes in a conducting
medium. So far, the relation between the two types of dipoles,

electric and magnetic, has not been studied sufficiently as

regards their cnergy balance. Therefore, a distinct comparison

between the electric and the megnetic dipoles for VLF waves in
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conducting medis has been describcd in section (4.2).

Besides the above problems, it was our task to develop the
theory of conductivity measurements by means of the potential
distribution of steady currents and thus zive an estimation
to what an cxtent the experiments conducted in mi.n2 galleries
below ground can be described by the usual expressions that

hold for homogeneous full spaces or semispaces.
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1. Apparatus
1.1 Nuvistorized field strength meter E4 for the VLF range

Introduction

A number of field strength meters were designed within the
framework of the VLF research program, and experiments with various
antenna designs were conducted (see annual reports). Owing to the
range of application - measurements in mines - the common character-
istics of the designs were small dimensions of the measuring device
as well as the antemnna, and operation independent of the mains supply.
VYhen developing the field strength meter E4, new means of increasing

the sensitivity and signal-to-noise ration were fcund.

Design characteristics of the field strength meter E4

The antenna of a field strength meter for very low frequencies
will in any case be small (its electric length as well as its
geometrical dimensions) as compared to the wave length A . In the
measuring range of the described device, A is about 10 to 300 km
in air. Coupling of a "“short" antenna to the transmitter field will
be correspondingly loose. The coupling factor will be increased on
the one hand by increasing .he area of a frame antenna, and on the
other hand by using highly permeable ferrite cores by means of which
the lines of force in the antenna coil can be concentrated. The use of
large frame coils as antennas had to be abandoned after several
experiments, as the attainable Q values were far too low. In order
to reach an induced voltage U as high as possible when using inductive
antennas with ferrite corss at a given field strength E, the effective
height heff which is very small for this antenna type, has to be
increased (see the relation U = hyope *+ E ). It must therefore be
the aim of the investigation and development to cbtain a low-loss
antenna circuit which has to be coupled to an amplifier with high

uit damping cause g
kept small as compared tov the radiation damping caused by the radiation

resistance o* the antennsa.
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These requirements, however, can hardly be fulfilled with
transistorized amplifiers, since their comparatively low-resistance
input damps the antenna circuit even at very accurate matching.
Furthermore it is impossible to utilize the whole circuit enevgy
for controlling the transistor, especially when using a series-
resonant circuit.

A number of studies were also dedicated to %the noise of the
input stage, because the signal-to-noise ratio should be as high
as possible even at small received field strengths.

The use of highly permeable ferrites as core material for the
antenna rods makes possible the construction of parallel resonant
circuits with a high Q value. High Q values of the circuit decrease
the band width and increase the signal-to-noise ratio k, which

is given by

u, 47" .n®ep*.Q .
k = E; = < =Q K .. (1,1)

defined for an electrical field strength E = 1.

u, = signal voltage heff = effective antenna height

v, = noise voltage n = number of turns of the anten-
Q@ = quality of circuit na ceil

By = permeability at the coil A = received wavelength

location having a distance a from the rod center

Ba/ﬁ (Ba = magnetic induction at the point of location)

= effective permeability when the coil is placed in the

peff
rod center.

The maximum input voltage that can be reached at a given field strength

is ag follows:
2nenep ‘E.F
1 = eff (1’2)
€ A
max

F = cross-sectional area of the coil.
The equations 1,1 and 1,2 show that it is dcsirable to reach high n,
v, (h pp)s an? 4 values.

Details on the use of ferrite untennas in the VIF range and
their calibration shall follow in a separate report.

The transistors were replaced by nuvistors in order to make f{ull
use of the high Q values of the entenna circuit resched by means of

a suitable design, i.e. to match the amplifier to the high resonant
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resistance. The first amplifier stage is a cascode with negative feedback.

The equivalent noise resistance

T

Re = 0.64 .—@-Ko-é-l—s—wz.s/s~4oosz

is determined only by the nuvistor triode whose cathode is grounded.

It is negligibly small as compared to the resonant resistance RO which
determines the noise voltage across the input: u, = VEEEZ?Tﬁg « The
cascode stage and the tuning capacitors were directly attached to the
antenna rod in order to reduce screening as fur as possible and avoid
additional circuit damping. A multiple cable connects this antenna
amplifier with the second part of the measuring device, which comprises
a selective amplifier, an indicator, and current supplye.

The second selective circuit was no longer built with RC networks,
but with LC series resonant circuits. High Q values of the circuit can
be reached by connecting these circuits between two cathode followers.
The utilizable resonance rise of the signal voltage makes another

amplifier stage superfluous.

Description of the circuvit diagram (Fig. 1,1)

Ve have already mentioned that the field strength meter E4

consists of two parts:

I. The antenna part (left of the dashed line in the circuit diagram).

The ferrite rod antenna A has a number of cross coil windings
which can be interconnected by means of the switch S1 yielding the

following values of induciance: in position 1 ... 2.19 H

2 ... 600 nH

3 «oe 352 mH
Resonant frequencies ranging from 1.9 to 25 kc/sec can be adjusted by
means of switch 82, the nonvariable capacitors Cl’ C2, C3 and the

variable capacitors 04, CS’ 06. Renge overlapping is considerably high
cwing to the high L-C ratio. The socket ﬁul is used for feeding a
calibration voltage, and for further experiments,

The alternating voltage induced in the antenna circuit reaches the
input of a cascode amplifier that consists of the nuvistors R6. 1 and

R6.2. In order to reach a maximum resonance rise of the entenna circuit,
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the latter is to be damped but slightly by the tube input. Measurements
yielded an optimum grid bias of 1.35 V which corresponds to a maximum
tube input resistance. The grid bias is produced as voltage drop at the
resistors R2 and R4 by the common anode current. The resistor RS causes
negative feedback. The anode circuit of the cascode is coupled with a
cathode follower (R&¢.3) acting as an impedance transformer via the
high pass C10 - R7 to attenuate interfering technicel frequencies.,

The anterna unit is pivoted on a stand and connected with the
1I. measuring part

vie a screened multiwire cable K. In order to keep the band width of the
measuring device small, the signal is fed to another selective circuit
which is constructed as a series resonant circuit., A range switch
consisting of 4 switch segments serves for switching over on the

1 through L4, and on the other hand the

capacitors C15 through C19. In one position, the seclective circuit

one hand the inductances L

is switched off whereby the band width of the unit is increascd. The
cathode follower (R6.4) connected after the selective circuit provides
low circuit damping as well asg low output impedance. The adjusting
potentiometer is used for emplification calibration, the socket Bu2
serves as output (connection of an oscilloscope etc.). Amplification

may be attenuated in stages (3 : 1) by means of a calibrated voltage
divider and the switch S4. The second amplifier of the mcasuring device
is the nuvistor stage R6.5. The amplified output signal is fed tn g
voltage multiplier stage (diodes D1 - D4). A direct voltage drup
proportional to the signal voltage occurs across the resistor R26’ This
direct voltage controls the anode current and thus also the length

of the luminesceni band of the tuning-indicator tube R6.6. This tube has
a double task: it makes the identification of keyed transmitters and
strong interferences much easier, and the instrument J calibrated in
millivolt input voltage lies in its anode circuit. The nonlinear division
of the scale of this instrument which facilitates the reading of small
voltages, and which corresponds to the characteristics of the tube, is
highly advantageous. If therc is no input signal, the instrument pointer
is on the right-hand side of the scale, corresponding to the maximun

tube current, i.e. at the zero point or the beginning of the mv scale
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(edjustment by the trimming potentiometer P2 with the switch S4
being in its lowest position). Overdriving of the instrument by
extremely strong signals is impossible, since the instrument
current will then become zero. Furthermore it is possible to use the
instrument for measuring the filament voltage and the anode voltage
by means of the switch S5. The filament voltage is indicated on an
expanded scale, i.e., the zero point of thc¢ instrument is shifted to
4 v by means of the Zener diode D5. Thus, a slight drop in filament
voltage can be read much more easily; this is of special importance for
accurate field strength measurements. Another improvement of the
stability is that the filament voltage of the indicator tube is
kept constant by means of a stebilization circuit (transistors Tr. 1
and Tr. 2, Zener diode D6).

A lead storage cell serves as =2 current source for filament
voltages, and an NC battery for the anode voltages. The switches
S6 and S7 are used as operating switches for measuring and charging. An
easily portable case with the dimensions 230-~x 130 x 140 mm and a weight
of 5.2 kg corteins the selective amplifier, indicator and current
source including the battery. The small dimensions of the device

also make possiltle measurements in difficult terrain.

Measured values

The resonance curve of the antenna unit - antenna circuit +
nuvistor cascode + cathode follower, without the selective
amplifier, 1is shown in Fig. 1,2. The solid curve holds for a
resonant frequency fo of 10 kc/sec, the dashed line holds for
3 kc/sec. The wmeasuring arrangement for taking the curves is
shown in the block diegram. The measuring frequency fx is produced
by an RC generator and measured with a digital frequency meter. A frame
coil, 30 cm in diameter, was used as iransmitting antenra. The antenna
stage of the field strength meter was set up at a distance of 6 meters,
a precise tube voltmeter being connected to it.

Measured band width at 3 dB voltage drop:

b=4f =4 - fo eeo 8t 3 kc/sec : 10 cps
at 10kc/sec : 75 c¢os
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This corresponds to 2 value Q = l/d = 300 at 3 kc/sec
= 133 at 10 ke/sec
The band width and resonance curve of the field strength meter with a
selective amplifier at 10 kc/%ec corresponds approximately to
the 3 kc/sec curve of Fig. 1,2,
Selective amplification V = Uo/Te at 10 ke/sec ¢ 1420-fold
at 3 kc/sec : 1580-fold
(Ue connected to Bu,, Uo is measured at Bu,, see Fig.l)
Smallest mecsurable signal voltage Ue (at Bul) : 5 wv (accuracy of
instrument reading)
Maximum meesurable signal voltage with connected uselective
amplifier : .2 mv
without selective amplifier :15C mv.
The background noise of the field strength meter with antenna
could not be measured as there is no suitable Faraday screen for
low frequencies available. A mecasurement in the Schwaz mine was con-
ducted to get an idea of the height of the noise level. The site of
measurement t:low ground was 2.2 horizontal kxm away from the
gallery entrance. The maximum depth was 1000 m. The noise signal

occurring at the output Bu, was measured by an oscilloscope.

This noise is composed of %he background noise, the local noise level,
and atmospherics. Measured with the selective amplifier it was as
follows:

at 10 kc/sec on average 12 uv background noise,

atmospherics 2 120 wv e (peaks)

at 3 kc/éec on average 10.8 uv background noise,

£t {peaks)

When the antenna was short-circuited - grid of the first cascode

I\

atmospherics

> 20 AR
grounded - the voltage was 0.2 pvges (at Buz). The antenna was
calibrated by the method described in the 1962 Annual Report. The
following relation was found:

1 mv induced voltage (Ue) corresponds to B = 1.75 - 10712 (Veber/m* ).
Thus, the smellest field strength measurable with the built-in instru-
ment is B . =1§.75 . lo-ls(weber/hz). At 3 ke/scc a field strength

of B =2+ 10 "' (Weber/m*) can be measured with a microvoltmeter on the
basis of the measured background noise., This is possible only if the
noise level of amtospherics is very low as it is the case in the mine

at great depths.

Fig. I shows the field strength meter.

Literature [1,2,3] .
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1,2 Magnetic dipole antennas for receivers

Introduction:

If VLF signals are to be received in solid or liquid media, the
space available for antennas is usuelly very limited. In the present
paper the problem is to be studied what antenna type is suited best for
recording electromagnetic waves of very low frequency (f €15 kc/sec)
in so0lid media, i.e. below ground. Another limiting condition for
the antenna size is the fact that the whole receiver shall be easily

portable.

1. Comparison of antennas

The sbove-mentioned conditions show that the electrical and
geometrical length of an antenna in any case will be very small as
compared to the wavelength A of the signal, The smaller the antenna,
however, the smaller its effective height and its radiation resistar.ce,
i.e. the more loosely it will be coupled with the electromagnetic
field [1]. The problems lie in the fact that the damping Rv by the
losses of the total antenna circuit is to be kept low as ccmpared to
radiative damping caused by the radiation resistance Rs, this meaas
that an antenna type has to be found whose efficiency is as high as
possible.

Theoretically, an electric dipole antenna of smell dimensions
ought to be sufficient also for the VLF region as long as it is
tunable. A materializable vertical electric dipole Laving an effective
height of 2 m for £ = 10 kc/sec has a radiation resistance of
Re ~ 10—6 Q. The induced voltage at an assumed field strength of
Eeff = 50 mv/h is 100 mv. The antenna impedance of a small electric
dipole given mainly by its capacitive resistance, is extremely high
and resonant tuning is possible only at large inductance. The useful
amplifier input voltaege will only be a fruction of the voltage induced

in the antenna. By means of a corresponding frame antenna, an

v +A wmannlh ~ndl
YV L Tavily lauda

resistance and the effective antenna height, lrowever, are very small.
Electric dipoles for VLF signals are effective only in the form of

long wire antennas.
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2. Magnetic dipele ferrite antenna

The introduction of & magnetic material {ferrite) makes possible

to concentrate the flux through w frame in a red of much smaller

dinenaicns.
Thus, anF”eff '
off. height hope = 3 (1,3)
the radiation resistance
soonta®pnl .
Rs = 2 (ly4)
A

The voltage induced in the antenna:

~ 2 Wb
Uind = 2nanBuefva, cps,m 4 T . (1,5)

When tuning to resonance we obtain

Uy = U, 4°Q = 2nfnFBu_..Q. (1,6)

Dimensioning (Fig. 1,3)

The value of p_,. in Eq. (1,3) depends on Byop 2nd on the ratio A/d
in Fig. 1,3 and should be as large as possible. The number of turns n
is given by the inductance L necessary at a given frequency f. Fig. 1,4
shows the dependence of the inductance of a short coil (n = 300) on the
one hand on its pnsition on the rod and on the other hand on the
rod length. Rod length A = 32,5 cm, curve 23 A = 65 cm, curve 4;
A =97.5 e¢m, curve 6.

Detailed studies of [4] have shown that it is favorable to
distribute the necessary turns over a winding width of A/2 in the
rod center. Bq. (1,6) for the voltage on the ferrite antenna is then
to be multiplied with the reduction factor k, since the winding
concentrates no longer at the rod center, having the permeability Rerps
k

k = 0.7 for a long coil over the whole rod.

1 for a short coil in the rod center

The final form of the equation for the voltage on & tuned ferrite

antenna then reads:
U, = 2nfnFBp .0k . (1,7)

el
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b) Design of an optimum ferrite antenna
The core material 1100 N22 of the Siemens + Halske Co. was

chosen for the reception of VLF signals in the tf'requency region

below 20 kc/sec. Its data are the following:

Yior © 1500

f . =1 kc/sec
min

£ = 20 kc/sec
mex

The material originally intended to be used for pot cores was
pressed into tube cores for antenna experiments. They have the
following dimensions:
Length: A = 16 cm, outer diameter d = 19 mm
inner " 9 mnm .

Optimum rod length:
Fig. 1,4 shows that an increase in rod length to more than 98 cm
at a given diameter would not be of any use. The optimum number of
turns, coil shape and coil position on the core were determined by
experiment. Fig. 1,5 shows the dependence of the rersonant voltage Uo
on the number of individual rods (= total length) - curves 2,4,5,6 -
and on the number of coils (each having n = 300) arranged around
the rod center. An increuase in rod length to more than 6 individual
rods and an increase of the number of turns to more than 6 coils
(n = 1800) does not increase theresonant voltage Uo ccnsiderably.

The quality fector Q in Eq. (1,7) depends on the one hand on
the losses in the oscillating circuit and on the other hand on the
iron losses of the rod. The measurements of Q as a function of the
coil position on the ferrite rod reported in various publicatiocons
have proved to be incorrect at least as far as the VLF region is
concerned. The re.sons may be that these measurements were con-
ducted at much higher frequencies, £ > 500 kc/sec, where Q is
determined almost exclusively by the iron losses. The measuring
device for studying the band width and the quality factor Q is shown
in Fig. 1,6. The RC generator G adjustable in decades is loosely
connected with the resonant circuit LC via & high-ohmic resistance R.
The resonance voltage is applied to the tube voltmeter RV via a
cathode follower and indicated as Up. Two series of measurements

were made:

rEIIR, e, o

R T ey

— ok . . B o .,




v st v

NS - TS

1. Band width b = 2Af as a function of the coil position
on the core, number of turns = const, f = const.
As L decreases towards the end of the rod, the L{ ratio
also decreases at a constant number of turns. Result:
curve by of Fig. 1,7.

2. Bend wirsh b = f(a). At a constant resonant frequency f,

the LC ratio was also kept constant by increasing

the number of turns towards the end of the rod. Result:

curve b, of Fig. 1,7.

Measurement of b,: At a given frequency of 10 kc/sec, C was

tuned to resonance and the generator voltage Ue was changed so
far that U, = 100 mv. Then fo was changed by f until UO was 70 mv,
The ...dicated value Af is b/2. The voltage Ue necessary for o
constant U_ us a function of the coil position (curve bl) is
plotted on the right hend side of Fig. 1,7. The result shows that
the band width and Q are constant over 2/3 of the rod length.
b increases only towards the end of the rod. A comparison between
b1 and b2 in this region clearly shows the effect of the decreasing
L/C ratio. Maximum Q at approximately 2/3 of the rod length (as
reported by a number of authors for higher frequencies) could not
be found. An increase in Q at the expense of a decrease in resonence
voltage wes not observed either. A maximum number of turns
distributed over %~ A/3 left and right of the rod center will always
favor optimum dimensioning at a given frequency of w = V%E . The
coils may be shifted towards the rod ends only in case the desired
band width is to be larger. Resistive damping of the antenna

circuit, however, is more adequate.

3. Design of a VLF ferrite antenna for the frequency range of
1 - 20 ke/sec

In view of the test measurements, a rod (98 cm long) consisting

of 6 tube cores (d = 19 mm) was chosen. The front planes of the
individual sections were ground and the sections were pressed
together (without adhesive) by an axial plexiglass rod with
tightening screws. The joints between the cores (y,x,x',y"' in
Figs. 1,3 and 1,7) do not affect the rod quality.

The mininum cut-off frequency is to be 1 kc/sec, therefore a
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total of 8 cross windings having %00 turns each were attached; at
higher frequencies only pert of the coils are used. Measurement
of the band width of the antenna circuit with the same device as
used for the diegram in Fig. 1,5 yielded the following values:
£,=73 ke/sec ... b = 10 cps, £ = 10 ke/see ... b = 75 cps.

A comparison of the output vorltage of this optimized ferrite
antenna with that of a small electric dipole at equal field

strength is of great interest. For this purpose, BEq. (1,7) is

written: 2r.n. F.E.p ...Q.k
U = eff y
0 A

with n = 2400

F = cross-sectional aresa of the rod minus cross-scctional area

of the bore

F =22 .10 % Q= £ /b =133

E = 50 mv " k *~ 0.8

b pp ™ 480 A =3 . 10% m(= 10 ke/sec) .

Substituted in the above equation, these values yield an output

voltage of Uo r 260 mv which mey be applied to the high-ohmic

.nput of an amplifier., This voltage is much higher than that of the

short antennas described above:

Short capacitive dipole Uind = 100 mv, but only a fraction can be
used as ampli.ier input voltage.

ind ™ C.15 mv

tuned: U ~ 20 mv

Ironless fr-me antenne 1 m diameter: U

4. Screening

In order to eliminate electric disturbances having a capacitive
effect on the antenna windings, slotted aluminum or copper cylinders
were tested. As the antenna is of high quality, these screens had
a strongly damping effect and reduced the antenne voltage to almost
50%. Screening cylinders causing lower lamping had a diameter of
no lesg than 40 cm. Thus, the antenna was quite unhandy for solving
special measuring problems in mines. A slotted screening cylinder
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turns - 0.3 mnt Cul, cylinder diameter 15 cm -~yielded much better

results. The wire winding wes cut open and every other wire was
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soldered to a collecting bar on either side. The principle is
shown in Fig. 1,8. The capacitor thus formed yiclded e frequenoy-
dependent scrcen, damping mainly noisc of high frequency. Damping
at a much smaller cylinder diameter is low.

For deteiled data on optimum ferrite antennas see our VLF re-

port [4,5]).

1.3 Transmitting antenna SAIX at St. Certraudi

The transmitting antennea SAVIII which had already been
described in the last annuzal report {2} and which was sparned
out in a vertical plane in the mine of St. Gertraudi, was
replaced by an improved and more powerful frame antenna., The
entenna area (1600 n ), howevar, was kept constant, but the
number of turns was increased from 3 to 10. This means an
increase in magnetic moument to more than the threefold as
compared to the previous antenna.

As the existing gelleries and shafts had to be used for
building the loops, the antenne area does not exactly form
a plane, However, the diagram shows that the deviations of
the antenna shape from a vertical plane frame are not very
large. For distances of measurcment that are large as compared
to the frame dimensions, this antenna acts like & horizontal
magnetic dipole whose axis and the NS direction form an
angle of approximately 400.
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In order to reach a large antenna current and thus also a
large magnetic moment with the available transmitter whose
output power is 1000 w, the resistance of the total antenna
windings had to be not higher than 1 ohm. In this case an
antcnna current of more then 30 a occurs which is a consider-
able increase as compared to the former antenna. The low
antenna resistance was reached by a sufficiently large wire
cross section (aluminium wire being 135 mm’ in diameter).

The construction of the antenna loop involved several
electric and mechanical problems that had to be solved satis-
factorily. In this connection the problem of insulation has
to be mentioned, as it was decisive for the actual attainable
antenna quality as well as fcr the attainable resonant current.
Insulation was impaired especially by the fact that a great
numher of insulstors were required in the narrow and windy
galleries,which because of the high atmospheric humidity are
covered with a thin layer of condensed water mixed with dust.
If furthermore it is teken into account that the voltage across
a tnrn nay be at least 300 v under good working conditions,

o meximum difference of approximately 3000 v between antenna
and earth occurs. The occurring surface leakage currents de-
teriorate considersbly the quality of the antenna circuit,

thus decrensing the antenna current. Fig. II shows o section
of the antenna construction; it can be seen that the insulators
are large so thet sufficient insulation is guaranteed also
under the poor conditions in the mine. The frame is tuned t»
series resonance and adapted to the amplifier output in a

way that has alrecdy been described in former reports.

Measurements with this transmitting antenna were conducted
up to a distance of 7 km, in this case, however, part of the
distance of measurement gces through air, as the St. Gertreudi
mine has no galleries of the desired dimensions. These test
measurcments showed, however, that it is favorable to place
the receiver deep below the earth's surface us thus the at-
mospheric noise level is attenuated and the full sensitivity

of the receiver can be utilized.
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1.4 Direction-finder antenna

For detailed studies on the direction of the electromag-
netic field in the neighborhood cof the transmitting dipole,
the existing receiving antennas [2] have not been suited.
Preliminary experiments showed that the deviations in field
direction caused by differing rock conductivity (transition
between dolomite and lead ore of better conductivity) are
only a few degrees, Furthermore, the change in field direction
(AX) which is due to a rotation of the traonsmitting antenns
(Aa) varies according to the conductivity of the medium, which
also made a more suiteble receiving antenna desirable,

The new direction-finder antenna was constructed such that
the exis of the receiving antenna rotates freely in space and
can furthermore be fixed in any desired position; the plane
of rotation of the receiving antenna can also be chosen accord-
ing to the conditions of measurement. The necessity of choosing
a certain plane of rotation of the receiving antenna was
evident alreedy during the measurements in the mines of
Bleiberg [7] where the direéctional pattern of the transmitting
antenna along & steep ore body was measured. The antenna is
set up in such a way that the base plate which simultaneously
serves as a plane of reference, is fixed horizontally at the
beginning of a measurement, then the antenna axis is adjusted
in north-south direction (Fig. 1.9). This position serves
es the starting position reletive to which a field direction
or a change in field direction can be measured with an
accuracy of + 1°.

Fig. 1.9 shows the direction-finder antenna and the
arrangement of the circular sceles in a schematic diagram.

The antenna circuit on the whole agrees with that of former
receiving antennas. The ferrite rod is approximately 50 cm

long, the coils being arranged et its center. The resulting

3
]

gsonance elevation of the receiving voltage can bhe
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ully
utilized by adapting the high resonance resistance of the
parallel resonant circuit to the low-ohmic input of the meter

by means of 2 suited impedance trensformer. The circuit of this
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impedance transformer which has an input inpedance of approxi-
mately 10 megohms is shown in Fig. 1.10. Such a high input
resistance can be reached by the simple method of a double
collector base circuit equipped with two transistors of high
current amplification. The frequency dependence may be largely
neglected, since the circuit shows a constant amplification
factor (v = 0.95) and a constant input inpedance (10 megohms)
up to 600 kc/sec. The current (6 - 12 v, 1 mA) is supplied by
the indicator.

The impedance transformer and the resonance tuner together
with the receiving antenna form one unit so that the connecting
cables can be made as short as possible. For measurements in
other mines where there is no pecwerful stationary transmitter
availsble, the 50 w amplifier described previously is uscd. As
far as a well-known and reproducible angle»& is required for
such measurements, a coil whose axis can be adjusted into a given
direction with an accuracy of approximately t2o is used as a
transmitting antenna., The transmitting antenna is aligned in
the usual menner by means of a compass and mine map. The angle
is based on = 0° and can be chosen arbitrarily in order to
study the transmitting antenna or the dependence of the field
direction (¥ ) on the alignment of the transmitting antenna
(/) (see 2.3). In contrast *o former transritting antennas,
this new design makes possible to rotate the antenna axis
also in vertical direction. This represents a considerable
improvenent as numerous neasurements frequently have to be
conducted along a steep ore body, i.e. passing from a higher
to a lower floor Cﬂ.
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2. Propagation measurements

Review

In our third annual report, measurements in several mines
and different types of rock have been described. The studies
conducted in a pctussium and salt mine, various iron ore mines
and & coal mine were treated in detail, The results obtained
were of great interezst, ehowing that the methods of neasure-
ment developed in the Tyr lean mines of St. Gertraudi, Schwaz
and Lafatsch are applicable also to other types of rock,
yielding good results. Farthermore, the obtained results of
measurements were compared with the existing results; thus,
facts were obtained that hold for a general theory of propa-
gation in different types of rock.

The most important points that result from the measurements
conducted in Northern Germany in 1963 shall now be summarized
in brief. The program of measurement of the 1964 report is
based on them.

1. The measurements were conducted in reock having a strong-
ly changing conductivity (Konrad I having approximately
1071 mhos/m and Hansa III approximately 1078 mhos/m). In

these cases the conditions of propagation were as expectsd,

Py

in the second case a very strong attenuation occurred, with
transition from the pure near field to the far field being
observed at 20 m; attenuation in the second case was very small
and was related with a very great expansion of the near field
which extended even beyond the remotest points of measurement.
If the conductivities are so small and the frequencies are
below 10 kc/sec, the pure near field of the transmitting
antenna may be several kilometers.

2. Almost all measurements were made in very inhomogeneous
rock. The mineralization on the whole was concentrated to a
very small section of the range of measurement having approxi-
mately the shape of a vertical ore layer 10 to 20 m thick.

As the conditions of measurement as well as the geometrical

conditions were too complicated to be accurately evaluable
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by theory, a great number of measurements had to be made. A
comparison with the results obtained under homogeneous condi-
tions enabled us to determine the effect of inhomogeneities
from the above results. For this method, however, very compre-
hensive data of measurements are required in order to evelu-
ate unknown conditions of propagation,

3. Measurements of the received field strength of the
GBR transmitter that were conducted in Tyrolean mines as well
as in mines of Northern Germany showed different attenuation
in horizontal and in vertical direcction. Attcmpts of explaining
this phenomenon have already been made in [2] and in [6], yet
there still exist doubts as to the correctnes. of these ex~
planations, A repetition of the measurement in a mine was
very desirable, where field strength measurements in horizontsal
galleries and in vertical shafts were possible beginning at the

earth'!'s surface.

2.1 Measurements at Bleciberg

In order to complete the ebove program of measurements, an
excursion was made into the lead mines of Bleiberg (Kidrnten).
The measurements conducted there can be summarized as follows:

1. Propagation measurements through homogeneous or weakly
inhomogeneous rock.

2. Measurement of the directional pattern of the trans-
mitting antenna and determination of the rock con-
ductivity. These measurements also made possible state-
ments on the near field and on the far field.

3. Measurement of the decrease in field strength of the
GBR transmitter in rock in horizontal and vertical
direction.

This program was intended to serve as a supplement to the above
studies and to yield explanations of unknown phenomena such
as the difference in attenuation of GBKR signals in vertical
and horizontal direction. This was the first measurement in

a large and strongly minerelized lead mine.
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ad 1) The propagation measurements were made at a frequency
of 3 kc/sec. The rock lying between transmitter and receiver
mainly consisted of Vetterstein limestone, at individual points,
however, minerelization in the form of lead sulfide and
sphalerite was found. These ore inclusions werc only small as
compared to the total distance of measurement (20 - 30 m
mineralization as compeared to 400 - 800 m of measurement) .,
Therefore the effect of this mineralization could not be 3seen
in the measured curve. Figur 2.1 shows the curve of the

Bleiberg measurements (curve 1 and Table 2.1).

Table 2.1

m &° TUe [nV)
90 85 2400
192 20 400
250 20 190
320 15 110
385 18 63
400 8 51
440 3 36
650 3 8
860 2 3

At a distance of approximately 400 m, attenuation proved to
increase owing to a change in rock. For reasons of comparison,
a curve calculated for 10-4 mhos/h conductivity was plotted

as a dashed line. This shows that up to a distance of 400 m
the conductivity was smaller than 10-4 mhos/h, whereas at
greater distances it wes higher than the assumed value. If the
dashed curve is assumed to be a mean value, which mey be done
for approximation, the attenuation factor for the first kilo-
meter, beginning at the trensmitting antenna, is approximately
66 db. At the first glance, this value seems to be rather high,
but it must be tekan into account that this value only holds
for the immediate near field of the transmitting antenna. The
greater the distance of mensurement in the far field of the
transmitting antenna, the lower becomes the value of attenu-~
ation per kilometer., This shows that the attenuation depends

on the distance from the transmitting antenne and it is
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only in the far field that attenuation per kilometer becomes
constant. Yet, the above value is quite important, as will be
explained ir detail in chepter 2.2 in conncction with the

; near field and the far field. The curves 2, 2a and 3 plotted

i in Fig. 2.1 show the effect of the different attenuationsin

: the far field and in the near field. Curves 2 and 23 give the
I decrease in field strength of the GBR transmittor during the
horizontal penetration into the earth's surface. The two
curves only differ by the fact that the distance from the
shaft mouth (m) is plotted in curve 2, whereas in curve 2a the

depth (m¥), i.e. the shortest distance between the site of

measurement and the earth's surface are plotted. Curve 3,

however, gives the decrease in field strength in vertical

direction.

, Table 2.2

: horizontal measurement

P

! m m* Uelnuv]

: 560 150 64

! 650 175 44

: 750 205 40

’ 850 240 31
920 260 28

Table 2.3
vertical neasurement

; m Ueluv]

, 0 400

; 50 70

%‘ 100 30

. 200 15

J 300 15

. 400 12.5
450 11
500 7.6
600 5.6
650 5.0

Tn contrast 4o the results of measurcments in the mines of

Northern Germany [2] , both curves show approximetely equal
attenuntion. By means of cxtrapolation, the attenuation of

the GBR transmitter (16 kc/sec) in rock having a conductivity
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of 5~10"3 mhos/h, vas found to be approximately 22 db. In
order tc explain this discrepancy between the vaiues of atten-
uation obtained from propagation measurements with the trans-
mitter set up in the mine and those obtaincd from measure-
ments of the GBR transmitter, we may state the fact that in one
case the attenuation in the near field was measured, and in the
other case in the far field. At what distance the far field
begins and in how far the distance depends on the conductivity
of the medium and on the frequency is shown on the one hand oy
measurements of the radiation pattern of the transmitting an-
tenna (chapter 2.4) and on the other hand by theoretical con-
siderations discussed in the next chapter.

Besides the studies on the above problem, the conducti-
vity of rock was also determined in the mines of Bleiberg
by measuring the directional pattern of the transmitting san-
tenna by means of the function y(r,k). Figur 2.2 shows a
graphic representation of the function y(r,k) for severel
conductivity values and for a frequency of 3 kc/sec. The values
of measurement in Teble 2.4 are also plotted and make possible
to determine the electrical conductivity. Since, however, the
different points of measurement were made in rock of changing -
ore content, the results show an adcquate straying. For dead
rock, the mean value of conductivity may be assumed to be
.‘LO"4 mhos/h, whereas for more strongly mineralized rock this
4mhos/m,
as was shown by measurements of the four-electrode configuration.

value increases somewhat, being approximately 5°10

How far this method of determining'y(r,k) makes possible to

prove spatially confined inhomogeneities is discussed in
detail in([7].

Table 2.4
Frequency of measurement
3 kc/sec
m Y(I‘,k) }
192 1.55 ;
385 0.80 |
100 1.80 ;
101 1.97 f
150 1.93
191 1.11

-
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2.2 Near field - far field

For a better understanding of the experimentel results
it is important to know whether a measuremecnt is conducted
in the near field or in the far field of the transmitting
antenna. The conditions of propagetion differ decisively
for these two cases. Vlhereas the near field is cheracterized
by the fact that the Hr component of the electromagnetic
field prevails as compared to the Hg component, this re-
lation of components is reverse as the distance of measure-
ment increases, i.e. at the transition from & pure near field
to the far field. If the measurement is made at a great
distance from the transmitt:r or more precisely at a distance
from the transmitting antenna that is large as compared to
the antenna dimensions and the wavelength, only the
4ﬂcomponent of the magnetic field vector is left over. In
propagation measurements in the high-frequency region,
this case alcne is considered. At the short wavelength
usually studied, the effect of the near field of the trans-
mitting antenr.. may be largely neglected, es it is too
small as compared to the total range of measurement. If the
propagation conditions of VLF waves are to be studied, this
otherwise neglected range is of main interest. Considering
that the wavelength in a medium of average conductivity
(‘5-10"4 mhos/m, i.e. dolomite, for example), is approximately
4 km at a frequency of 3 kc/sec, the near field extends
over a range of at least 10 km. Then the transition zone
begins which at distances larger than that gocs over into
the actuel far field. An increase in freguency or conducti-
vity causes a decrease in the near zone,which must not be
neglected, not even in this case.

A principal point which has alreedy been pointed out
(chapter 2.1) is the fact that the attenuation of an electro-
magnctic #ave in a conduciing medinm is much larger in the

near field than in the far field. This becomes cvident from
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the expression (2.1) in chapter 2.3 for the magnetic field
strength of a radiating dipole in a conducting medium.

At small distances r, the first terms with high powers
of r give the main portion of the field strength. At very
lerge distances, however, the cxponential factor is de-
cisive, whercas the parenthetical expression assumes a con-
stant value determined by the conductivity.

Furthermorc, the equation shows that at JL= Oo, which
corresponds to the Hr ccmponent, the field strength decreases
much faster towards zcro than at = 900. In order to illust-~
rate this behevior the magnetic field strength |H| was
calculated for scveral frequencies beginning at 1 kc/éec
up to 100 kc¢/sec. Figs. 2.3 through 2,10 give & represent-
ation of the ficld strength trend as dependent on the distance
of measurement r. The curvesA¢= OO and JL= 900 were cal-
culated and plotted alweys for one frequency. Thus, a
comparison of the Hr and HQ components is possible at other-
wise constant parameters. It can be seen thet the families
of curves arc almost consistent even at larger distances
(5 - 10 km). Especially at 3 kc/sec we mey not speak of a
pure far field at distances of up to 10 km. Even at higher
frequencies, e.g. 100 kc/sec, an esgential quantitative
difference between the two fiecld components Hr and H.g
becomes effective only at a distance of several kilometers,
which corresponds to a distance of measurement of at least
10 wave lengths. At the first glance, this result may
be surprising, but it can easily be confirmed by experiment
( see section 2.4).

The fact that the c¢xamination of the near field yiclds
intere¢sting and useful results shall be shown by means of
Fig. 2.10. It shows how the attenuation of electromagnetic
waves depends on the distance, furthermore it shows attenuation
to assume a comparatively small, constant value within a cer-

S J 8

nterpreted dy the fact that
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migsion yields the most favorable field strength at the
point of reception. This shows that not every frequency may
be used, but that the epplicd frequency has to be deter-
mined in accordance with the electrical properties of the
rock &nd also with the distance of every individual measure-
ment. For transmission below grcund, the most favorable
frequency of transmittion has therefore to be determined

in accordance with the conditions of propagation.

In the part that follows, another item confirming the
difference of propagation conditions in the near field and
in thc fer field shall be discussed. In chapter 2.1, the
rather high value of 66 db was determined for “attenuation
value/km", which holds for the immediate near zone of the
transmitting antenna. In contrast to this value, there is
that of 22 db for the attcnuetion of the GBR transmitter
measured in the same mine under equel environmental con-
ditions, despitc the much higher frequency (16 kc/sec as
compared to 3 kc/sec). Thesc two results may be looked upon
as being reliable, as thcy were obtained in several differcnt
nines as wcll as in different types of rock. It has aiready
been mentioned in chapter 2.1 that this discrepency in etten-
uation of the electromagnetic wave may be explained by the
fact that one measurement was made in the near field and
the other one in the far field of the transmitting antenna.
Considering expression (2.1) of chapter 2.3 we find that the
terms decisive for the near field dccrease with the third
and fourth power of r. In contrast to it, attenuation in

the far field is determined only dy the factor e—kr/r.

2.3 Meagurement of the dircction of the magnetic field

strength

In the propagation measurcments conducted and described
80 £9r, the direction of ficld strength is not taken into

account, only the amcunt of the field strength being measured.
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A comprchensive investigation of the propagation of electro-
megnetic waves in the rock, however, has to include the field
direction and its change as dependent on the properties of the
nediun. The results obtained so far suggest that thc direc-
tion of the field is well suited to give an explanation of
the structure of the medium much more accuratcly than the
absolute valuc of the field strength. Vhereas the Zatter
depends on the sum of the clectric properties of the medium
between transmitter end receiver, a change in the field
direction that can be well obscerved, may be caused by an
inhonogencity that is small as conpared to the entire disvance
of measurement. The conductivity integretcd over the entire
rcgion of transmission, and thus also the absolute value of
the field strength, do not change noticeably owing to such

a small inhomogeneity.

On the basis of the equations

= {F + By = me(r,d)

and
-kr 2
h(r,x) = & [4°°§‘%(—% s 2L o) 4osintdb (L
T T T: T r4 r3
12 3
+ %é— + 4%— + 4k4)} 1/2 ) (2.1)

describing the magnetic field strength vector under the
assunption of an unbounded and weakly conducting medium (1],
the direction (y) of the ficld vector can te calculated

fron the two components Hr and H.t. In general, the following

relation holds for the angle y (see Fig. 2,11):
4
tany = Es
T
or with allowance for the dependence of the components Hr
and Hg on the alignment of the transmitting antenna, i.e,
on the anglez@; the relation
I 0O
tan ¥ = h(%=907) .tan & (2.2)
o)
h(F=0°)
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Substituting the function y(r,k) [z] and solving the
equation (2.2) for)(, we obtain the desired expression for
the direction of the field:

+7%, = arctan ﬁ;nrféﬁb . (2.3)
This expressicn shows that the direction of the field at a
certain point having the distance r from the transmitting
dipole, decpends on vﬂas well as on the conductivity of the
medium in between. At & swnall conductivity, i.e., if the
value of y(r,k) lies between 0.5 and 2, the field direction
X changes almost proportionally to the direction of the an-
tenna axis. It is only at increasing conductivity that x is
approximately 90o in a wide«?zengc. This case corresponds
to the conditions of propagation characteristic of the far
field of a transmitting dipole. For the parameter y(r,k)
ranging from 2 to 0.1, the e¢xpression (2.3) has been cal-
culated and represented in Fig., 2.12. The field
direction mcasured in an almost homogencous rock at St.
Gertraudi is well consistent with the curves plotted in
Fig. 2.12. The direction-finder antcnna described in chapter
l.4, which allows angular measurcments to be conducted with

an accuracy of up to a few degrees, was used &8 a receiver.
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Table 2.5

450 m 720 m | 820 n

11 3 keps l 11 3 keps I 11 3 kcps
F X X J x % Lox  x
215 -12 -6 -17 -6 -7 -16 -9 -9
15 11 0 13 12 12 14 21 17
45 39 20 43 67 31 ' 44 40 23
15 76 58 73 87 59 | 74 79 56

2.4 Propagation measurements at St. Gertraudi

The newly developed dircection-finder antenna was used for
neasurements in the St, Gertraudi mine in connection with the
prcoblem of the direction determination of the electromagnetic
field vector H in a homogeneous or inhomogeneous rock,
dealt with in chapter 2.3. It is the eim of these examinations
to makec statements on the dependence of the field direction
on the alignment of the transmitting antenna and at the same
tine to get 2 further possibility of determining the near field
and the far ficld.

On the whole, such a statement is always based on the pre-
vailing component of the dipole field. This cosiresponds to
the determination of the function y(r,k) introducsd in [7]
and represented in Fig. 2.2. If the determined functicn value
is smaller than 0.1, i.¢. if the JLcomponent is 10 times as
large as the r componcnt, we may consider the measurement in
the far field to be of good approximation.

This method has becvn expanded by allowing for the size of
the ficld as well as for the change in field dircction at the
point of rececption as dependent on the direction of the trans-
mitting antenna axis. The derivation in chepter 2.3 shows that
the ficld dircction is in close relatic . to the electric pro-
perties of the medium through which the electronagnetic vsave

e v

propagates,
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Figures 2.13 and 2.14 show the results of measurcment obtained

at 3 kc/sec and 11 kc/sec at several distances from the
transmitting entenna. Threc curves arc plotted in each polar
diagram, for the distances 450 m, 720 m and 820 m. The scale
along the periphery gives the angle of measurement mg. In
radial direction, the receiving voltege was plotted in a
logarithmic scale. The two components Hr and H,Q of interest
(sce Table 2.6) were obtained from the four points of
nmeasurement that correspond to four different A values.

Fig. 2.14 shows the predominance of the Hr component over
the H, component even at a measuring frecquency of 11 kc/sec
and at a distance of 80C m., This means that the near field
reaches far beyond this rangc. Teking into account that the
wave length in the St. Gertraudi dolomitc at that frequency
is at least 1 to 2 %m, the above result is by no neans
surprising. As long as the distance of measurement is

small as compared to the wavelength in rock, wc cannot speak

of a far zone.

Table 2.6

Voltage of reception in nv

Frequency 3 kc/sec

Hr = 450 m 720 @ 820 @
02 30,37 7.54 4.90
30 28 .60 6.80 4.51
602 21.50 4.99 3,60
90 16.91 3,17 3.03
Frequency 11 ke/sce
Hr = 450 @ 720 m 820 m
0° 14 .35 4.05 2.25
3)° 13.30 3,55 2.07
602 10.90 2.26 1.61
90 9.45 1,15 1.33

The field dircctions which belong to every point of measurement

and which fit well into the ficld line picture of a dipole,

-~

havse been plotted in the two figures, The table 2.2 in chaptor

2.3 gives a comparison of the direction of the transmitting

antenna exis with the corrcsponding field durcctions. As this
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measurement was conductcd in the near field, a small angle of

rotation  of the rield corresponds to the angle of rotation A

of the transmitting antenna axis (see also Fig. 1.12 where
the vnlues measured at St. Gertraudi are plotted besides the
curves derived theoretically).

In the foregoing sections it has been pointed out that a
statement on the homogeneity of rock is possible by measuring
the fi.ld direction. Wherecas in former measurements only the
quantity of the field strength vector determined by a con-
ductivity that was averaged over the entirec space, had been
measured, the field may be distorted alrcady by small spatial
inhomogeneities. The measurements of St, Gertraudi, ccnducted
in an almost homogecneous rock, arc used as preliminary studies
for a detailed investigation of the above problem. The next

step will be similar nmeasurements with the new and improved

device in irhomogeneous or mineralized rock. In this connection,

g study of the refreaction of field lines along the rock - air
interface might be of special interest. Such a study night
nmake it possible that the propagation path of VLF waves can
be followed when leaving the conducting earth's surface and
entering the atmosphere. It has already been shown that a
refraction occurs along this interface and that the field
direction there is not consistent with the purcly geometrical
fi.ld direction that is expccted. Because of the unsuited
device, detailed measurements €< fer have not been possible,
The sites of mcasurenent at St. Gertrauli are well suited for
such a program of neasurement, as it is possible to conduct
reasuremnsnts in field direction below ground as well as along
the rock ~air interfoce. A change in measuvring frequency of up
to 100 kc/sec wouléd also ~ffer the possibility of studying
the behavior at this conductivity discontinuity in the pure
near ficld as well as in the fer field. It is essumed that

different effeccts will occur which are expected to be of great
interest.
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3. Conductivity mecasurerents

3.1 Direct current measurenents

In continuation of the studies discussed in the 1963
report, conductivity meesurements with direct current w.re
conducted also in 1964. The problem from what distance a on-
ward the effect of the gullery space is negligibly small when
applying the Wenner method, was solved. For this purposec,
first & quantitative estimation regarding the required distance
between the electrodes was made by means of an analytical re- !
presentation of the flow pattern (section 3.1.1), secondly,
the effect of the rock inhomogeneity on the result of measure-
ment was stadied by everaging over a large number of measure-
ments conductied at different sites, and thug the result of
estimation was checked by experiment (section 3.1.2). A

strictly mathematical solution of the problem was found, but

it has not been snumerically evaluated up to date (section 3.1.3).

3.1.1 In Scientific Report Nr. 9 [B], an expression was de-
rived giving the current distribution between two punctiform
electrodes in a homogeneous full spece. In the spherical co-

ordinates r, y and }it reads:

( r - hcos J- T + h cos~l )

‘\Jrz + h2 - 2rh cos 3 Jrg + h5 + 21‘hc>ozsm$l5

Yr T 4m

j =0 (3.1.1)

h«sinﬁg’ h‘sinny‘ ,

= 4 _-7?========f§r
\&'2 + h2 - 2rh cosﬁ"r)’ Qr + h~ + 2rhcos 5

. I
i ===

From it we caelculate the portion I1 of the total current I

which flows through a circlc having the radius R and the centwr
M, whose plane is perpendicular to the line connecting the

two electrodes, i.e. = % + For this case the following ex-
pression is valid: i




o
1
n

'i' (I‘,E = O
. T I:h
iz,3) = ==
2n¢(r + h )3
For Il we ¢btain:
2n R
I.h h
I, = J( j’ F==Sm== rdr dy = (y - ——s ) (3.1.2)
1 i & 2n Y(=* + ha)3 R2 + h°

I..100
I
(in percents) of the total current versus the

Fig. 3.1.1 shows the quantity b = which is the portion

of the current I1
quantity R/2h which is the ratio betiween the radius of the

circle on the one hand and the distance between the electrodes

on the other., For b = 10% we have R/2h = 0.25. If the diameter

of the gallery (1.5 m) is substituted for R, we obtain 2h = 6 m.
At that distance between the electrodes, in an undisturbed

space, 90% of the cufrent flows in the plane given by F= n/2

and the point M outside a circle whose radius is equal to the
diameter of the gallery. For a justiiied application of the
full-space expression for the Wenner method, this distence of
electrodes, however, iz not sufficient, as the probes are too
close to the electrodes where the disturbing effect of the
gallery is larger than in the mentioned plene., In section 3.1,2
it is shown that the distance of 3:lectrodes for the Wenner method
has to be at least 20 m. This would mean that in an undisturbed
region (according to R/2k = 1.5/20 a 0.075) cnly 1% of the
current would flow through the circle given by the diameter of
the gallery., The study that followe below shows the suitability
of the Wenner method which is favorable, because the relative
error of voltage measurement becomes small owing to the great

distance of the probes,

Y.1.2 The voltage profile along the line connecting the electrodes
and along a line at the opposite side of the gallery was measured
and compared with the theoretical voltage prcfile for the cor-
responding conductivity. The measurcment was made such that one

voltage probe was fixed at M during the period of measurement,
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the sccond cne was fixed to the measuring points in between.
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Using the denotations of the above Figure (see (2] , 1.10)

the {ollowing relation is obtained for the conductivity:

I R .
6J= o ~ Rz (5-103)

Al)l &6 values were calculated frem the measured voltage values

on the electrode side, and from them the arithmetic ﬁean 6 was
‘ calculated. For the mean value é, the theoretical curve of the
! voltage trend was plottcd in a diagran,

Results of this measurement in the Morgenschlag (diameter
1.5 m) arc represented in iigs. 3.7.3, 3.1.5 and 3.1.6,
where A is the calculated voltage tre. 1 for 5, B is the voltage
trend on the line connecting the electrodes, and C is the
voltage trend on the opposite side.

The “hecretical curve is in good agreement with the vol-
tege trend on the connection line. The correct absolute value
of conductivity will be cobtained only if the voltage on the
opposite side of the gallery is also equal to the calculated
voltage. It is only then that the current distribution may be
assuned to correspond to that of the homogeneous full space

18

or 24 m, sufficient agreement is rcached, whereas for 2h = 10 m,

over the maximum poriion of the space considered. For 2h

the voltage between the probes at the clectrode side is still
twice the value of the voltage on the opposite side, when

applying the Yenner methold (locationsof the probes in the Gia-~
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gram are marked with arrows).

In the gellery at St. Gertroudi, whose cross section is
much smaller, sufficient agreement is given already at
2h = 10 n (Fig. 3.1.4).

The following mecasurement completes the obtained picture.
For the Venner method, the ratio UE/ﬁG of the voltage between
the probes on the electrode side, and the voltage on the oppo-
site side was formed for different distances a (electrode
current I = 1 ma). Fig. 3.1.7 gives all measured ratios
UE/UG versus the distance a (Table 3.1.1). Furthermore, the
mean value calculated from the measured values are plotted.
The values measured for small a show considerable deviations
due to the rock inhcmogeneity. The values for a = 5 or 10 m
were neasured in the Vestschlag whose dimensions correspond
to those of the Morgenschlag. Here, the inhomogeneity apparent-
ly is stronger in the direction perpendicular to the gallery
axisj this would explain the difference in the ratios UE/UG
in Table 3.1.1, which occurs with the electrodes once being
orr one side of the gallery and then on the other side. This
might also be the reason for the comparatively great deviation
from unity.

The difference between the large and the small gallery
which had been expected, becomes evident by the measurement.
The deviation of the measured values, however, is equal for
both galleries.

The conductivity measurements with direct current in the
mines thus yield the following results: All sites of measure-
ment show an inhomogeneity of rock that exists already in small
regions. Therefore only a mean velue of conductivity can be

measured. For determining this mean value, the Wenner method

proved to be well suited if the distance a is sufficiently large,

under the present conditions > 7-8 m (diameter of the gellery
1.5 m). At that distance, the Wenner method is of sufficient

accuracy also when small electrodes are used which are easy
to fix,
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Pable 3.1 a

Morgenschlag, Westschlag

continued

10.5 7 0.120 0,091 1.3 0.108 0.096 1.1

8 0.094 0.081 1.2 0,095 0.076 1.25

12

.

13.5 9 0.080 0.078 1.0 0,078 0,070 1.1
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Table 3.1 b

Gertraudistollen
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Table 3.1 b
continued
Gertraudistollen
M a U U U U U U
at B, Gy ﬁ—E- B, G -U—E
G G
4.5 3 0.62 0.58 1.1 0.58 0.36 1.6 -
5.5 3 0,43 0.28 1.5 0.46 0.38 1.2 _E_q 39
6.5 3 0,61 0,36 1.7 0.40 0.36 1.1 U, -
7.5 3 0.47 0.27 1.7 0.40 0.35 1.1 i
6 4 0.37 0,35 1,06 0,30 0.31 0.97 _I?a - 1.01

3.1.3 Conductivity mecasurcments by the potential dictribution

of steady currents

The current distribution of spherical electrodes {homo-
geneous full space) or semispherical clectrodes (semispace)
has been described in{8]. The current density j was obtained as

a gradient of the potential @
.?. —-—
J = -grad o,

which can be found by elementary considerations and which nust
be a solution to the equation A = O with the corresponding
boundary conditions. In.[B}the possibility of detcrmining the
contact resistalnce bctween the electrodes and the medium has
been discussed and the definition and determination of the
penetration depth of the excitation was taken into account.
The conditions that nust be fulfilled for applying the ex-
pressions to the honogeneous semispace have also been dis-
cussed. The expressious considcred in {87 thus held for a plane

interface in a honogeneous scmispace., Measurements below ground,

— mman mme o= e ewe e e aas



however,were conducted in the gallery of a mine and it has been
shown by experiment that a measurable excitation occurs on the
opposite wall at least at large electrode distances. How far the
potential lines and the depth of penetration are affected by

the curvature of the gallery wall is to be shown in further
studies. The gallery of the mine may approximaetely be looked
Upon as a oylinder of infinite length and the radius =a. The
electrodes are to have a distance of Q = 90 from the cylinder

exis and z = z_ from the z = O plane (Fig. 3.1.8).

' N F
$ST7
oF Eo
>2-;O
. S
Figo 30108! ,,'\

Without the cylinder being present, their potential would ve given

by :

5 1/2 1/2
M - 1|/ + (- 1) - 1/GE+ (24 3)) K3e1.s)

If this is changed so that

b= 4 3%, (3.1.5)

where éﬁ is the stray field conditioned by the hollow cylinder,
then $ is a solution to the following boundary prcblem:

Ad =0 (3.1.5a)
(1) 8
-3, - ag . %g Noua =01 (3+1.50)
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thus

’ aiﬂll 26°
ag =8 = a? 9:& :
(3.1.50) follows from the fact that for ¢ = a there cannot

>
exist a component of the current density j thast is vertical

(3.1.5¢)

to the cylinder mentle.,

(3.1.5a) expressed in cylinder coordinates reads

2= 2=
A particuler integral of this relation is the following ex-
pression:
K (mg;)a(z) (3.1.6a)
= Yoo + 92 - 299 cos m ..., separation parameter

g(z)= cos m(z - z )~ cos m(z + zo)

=

O(x) e.. modified Neumann func-
tion.
It will be seen that the boundary condition ¢= a can be ful-

filled with the formulation for &°

9

$° = ffn(m)Ko(ms’l)g(Z)dm = (3.1.6b)

(0]

( 1) {‘f (n)K (mg)I (me)g(z)dm cosn p  (3.1.6c)

ﬁf\/13

0

In(x) ... modified Bessel function £ =1, § =2
+ o » Neumann number n=1,2,...

&

and thet the integrals of (3.1.6c) are convergent. (3.1.6c)
foilows from (3.1.6b) by applying the addition theorem

w

K (mg1 = L—b€r< -1)° cosn y K (q?)l (ma) , (3.1.64d)

_?)a




For ¢ = a the following expression is valid:

- %?— = - ;:én(-l)n jfn(m)Kr'l(ma)In(ma)mg(z)dm-cosn N
n=0 0
.2 1 1 ]

(except for the constant I/4n

which is omitted here)

(o) oo !
= E—)% ZEn cosn_bofln(mf)Kn(mgo)g(z)dm . (3.1.7)
n=0 0 §=a
For mfn(m) we thus obtain
X (mp )I'(ma)
nf (n) = (-1)* E?(magl ?ma) . (3.1.70)
n n
Hence we have
S 7 (me )I! (ma)
@8 = —Z%LEH cosn XDJ 2 Kr'g:(()ma? Kn(mg)g(Z)dm .
n=0 0
(3.1.82)

This means that the total field E_I_') is given by the expression

- 4 ¢ -

= L 1 _ 1
Am \fg"l + (z - zo)2 \fgz] + (2 + zo)
— FK (mp)1r(ma)
mep '{ma
- 7111; E’n cosny‘l( nK;lz;a)n Kn(ms:)g(z)dm . (3.1.8b)
n O

Choosing the integral representation for the first part of (3.1.8b)
like that of (3.1.7), we may also write

o0
@= Z];’ {Zgn cosan(Kn(mfo)In(mg)g(Z)dm h
n 0

N 7 - . 17 v
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K (m )I'(ma)K (mo)
_—E—_g cosnff 5o K'(ma) s g(z) dm}

YR s,
;f\}{’%""?“f.? S

= ZIT; & cosnyJ I (mS));{'(ma) - I'(ma)K (mg)Jg( Ydm .
(5.1.80)

- &yve thus obtain an expansion into Fourier series in cos
&= = § & cosny A (3.2.9)
= 4T T n

wvhose coefilclents A (?,4) are given by the integrals

X (WQ )

_*m__g_ , o

A (§,2) _f > [1_(ag)&2 (ma) - 7 (ma)K_(mg)]e(z)em . (5.1.92)
0

For'9= a, the parenchetical expression under the integral of

(3.1.92) becomes equil to the Wronski determinant LS(In(ma),Kn(ma));

its value is thus:

él(In(ma),Kn(ma)) = -~ 1/ma . (3.1.9b)

This is the problem which is of greatest interest. On the cylinder

surfacc, the potential is given by the following expression:
?

Z (mg_)g(z)
C_b(ayzy\)o) == ’na 76 cosnf mK'(I?lZ)g dm.

(3.1.9¢)

The convergence of the integrals in (5.1.9c) is easy to prove.
Writing

dm =

7 & (mp )e(z)
A (a,z) ~ (.mgﬁ(i;)

I+ J,, (3.1.10)

M o2
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the estimation

©
_(ng,)e(2)
le =|Jf mKﬁ(ma) dml <
M

fK (mp,)
f lmK'(ma

is obtained for J2; if M is sufficiently large, we may use the

dn (3.1.10a)

ﬂ “’°

mK'

asymptotic expression for Kn and Kﬁ.

K (mgo -_) Jnmf —mS)O

K'(ma) y ;a; e .

Thus ’ o0

J <f -m(? d\l (3.1.10b)
o X = m 0 3.1,

this integral being convergent fiir 2 ¥ a., As the integrand in J1

=

stays finite, i.e. Cauchy's principal value exists for n = O,
convergence is guaranteed. The current passing through a cir-
culzar plane having the radivs R in the plane z = 0, is a

measure for the depth of penetration. This current is given by

n R
J(R) = f%%g dg dyp (3.1.11)
a
2n R
oL
T
=_Z;t- Zén cosnj'?f—é—;-l- Z=g dy d)o=
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J(R) = Jij"iT?EET (mg)Ké(ma) - Ié(ma)Ko(mjﬁ] m sin mz _
+dmg do . (3.1.11a)

The latter expression (3.1l. llbg is valid only for S><-? + For '
? ‘f the incident field @

& (1)

reddb

—Zf cosn)oJ I (mfo)K (my)g( )dm

yielding

2n a¢> R 2n 3
ff ?dgd%f(a gag ay
0

3(R) °

]

K (m )
0

- Ié(ma)(aKl(ma) - SEKl(mfb)] sin mz_dm +

—a m——— —— P

o
Io(mfo)Kc')(ma) - Ko(mgo)I(')(ma)
* % K! (wa) : [foKl(mS’o) -
: z
x
. RKl(mR)] sin mz_dn . (3.1.12) i

The expressions (3.1.12) and (3.1.9c) can now be evalusted

numerically which is planned to be done in the near future.

3.2 Mecasurements with samples

3.2,1 The frequency dependence of & and & was measured by means

of rock samples. The measuring arrangement used is described in(2].

It was studied whether the samples have & high surface conducti-
vity. For this purpose, a guard ring capacitor was used. Since,

however, he results with and without guard ring are consistent, !
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the rest of the measurements were conducted without 2 guard ring
as balencing the guard ring circuit is very time consuming.

The results of the measurement were cevaluated by X.W. }
Vagner's [9] dispersion theory. In this theory it is assumed o
that the frequency dependence of £ and & is determined not by
a single relaxation time v, but by a relaxation function y(7).

v changes continuously from O to o, whereasgﬁ(r} is determined

by the distribution function k(t) of the relaxation times.

Vagner assumes that the distribution of v is governed by a

probability function. He assumes a distribution of the relaxation

times round about a predominant relaxation time Ty the density :
of the distribution being given by the distribution constant b. :

Wagner's distribution function has the following form:

2 2
k(t)dr = %ﬁﬁ e ® %4z (3.2.1)

This leads to a relexation function yp(1)

o0

-z
k-b Bzt~ z - (v/3,)e
= . 0 dz e2e
39(‘1’) F—n’to fe (3.2.2) |
-m 3
3
with the quantities z, = In wr :
z = 1n r/ro .

By means of this relaxation function we obtain the following
expression for the real part and for the imagirary part of the

complex dielectric constant £xs

< v

o0 2
e [1 . kb e__bz Zzo e_bzna . cosh(2b z, - l)ri dn]
3 0 Vr cosh n
0
00 cosh 2b*z n
¢ +k-b 2 2 2 2 0 !
g = ‘5%;- e P z?fpe-b n cosh m _ o® (3.2.3)

with n = 2 + z0 = ln wr,
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These expressions contain four constants, each having a
physicual meaning:'gm, Y, T, and k. & 1is the dielectric constant
at optical frequencies, b gives, as has already been said, the
density »f distribution of relexation times about the pre-
dominating value 10. For T, the following expression is valid:

1

"o = Znt. (3.2.4)
n

with fm being the frequency at which g¢" has a maximum. k is

a measure for the total dispersion, since

o
8

50 = 5a£l + k) or k = TE—TE__ (3.2.5)

©0

for all values of b et w = O,

A good reproduction of the experimental data by this theory
would prove that the messurement was not affected by any dis-
turbing factors such as for example those that may occur by
electrode polarizaticn,

FPor examining experimental data on the basis of Vagner's
theory, W.A. Yager presented a graphic method that has been
applied in the present study [10].

3.2.2 Graphical method by WV.A. Yager:

A new variab1e¢(defined by $\= 5;/&; is introduced, with
Eh = " at f(a) and EN = £" at £(x).

For f > f we choose f(a) = 10 £(x), then we have d'< 1.
For z, we obtain

z_ = In fx/fm .

For a given frequency ratio, dis independent of £ and k,
but is & function of b and Z . Yager calculated J‘as dependent
on b for various values of Z From two experimental Jﬂvalues
we may thus plot two curves z, versus b yielding a point of
intersectiony b and Z, and fm,lrespectivelm are determined by

this point of antersection. furthermore, Yager calculated the

¥
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curves g"/twk and (g -‘gw)/éwk for values of b £ 2 and for
different values of Z, For the value of b, which has already
been determined, the curves calculated by Yager yield 5"/%;3
and (g' - Em)/kmy for different z, values., For equal frequency
values f we then plot E"/&ook versus ‘ngp and (g' - 6w)/6mk
versus géxp' If the experimental data can be represented by

Yagner's theory, two parallel lines must be obtained whose

slope is given by Emk. The point of intersection of the ordinate

with the straight line for g' yields the value of‘ﬁa. Thus, all

constants of Wagner's theory are determined.

3.2.5 Experimental measurements:

The 716-C General Radio capacitance bridge wes used for
the measurements applying a substitution method. The first
balancing was made with the grounded plate of the capacitor
altogether removed, i.ec. only the intrinsic capacitance Cs
of the measuring capacitor being connected. According to the

expression given in the General Radio T716-~C Capacitance Bridge
Manual we obtein:

CP .., constant cepacitence in the second bridge branch. For

the second balancing, the capacitor contained the sample:

C=Cp- (cm+ cs).

According to expression (5) of the Manual we obtain

and for the real part ¢' of the complex dielectric constant:

|_Pﬂ_é_c.
£ ¢ ¢ °
(o] (o]

o]
4+
Por the loss factor D the

X

Tlawdmae avomamsdac 4= ==ad3.
ac CLi0WiNg CXPICS510ii 1B vaiiasd

C was calculated from the geometrical dimensions of the sample.
£
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c! c! -
D = ZE«(D - D) = Ac D (3.2.7)

as D' was zero in all measurements.

The complex dielectric constant has the form

6*= E' - i&":,

tne loss factor

"
tand =D_ = éT .
x &

If (3.2.6) is substituted,

AC C' A C'
noo_ ', = T 4 — o = e— 3, .

is obtained for the imaginary part of the complex dielectric
constant. As the curves czlculated by Yager comprise only a
certain range of frequencies, which depends on fm’ not all curves
could be evaluated. Especially the humid samples that are most
similar to the naturel state of the rock are unsuited for an
evaluation; their D values are very high at low frequencies,
therefore they cannot be measured with the available bridge.

Very dry samples for which fm is much smaller than 1 cps are

also unsuited for eveluation, as the measuring bridge cannot

— — —

be used for £ < 30 cps. For medium values of humidity, however,
all four constants of Wegner's theory could be determined.

In the present report the result of measurement obtained
with a dolomite sample that was studied at seven different values
of humidity, shell be discussed. Humidity was changed in the
same way as described in [11]. In [?1] it was stated that
especially the humid samples showed certain difficulties in
reproducing the measured values as well as a considerable change
of the measured velue during the measurement. This could be
avoided by storing the samples for several days in a room of .
constant absclute atmospheric moisture. In order to increase the ,%
moisture content of the samples, the absolute atmospheric

moisture was increased by raising the temperature , the relative




3 ~ 18

atmospheric moisture being kept at 100%. Attention must be

paid to the fact that the samples had to be stored under constant

conditions for a sufficient period of time in order to keep
them uniform as to their miisture content.

The sample discussed here is a dolomite sample of low
porosity. It was first dried (measurement 1) and then stored
in a humid atmosphere (messurements 2 - 6). Then the sample
was kept under water for one week (measurement 7). Keeping
the sample under water for a longer period did not increase
its water content. The amount of contained water was determined

by weighing, it is expressed by the value p = S2:100

G = Gl = weight of the dry sample

AG = GN - G,

3.2.4 Results of measurement

The results of the seven measurements of the sample D3
(dolomite) at different values of water content are shown in
Figs. 3.2.1, 3.2.2 and 3.2.3, respectively, &', ¢" and & being
plotted versus the frequency f. The values for & are obtained

from those for ¢" calculated from the complex dielectric

constant. ¢
* . B ' . b
£h= ¢ (& - je") = g (€ - e -

This yields:
6’= 6" .aoo(D (3'209)

The 6 values were plotted to make possible a comparison with the
.teasured values of [ZJ o At all humidity values, 6 was found

to increasc with frequency, but the increase becomes smaller as
the water content increases, This fact might be an explanation
of the observation that the conductivity measurements made in
solid rock (section 3.3) and the measurements reported in {1{]
and [15] do not remarkably depend on the frequency, since it is
not xnown whether the water content of the sample after the

treatment required for its production can be restored to its
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original value. At & further increase in humidity, an even '
smaller increase of 6 with frequency is possible.
All four constants of Wegner's theory could be determined only
for the measurements Nr. 3, 4, 5 and 6. For neasurement Nr. 1
(dry sample), only the value of b could be estimated, whereas :
for Nr. 2 an estimation was possible also for fm. The estimation
given for measurement Nr. 7 {after saturation in water) is very
unexact, since the diagram b versus 2, gives a grazing inter-
section,

In 3.2.2 it has already been mentioned that the straight-
ness of the curves &"/Emy versvs 82xp and (g' - gw)ﬂgmk versus
5éxp is & measure of the accuracy with which Wagner's equafions
explain the experimental data. For measurements Nr. 3, 4, 5 and
6 the respective diagrams are shown in Fig. 3.2.4. The points
of measurement al. lie on a straight line with sufficient
accuracy to make possible the determination of q” and k. The
results are summarized in Table 3.2.1. The first column gives
the number N of the measurement, the second one the weight G
of the sample, the third one the increase in weight P in

pércents as compared to the weight G, of the dry sample.

1

Table 3.2.1

I G I B T S T

1  34.9518 0 A 0,10 .

2  34.9523 0.00143% 0.12 0.017

3 34.9531 0.00372 0.19 0.36 9.2 27.8
4 34,9560 0.0120 0.24 11 11 24.4
5 34,9563 0.0129 0.26 41 16 14.7
6 34,9569 0.0146 0.29 81 17 11.8
7 35.0157 0,183 > 1.0 s 800cps

The table shows that the four constants of Wagner's theory depend

on the water content of the rock. Thewalue b giving the density
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of the distribution cof relaxation times about the predominnting
value T increcases with the moisture content. This corresponds
to a decrease of the frequency range of anomglous dispersion.
The value fm, i.e. the frequency at which g&" has a maximum,
also increascs with the moisture content. Only the value k
wvhich is a measure of the total dispersion between f = 0 and

f = o, decreases., The increase in &, with p can be explained

by the mixed body theories, since the value of the dielectric
constant increases with the portion by volume of the constituent
that has the highest dielectric constant, in this case it is
water having £= 81.

Fig. 3.2.5 shows the frequency dependence of the experimental
values Eéxp and ﬁgxp as well es the values £y and £y of
measurement 6, calculated by Wagner's theory, since the curves
ocalculated by Yager comprise best the used frequency range
for this measurement, wherecas for the other measurements they
comprisec only smaller parts of the frequency range. In order
to illustrate the effect of the constant b on the result, the
data for the correct value of b = 0.29 (solid line) and for
the arbitrarily increased value b = 0,31 (dashed line) were
plotted. The measured points of the two quantities &' and g£"
are well reproduced by the curves calculated with b = 0,29,

Too high a value of b yields a steeper slope of the curves

and thus also a frequency dispersion of 6 which decreases

with the moisture content, since 6 is calculated by multiplying
g" with WE .

This examination was also made with other samples of rock,
but only for 2 values of humidity. A measurement conducted with
a second dolomite sample yielded the same results as above., Also
for new red sandstone used for studying the reproducibility [11],
the constants b, fm, &, and k assume similar values as for
dolomite, as well as the samples described in [2] from the mine
at Willroth, which consist of ore embedded in dead rock., All

these different sorts of rock have approximately the same po-

PERURR.. -l
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rosity. The results obtained for a sample from the ore mine
of Salsgitter (oolitic ore) cannot be explained by Wagner's
theory. In Fig. 3.2.6 they are shown for two different values
of water content.

In contrast to the other samples, the curves fcr g'" show
a minimum that cannot be explained by Vagner's theory. The
dispersion cannot be represented by a relaxation function for
which a distribution of relaxation times about a prevailing
value of T, is assumed. The shape of the curves, however, would
rather suggest twvo different prevailing relaxation times., An
evaluation in this sense has not been attempted so far,

"7 On the whole it may be said that the frequency dispersion
of conductivity and dielectric constant of minerals observed
in rock samples can be well described by Vegner's dispersion
theory. As this theory only contains four constants which ali
have a physical meaning, and as it is based on the Curie law
saying that the reversible absorption current is proportional
to the applied voltage and to the geometric capacitance, this
agreement may be taken as a proof of the fact thaet the sample
measurement yields correct values for g' and ¢" and thus also
for éf, and that the results of measurement are not affected

by other effects.

3.3 Measurements with alternating current in solid rock

%.,3.1 The 716~C General Radio Capacitance Bridge was
also used for measuring the propagation resistance between twc
electrodes fixed to the rock, namely steel pins described in [2]
which have also been used for the d-c measurements described in
section 3.1. They have a diameter of 2a = 0,7 cm and a length
of h =5 cm. The propagation resistance of such an electrode

can be calculated easily (see e.g. EEﬂ). We obtain

R = m 1n = (33-1)

From a certain electrode spacing onward, tne total resistance of

W—m‘"’""“"‘ T T T e e = - - - - - e
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the arrangement is practically independent of that distance.
This is the case when the clectrical flow pattern near one
electrode does not change when the electrode spacing is veried.

The total resistance then is twice that ¢f one clectrode

R = pay 1n = (3.3.2)

The above expression is the same as that used in [13]. The
constant factor which is contained therein and which causes a
decrease in resistance, is due to the fact that for the used
dipole arrangement the distance between the two dipole halves
still has a certain effect on the resistance,

A Schering capacitance bridge, e.g. the 716-C General
Radio Bridge can be uscd for determining the quantities C and R
of an equivalent circuit diagram of a dissipative capacitor. 4s
the capacitance between two electrodes of the above form is
very low for rock with a small diclectric constant, parasitic
capacitance of the feeder cables and bridge screening are
usually highexr than the capacitance between the electrodes.
Their elimination by a substitution method, however, is
difficult when measuring in solid rock, since the measuring
bridge during the measurement is iocated opposite a wall
naving not a uniform votential, but a potential drop along it.
This makes impossible to get an accurate measurement of the
capacitance between the electrodes. The quantity of the re-
sistance R of the equivealent circuit diagram, however, can be
determined accurately, because it is not affected by the
geometrical arrangement of the feeder cables in contrast to
the total capacitance, i.e. the sum of the parasitic capacitance
and the capacitance between the electrodes. This can also be
shown by means of measurements, e.g. by conducting two measure-
ments with the same geometricel arrangement, where one electrode
first is located on the potential of the bridge screen, then it

is used as a hot electrode. Vhereas the value of capacitance
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differs considerably in the two measurements, the value of the

resistance R remains constant.

3.3.2 Results:

In contrast to the sample mensurements (section 3.2),
the results of conductivity measurements in solid rock do not
yield a remarkable frequency dispersion. They are shown in

Fig. 3.3.1. The values are calculated from

§=—— .12, (3.3.3)
Because of the limited resistance range of the capacitance
bridge at low frequencies, 5'cou1d only be determined between
5 and 100 kc/éec. Fig. 3.3.1 shows five measurements made
at ciectrode spacings of d = 0,5, 1, 2, 3 and 4 m. The
dependence of conductivity on frequency is very smell and the
velue of & is of the same order of magnitude as the d-c value
determined by a four-electrode arrangement. The small fre-
quency dispersion and the resulting absolute value are in
good agreement with the results of conductivity measurements
in rock described in [l}],which were conducted in drill holes,
In the above report, R was not directly measured with a bridge
because ¢f the long connection wires, but the observed impedance
wes substituted by an equivalent circuit. From it, R was de-
termined. This complicated method is superflucus in the method
described in the present report, since it does not require long
cables causing a considercble loss factor; for the present
method bare wires were used, but the principle of measurement
was equal to that of the above report,

The results, however, do not agree sufficiently with the
¢ values measured in samples, neither with respect to the ab-
solute amount of d, noer to the frequency dependence. The reason
for the differences in the results of ihe two methods of
measurement has not been explained catisfactorily. Above all

it seems necessary to conduct measurements with humid samples
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and to extend the measurements in solid rock up to the fre-
quency region of 30 cps - 200 kc/sec, by improving the
measuring device, in order to conduct an accurate comparison

of the results. This shall be done in continuaticn of the
present studies. Furthermore, an attempt shall be made to

apply the evaluation of measurements by Wegner's theory also to

rock samples having their natural water content.
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4, Theoretical part

4,1 Model tests

The great interest in the propagation and excitation of electro-
nagnetic waves of low frequencies as well as the technological and
financial difficulties involved by VLF-wave studies favored the
use of model tests. Such tests have already been conducted, e.g. inEPﬂ
Some general considerations on the results of model tests in conducting
material of this special type, which are intended to describe the
propagetion below ground, however, show that they are not of very
great importance.

Discussions on such model tests have already been published inliS]
and shall be repeated in a more critical form in the present paper.
The wave equation for the dimensionless direction vector ﬁo yields
the relations between the scale factor =, the electric parameters &,

M and 6 of the simulating model and the model medium, as well as

the frequency
d = r/}m = (s,m/e)l/2 wn/w (4,1a)
6. /6 = (am/s)l/?éw (4,1b)

The index m indicates the model size,

On the whole, only one quantity, namely Gh of the equations
(4,1a) and (4,1b) can be chosen. It determines above all the maximum
attainable model factor o ,being itself determined by the maximum
attainable model conductivity (in such a way that the medium is
in a state in which tests below ground are still possible).

Assume that the most favorable model material representing & homogen-
ears full space T3 been found and a model factor o can be reached wvhich
makes possible measurements over a distance of up to 100 km in
laboratory tests, there are still several difficulties. In this
case, antennas whose dimensions are much larger than the used wave
length would be required for studying the process of propagation.

The model test would then yield results on a process which could

never be materialized, as no antenna can be built whose length is
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a multiple of the wave length. If the conditions were so favorable
that the antenna dimensions are only fractions of the wave length
a1so in the model test, the emission of such antennas would be
proportional to their length and the excitation would decrease so
rapidly that also in the model test only the near field could be
studied. In situ such studies do not involve any additional technolo-
gical and financial expenses. All what has been said above regards
the homogeneous full space.

A simulation of the homogeneous full space, i.e., investigation
of VLF propagation below ground and at a great distance from the
earth's surface, in the optimum case would only represent a measure
of estimating the underground homogeneity. Although this is of
great interest, it does not justify the great expenses.,

It would be much more important, however, to simulate the
system air - earth, since the conditions at the earth - air inter-
face which are of great practical importance would thus be made
accessible to detailed studies. Here too, the model factor o has to
be chosen in such a way that the conductivity of the model ground
does not exceed the conductivity of water, acidified water or any'
other liquid exhibiting favorable properties. Otherwise, underground
measurements would be impossible. The possibility of simulating the
ground by metals and measurements in boreholes has already been
nentioned in 5551 , at the same time, however, we have pointed out
that the measurement can no longer be adapted to reality owing
to secondary effects, e.g. skin effect, The use cf a conparatively
enall maximum condsctivity (of liquids) requires the choice of a
low model factor o which means that only the near field can be studied
if the dimensions of the model are to be kept in tolerate boundaries.
The latter, however, is necessary as otherwise the model test would
in no way be superior to field experinents.

When studying the near field where no ionospheric effects are
to be expected and where the earth - air model is quite sufficient
for simulating the field conditions, model tests are suitable,

Model tests in conducting media thus are only adequate for studying
underground antennas (or antennas under water) and are certainly

very useful as long s the used model factors make possible the
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simulation of the antenna dimensions themselves. Laboratory tests
with antennas whose dimensions are approximately egual to the used
wave length or even larger, might be of interecst in the sane
way as investigations of the directional properties of antenna
arrays with clements having distances of several wave lengths,
but they cannot be applied in practice. Their results therefore
have no practical importance at least not for studying VLF -weves.
Sumning up we may say that a model test under the above con-
ditions can only yield useful results voncerning the antenna
properties and the near field. For reasons of better understanding
let us explain the expressions near field and far field used in the
present report. In order to decide whether a point of observation
is situated in the near field or in the far field of an antenna,
only the ratio of the wave length to the distance between the
site of observation and antenna is decisive (in contrast to the

definition of some authors, the antenna size is not inmportant).

Near field 2mR << A
Far field 2mR >> A

4,2 Dipole radiation in conducting medisa

The field of an electric or magnetic dipole embedded in a
conducting uniform and unbounded nedium is mathemstically described
in the same way as for a vacuun. The parameters characterizing the
medium are to be replaced by the corresponding complex values in
which the conductivity is taken into account. Under certain circum-
stances, with the conductivity being sufficiently high, the
displacemnent current may be neglected and simpler expressions may
be substituted for the individuel parameters. Thus, for example,

the complex propagation constant reads

e o
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1% = (1on(s + 106))2 n (10n6)? < (eps/2)Y2(1 + 1)
=8(1 + i) = 2n/a(l + i) = 2nAi + 18 (4,2,1)

where d is the depth of penetration.
->
The wave resistance M= E/ﬁ ,  which in vecuo is (p/&)l/é, also

becomes conmplex

1 =\}—:—;§ R 1‘1%& =\{_-‘§_% (1 + 1) = 801 +1)(4,2,2)

Let the following relations be valid:

B = SE& A= 2(n/tne)/? (4,2,3)
f ... frequency 1 ... permeability
E oo conductivity € s0o dielectric constant
A ... wave length & ... depth of penetration

With allowance “or these values, the following expressions are

valid for an electric dipole in & homogeneous conducting medium:
Ro= (11/4n) ¢ *PR/R(dun + w/R + 1/i0eR’) siad (4,2,4a)
Hp = (11/4n) e *BR/R(i8 + 1/R) sin . (4,2,4b)

For the nmagnetic dipole we have:

He= (K1/47)e " *BR R (jug + 1/MR + 1/i0R®) sin a% (4,2,58)
Ep = (K1/4n)e *BR/R(38 + 1/R) sin & (4,2,5b)
I ... current intensity R,ng,yb... spatial polar coordihates
1l ... antenne length X «so Mmagnetic flux,

Although the mathematical derivation of the expressions (4,2,4)
and (4,2,5) do not differ from those for a dipole vacuum, their

interpretation and further requirements resulting from them are
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quite different. First of sil it is very difficult to give an
adequate definition of the radiation resistance. In air the
antenna may be looked upon as a combination of the ohmic

resistance and the radiation resistance

Ro RR

I (a)

The radiation resistance is obtained by calculating the ex-
pression for the total energy passing through any spherical
surface that envelopes the antenna, and dividing it by the
square of the effective input current. In a conducting medium,
the energy penetrating a spherical surface depends on the
radius of the sphere; instead of (A) we now have to consider

the antenna and its neighborhood:

ROA ROM RR

e R e S S (®)

RohIis now the resistance of the surrounding medium. This means

that the majority of the energy emitted by the antenna is con-

sumed in the immediate neighborhood cf the antenna by the’
generation éf Joulean heat.

Furthermore it can be shown that the definition of the
antenna gain used in vecuo has to be modified for a con-
ducting mediunm, In the fer field, the pattern of the antenna
field lines depends on the choice of the center of the co-
ordinate system. This does not mean that the structure of the
field depends on the coordinate system. The structure itself
is invariant. On the basis of the exponential atternuation, the
field strength at a point of observation depends on the
distance from an antenna point in a different manner than it
does for a vacuum.

The three differences between dipole radiation in vacuo
and in a conducting medium mentioned herein are represented in{ﬁ?j
Unfortunately, the description of the first point, i.e. the
calculation of the radial energy flux, shows considerable

errors there, An exact derivation ¢f the energy phenomena, a
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comparison of the electric dipole with a megnetic dipole which
is more comprehensive than the description in [47] as well as a
discussion of the results regarding the dependence on the wave
length of radiation shall be given in what follows,

Fronm the expressions (4,2,4) we obtain the following ex-
pression for the radial energy flux:

P® = 1/2Re EgE)-

-TBR
1,11\2 e~ "7 _ n 1 o 19F .
-5l T Relin + y el [8 v gl - (42,60
-28R 1
1,11\2 e 285 = 28
= §(4n) —g (wpB + T OrE t -RB) (4,2,60)

i.e. an expression which depends on R in powers higher than R*,

which also conteins the factor e‘2“q. In the case of vacuum it

reads:

Pf; = l/2(Il/41t)2umB/R2 sinal . (4,2,6c)

Integration over a spherical surface of radius R yields the to-~

tal energy we propagating through this surface.
2.-- =
v = 8n/3(I1/4n)e 2“”1‘/2‘(0)1113 + 2SB/R + 2S/B° + 1/6R’).
) ] (4,2,64)

In the case of vacuum, this expression is reduced to

W = gon® (11/A)° (4,2,6¢)

In order to obtain the wave length dependence of (4,2,6d) this
expression can be rewritten by means of (4,2,1) and (4,2,2):
e

7° - (-%1)23 oUW AR( 245 on 2R + 1heR + 1/4 n6R)

it

(IL/)\_)QE-(4R/K)R/363(4KZ /A + 2n/R + AR® + f\%/4nR3).

s A~ N\
G4sc,y01)

"
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3 et
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where no term is independent of R. For R >> A. the dependence

on R is reduced to the exponential factor, yielding

Mo = 47 /3(1y e /PR o
= Weair e-(d'n//\)R/d/L. (4.2.6g)

Since the energy propagating through a spherical surface de-
pends on the radius R, the radiation resistance cannot be de-
fined in the usual way. It must be pointed out that in all
expressions (4.2.6) and in the calculation that follows, passing
to the limit & » O is not allowed, since the condition for
neglecting the displacement current is no longer fulfilled for
very small 5. 4 may increase infinitely in the same way as A.
Since, however, 6§ and A are not independent of each othex

according to (4.2.3), we preferably write

6N = 2(n/tu6)}/% - 2(nd/ran10" N2 = (107 5/f)1/2

A = 1/(107T56)1/2

Thus, (4.2.6g) reads

e

Wposa =

(107 Tr6)/ %
we . £
2}

ir (107 d/f)l/Q . (4.2.6h)

This expression holds for such pairs of f and € values that yield
6/2nf >>& . The energy flux in the magnetic case is calculated
from the expressions (4.2.5):

=m

P" = -1/2 Re(Eyp HY) =

= 1/2(K1/4n) % PR /R Re (18 + 1/R)(iwe + 1ARR + 1/iopR® Msin’d=
= 1/2(k1/4%)%e"?BR /R4 (8 + 1/R)sin? A} . (4.2.78)

Here too, W depends on R, but not quite as strongly as in the
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electric case. Integration over the spherical surface of radius
R yields: _ -
we = (Kl//\)zle"(““”‘)%?\/sl(l + N/4nR) (4.2.70)

In a vacuum, this expression is reduced to

T = /5 (K1/5)°

Considering the limiting case R >> )\, the situation is quali-
tatively the same as in the electric case, no term being in-
dependent of R; quantitatively, a change in favor of the

magnetic dipole takes place as shall be shown later on.

W = (K1/n)E e o WHPR _gm

RS r 60(10

ai
(4.2.7c)

In order to obtain the dependence of the energy fluxofgand f,

we write the following expression for (4.2.6f) and (4.2.71p)

~Ton1/2 -
¥ - weaire"“‘(lo £2)™% 130107 /r)2/2 lf_l + (107 p£) /2 Jonm +

+207 ke o/an R +\i—_1o7/f~:(1o7/fa)1/%/169121 (4.2.82)

L 60(107e/£)1/2 e"4"(1°-7f7)1/2(1 + (107 £)Y2 fonr)

(4.2.8b)

Let us assume that there exists a radius R0 so that the energy
raediation of both dipoles through a sphericsl surface having
the radius Ro is equal. Then we obtain a relation between the
energies WS, and V. and thus also for the moments Il and
air gir
K1l of the two dipoles, If the parenthetical expressions of
(4.2.8a) and (4.2.8b) are denoted with hl(R) and hz(R), re-~
spectively, this relation reads as follows:
I"e
L1
air

W,
a

1

= 1800 207671 hy(R ) /b (R_). (4.2.9)

H

7(,/f)1/2e-4n(10-70’f)1/2R

R e
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Under this assumption we consider the relation we/wm at a

second radius R

we Mt = w /Mo 'f/leoo 10 Qh (R)/h,(R)  (4.3)

Subatltutlng the expressions W /Wm (4.2.9) we obtain

we /Wt = hy (R) h, (R )/h,(R¥by (R,) = (4.3b)
7 ol 1 107 1 10
&m I} + sf 2nR T 81 2.2 T &f 33
4n°R 16n°R
1 1 7 7
[ 107 1 ”‘ [ V1o 1 107 1 10 "107 1
1+ 1+ + +
6f 2nR | 3 2R 6f 4"2R02 st ot 16“3R03_J
(4.3c)

For R >> A the following expression may be written:

. +1‘1o7 1
Gf QnRO

We

— Ry

e 1. Y107 1, 107 1 . 107 k107 1

6f ZnR_ T 61 4n2R02 ot ot 167:3R03
h, (R )
20 \
= <1 . (4.3d/

h(R)

The expreesion (4.3c) increases &s & increases, its limiting value

Wz*r
].im( = )=1.
By Wm,

air

being

This shows unambiguousiy that from a certain & = <5min onward
and at a given frequency, with walr/WZIT > 1, the magnetic dipole
yields better results. The expression (4.2.9) is larger than

unity from the minimum value of f and & onward:

Table 4.1
£ {ana) < ( 'hr)n/ \
ub “minT T/
107 10"53
10%, 8.107%
5410 61077
102 4-10
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where the radius Ro has been put equal to 1 m. Fig. 4.1 and the
corresponding table 4.2 show the dependence of We/Wm on the

frequency in the range £ =1 - 100 kc/éec for three different
conductivities 6 = 1074, 1072 and 1 (mhos/m). For the lowest

curve, the ratio w:ir/wgir is of the order of magnitude 10-3,

at d = 10 2mhos/m it is 10 and at o = 1 it is 10°. The top-

most curve along which W€/W™ lies between ‘5'10"3 and 5-10-1

clearly shows that even though the energy radiation of the *
electric dipole in air exceeds that of the magnetic dipole :
by the lOS-fold, in a conducting medium it is only a fraction ‘

of this value.’

Table 4.2
f(cps) 6 (mhos/m) 1074 1072 1
107 0.79:1075 7.8:1077  5.9-1073
3.105 3.1 .10_, 2.0.10_4 2.8.107,
.10 7.1 .10 .9.10 5.8+1C
16.102 1.2 .10:2 1.2-10:2 9.5.1072
26.103 2.8 +107¢  2.7.107;  0.18
01.20) 65 107 5.9.1070 0.3
100410 7.8 10 7.3¢10° 0.30

From all these considerations we may conclude that the

magnetic dipole in the VLF region at £ and & values that are

LIS QSR

of practical importance, has the more favorable conditions
for the generation and prcpagation of electromagnetic fields
in a conducting medium.

A somewhat different approach which might give a vetter
explanation of the physical processes, yields the same result
by applying the theory ¢f “ransmission lines, It is well known
that the dipole field may be Jooked upon as being a combined
derivative of a scalar potential and of a vector potential A,
The divergence equation

div g =0

for the electric case yields . !

> -~ e >
H=curl A E = -iwop A - grad V

e e
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..)
and div H =0

-’
for the magnetic case divE =0

3 3 -
E=cur1¢ H=-ive ¥ ~ grad U

In both cases a special direction of the vector potential
R

S
A= (A,,0,0) ¥ = (¥, 0,0).
Substitution in the Maxwell equations now shows that A and V

as well as ¥ and U, respectively, are interrelated by the

following equations |~/‘ 5] .

Electric case:

gIA—‘ = «1weV
(4.3.1)
2V . 2
ar -£1wp. + inr!] A
Magnetic case:
%: -iwpU
(4.3.2)
aU . 2
v -[:unz. + WJV.

In vacuo, A and V change with r like the current and voltage
of a two-wire cable withza series inductance of p.H/m, of a
series capacitance of -%1— F/m, end of a shunt capacitanée—of-

EF/m.

.__.H-———-",\\\___.

S ANAAA i (c)

PR VAR
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In the magnetic case, ¥ and U behave like current and voltage
in a two-wire cable having a series inductance pH/h and a
2

shunt inductance of E%— H/m and a shunt capacitance 1&F7h.

—ANAAS --—-—] —— NMAAN
; I

_g-
- l

(D)

( I
!
b g

l

‘V\NV\ /7

If iwe* = iwg +6 is substituted for iwe in Eq. (4.3.1), then
we have

34 (.o

or - -(10.)(, +0’)V

av . 26 2E0
ar -[1wp+ (& -}-wzsg)_r} in(6® + w'e® ]A (43.3)

for the electric case. The equivelent-circuit diagram thus is

as follows:

N B e = l

\ —_—

| ' -
il "E!

26
wZ Z + 62 )rz

It contains an additional se¢ries resistance of (

2
% s, the scries capacity E;

thus becomes

(0?e? + & )2°
2&w"

E
m !’

furthermore, an additional shunt resistance'%'% is present
(in all cases, 6 ,u,£ is to have the amount of the correspond-
ing physical quantity for reasons of dimensioning, because A
and U are only proporiioconal to the current) .

In the magnetic case, (4.3.2) is transformed into

S

by
S~
BRIVl e PO

.

2
e G

R A

i s i e gl i |

e N

RO IR WP
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2 i o [ieg+ 2] ¥ (4.3.4)
or ar - iwur
BEquivalent circuit diagram:
A AAA AANAY

(F)

Iy
i
—NVVV-
||
{
A AV

[
l
|

The only difference is an additional ohmic loss conductivity &
in the shunt. The comparison of (E) and (f) shows that there
. 2
. . iwpr 2€w
exist the resistances > and iwrz(sz + 0ED)
losses, the former become infinite at infinity (es expected),

without any

and the latter diseppeer (et infinity); furthermore there
T 57) in (E), which is
responsible for the high enc.rgy loss of an electric dipole, and

. . . 2
exists en ohmic resistance —sr—=—»
r* (0e

which disappears only at a large distance so thet (E) and
(F) there become identical. This is the physical rezason for
the above result, namely that the magnetic dipole is more

suitable for a conducting mediun.
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sSumnary

In the present report, different measuring devices, trans-
mitting and receiving anternas (direction-finder antennas) for
the VLF regicn are discussed. The measurements of propagation
in inhomogeneous rock sre mainly concentrated to the deter-
mination of the direction of the field vector at the point of
reception. The problem near field - far field of a VLF dipole
is &lso discussed. In order to determine the electrical pa-
rameters of rock, comprehensive measurements were conducted
in solid rock and in rock samples, furthermore the frequency
dependence of 6  and £ was studied. The influence of the
gallery configuration on the result of a 6-measurement was
studied in detail., The theoretical part mainly deals with the
problems of excitation of a VLF wave in rock, giving a detailed

comparison between electrical and magnetic dipcles.
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