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I. INTRODUCTION

The Shorted lLocation Indicator by Pregquency of Elec-
trical Resonance, or SLIFER, method is used to measure the

location of a shock front near an explosion in rock versus
time.[1'2'3] co -~

The most common SLIFER design uses a shorted trans-
mission line as the inductive element in a Colpitts oscillator
circuit. The transmission line is positioned radially from
the blast source. As the shock wave moves out from the source
at some velocity, u, it crushes and shorts the transmission
line as shown in Figure 1. The decreasing length of shorted
line reduces the inductance as seen by the oscillator and
thus raises the frequency of the resonant oscillation. The
determination of oscillator frequency makes possible the
direct determination of the resultant cable length.

I+t can be shown that if,

| '/
EXRE LS Bk

then the input impedance of a shorted transmission line can
be represented best by an inductive reactance that obeys the
following equation :

2w
ph

inductance of line
characteristic impedance of line
initial length of the line

initial frequency of oscillator = 2wxfL = 1/A
2V .,
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Figure 1. SLIFER cable orientation to blast source.




V . = propagation velocity of cable.

ph
If the line is considered to be a uniform distortionless
cable, then

zc = constant.

If the SLIFER line is taken to be the inductive element
in the tank circuit of an oscillator, then the relationship
between the frequency of the oscillator and the length of the
shorted line is

(2)

where

w, = the frequency of the oscillator when the length
of the shorted cable is zero (it depends only
on the internal inductance of the oscillator).

w, = The frequency of the oscillator when the length
of shorted cable is x.
A curve of w, versus x can be constructed. 1If w, versus
time is measured while the blast induced stress wave is
crushing and shorting the cable, then the velocity of the
stress wave can be found, since

Guw
%% = 335 %ﬁ— and %% =u . (3)
x

An anomalous effect has been observed that is incon-
sistent with this theory. On a recent event the SLIFER
cables were run in the vicinity of the LOS pipe as shown in
Pigure 2. w_ versus time was measured, and a discontinuity
in w, was observed corresponding to an instantaneous decrease
in cable length near the muffler region, see Figure 3.

It is possible that the transmission line experiences

a deformation of some sort in the muffler region when the
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Figure 2. SLIFER cable along LOS pipe.
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plasma front moving up the pipe enters the muffler. Shocks
may be induced in the surrounding grout causing deformations
or some other type of damage to the cable, see Figure 4. As
the stress wave passes over the deformed section at a later
time, a discontinuous increase in frequency occurs or cor-
respondingly, an apparent discontinuous decrease in cable
length is observed. A series of experiments has been done
to investigate the credibility of this suggestion. A SLIFER
oscillator and length of cable were kindly made available to
us by R. C. Bass of Sandia Corporation.

ikt
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II. THEORY

In order to estimate the effects of any deformations
we can represent a deformed cable as follows.

Once the deformation has occurred, the SLIFER line
consists of three segments, a deformed segment between two
coaxial segments as shown in Figure 5.

In the event under consideration, the observed fre-
quency change was 13 KHz occurring at Xy = 16 m. The initial
SLIFER cable length-was about 61 m. Also, no discernible
slope existed for the discontinuity which implies that the
deformed section, X, = X;, was very short, on the order of

centimeters.

In the situation considered here, the length of the
deformed section is very small compared to the wavelength of
the oscillator signal, which is typically about 200 m to
300 m; therefore, it can be represented by discrete reactive
elements., A cable containing discrete elements at one
quarter wavelength intervals is commonly referred to as a

"loaded 1ine".[4] The added capacitance or inductance is
considered to be uniformly distributed over the rest of the line.

I1f Ll and Cl are the inductance and capacitance per
unit length for a normal cable, and L2 and C2 are that for
the deformed line, then for x, < x < X, the effective induc-

tance and capacitance per unit length is,

Xy X - X X, - X
- 1 2 2 1
L L1 ( % )_+ L2 (-——1;———)

X, + X - x X, = X
- 1 2 2 "%
e = (2) s e (27)

For x, < X < Xy,

PO
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et = ()

and, finally, for x <

L' = L, (8)

c'=c, . | | (9)
The changing effective inductance and capacitance

per unit length will alter the effective characteristic im-
pedance and phase velocity of the line.

&

L 1/2
Zé = (Fr) (10)

1 (11)

)1/2

v = =
Voh = ¢ ('L' T

where ¢ is the velocity of light. These values can be sub-
stituted into a modified form of Eg. (2) that takes into
account the characteristic impedance of the cable.

vl .
X = —Lh arctan {
W

For a co-axial cable, the inductance per unit length
and capacitance per unit length are given by,

u r
L= l—-ig in (-l)
/e <7 L2
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where

C= 2"€°

£ (14)

radius of the outer conductor.
radius of the center conductor
dielectric constant

permittivity of free space

permeability of free space
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III. EXPERIMENTAL DESIGN

Several types of possible deformations were envisioned,

1.
2.
3.

4.
5.

The outer conductor crushes.
The cable kinks at a mount.

The cable stretches such that the inner con-
ductor "necks" down to a greater degree than
the outer conductor.

A hole is created in the outer conductor. .
The outer conductor severes but a conducting
path, or some resistance, ia formed in the
grout.

A nine meter length of air dielectric, co-axial cable
was sectioned into several pieces as follows,

x4 = xz = 7.55 meters

x, = x1 = 0.05 meter and 0.2 meter

xl = 1,08 meter.

A number of small holes were drilled at specific posi-
tions in the outer conductor. This permitted the insertion
of shorting pins so that the oscillator output could be
determined for each type of deformation. In addition, the
oscillator output was monitored on an oscilloscope and fre-
quency qountor.

14
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IV. DATA AND ANALYSIS

The first test consisted ,of crushing the cable at
x, =X, in a vise. The observed frequency increased by about
7 KHz. By working through Eqs. (4) through (14), it can be
shown that crushing a cable, in the simplest case a reduction
in the outer conductor diameter,'will result in an initial
increase in frequency, or apparent decrease in shorted cable
length. This means that as the stress wave passes over the
deformed section a decrease in frequency, or apparent in-
crease in shorted length, would occur. This is, however,
contrary to what was observed in the underground test.

o
“.
-
]
g_

Kinking the cable also resulted in an increase in fre~
quency. This is to be expected since kinking will decrease
the separation between the outer and inner conductors.

A hole was cut in the outer conductor between X, and
xy wgich resulted in a slight decrease in frequency. For a
3 em™ hole, the decrease was only 200 Hz. Removing the outer
conductor entirely between X, and Xy (a 5 cm length) and
connecting a single wire in its place, see Figure 6, resulted
in a frequency reduction of 3 KHz. Another possible deforma-
tion is that the outer conductor could split or sever with
grout material entering the cavity between the two conduc-
tors. A current path of some resistance could be induced
through the grout. This was modeled by inserting a resis-
tance between the inner conductor and the outer conductor

and also by joining the severed conductors with a resistance.

Several values of resistance were tried between the
inner conductor and outer conductor:.theso were,

R= 20K Q, 100 Q@ and 10 Q.

Pigure 7 is a plot of the effect on the frequency respoase.
The initial scatter is due to complicated waveforms that

15
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1200 — Theoretical (Eq. 2) ,

1600

Frequency (KHz)
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Pigure 7. Frequency response of resistance con-
:;ctod between inner and outer con-
ctorx.




were generated by the insertion of the resistor. As the
shorted length decreased, the higher oxder frequencies dis-
sipated leaving only the fundamental oscillator frequency.
The total effect was not consistent with that observed in
the underground event. By connecting the outer conductors
with a resistance, the major effect was to reduce the ampli-
tude of the oscillator signal with a very slight change in
oscillator frequency.

The final type of possible deformation considered
was the "necking" down of the center conductor due to cable
stretching. The outer conductor can also neck down but its
final effect would only be to reduce the magnitude of the
total frequency change. Therefore, only reductions in the
diameter of the center conductor were considered. Two re-
duced diameters of the center conductor were used along with
two lengths for the deformed section, see Figure 8.

Using the 5 cm length of distorted cable made a
negligible change in the frequency of the oscillator for
all three center conductor ratios. The results from using
the 20 cm length of distorted cable is shown in Figure 9.
As a/a' increases, the frequency change becomes larger.

Figure 10 gives a comparison between the experimental
data points and a theoretical curve obtained from Eq. (12)
for a/a' = 40. The theoretical curve would indicate a
larger frequency change than was observed, the discrepancy
is most likely due to eccentric displacement of the center
conductor over the deformed section.

18
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Pigure 8.

Reduced center conductor diameter
(outer conductor over deformed
section removed for clarity).
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x, = xl = 5 om and 20 om
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Figure 9. Prequency versus length for various center con-
ductor diameter ratios.
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V. CONCLUSION

Inspection of Figures 9 and 10 show that the maximum
frequency change, as the deformed section is overcome, would
be 4KHz for a/a' = 4 and 6 KHz for a/a' = 40. This is small
compared with the frequency change of the discontinuity ob-
served on the underground test which was about 13 KHz. Also,
a very definite slope can be observed as the deformed section
is traversed. No slope was detected for the observed dis-
continuity in the underground event. Also, Eqs. (6) through
(12) show that the maximum change in frequency increases

2 = xl. For the

with a decreasing xy and/or an increasing x
experimental case considered here,

xl = 1.05 meter

x2 - xl = 0.2 meter.

et Snen AN AN

4 In the observed underground event,

%X = 16 meters,

- 5‘_,‘,.,_,_.‘._“ .

which would imply that Xy = Xy must be much greater than 0.2 m !
: in order that the observed maximum frequency change be the

; ; required 13 KHz. Increasing the length of the deformed sec-

% tion will introduce even more of a slope to the frequency
change as the region is traversed. These experiments do not
explain the anomalous behavior that was observed on the under-
ground test. However, they do show that cable deformations f
can alter the frequency response of a SLIFER system as a

function of line length. These alterations would show up as ,
shock velocity or shock position errors.

22
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