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Abstract

Plots of maximum detection distance as a function of
target radius, for a set of metal balls, have been used as a
measure of the sensitivity of metal detectors.  This simple
idea allows detection capability at a given distance to be
quantified.

One of the advantages of the sphere is that it is easily
modelled mathematically. We compare results of detector
measurements with theory for some of the metals tested. In
particular, both theory and experiment support the use of
permeable steel balls as standard test targets.

1. Introduction

Metal detectors are among the tools most used in
humanitarian demining.  Modern metal detectors are
extremely sensitive, being able to detect small amounts of
metal in their vicinity.  Most detectors are designed to be
simple to use, with few user adjustments and an audio
alarm to indicate the presence of metal.

Following demands for common testing practice, a
CEN Workshop (CW07) has been created to produce
standard requirements for testing and evaluation of metal
detectors [1].  CW07 is the subject of another paper in this
Conference [2].

One of the aspects where standardization is needed is in
the method used to measure the detection capability of a
detector.  The approach most often used in the field to
quantify the detection capability is to measure the
maximum height above a given target at which the target
still causes an alarm indication.  This idea has been
developed in the present work, using a set of targets to
define the way that detection capability varies with
detector height above the target.  Spherical metal balls of
different diameters were used.

Metal balls were suggested as appropriate targets for
metal detector testing some years ago [3], [4].  There are a
number of advantages in using metal balls:
� the orientation of a ball does not have to be

considered,

� metal balls in a wide range of diameters are easily
and cheaply available,

� analytical theoretical  solutions for the effect of a
metal ball on a metal detector coils exist

Experiments are described below that have been used to
support the CEN Workshop, helping the development of
the tests within the CEN Workshop Agreement. It is
stressed that the tests described do not however constitute
a controlled trial for the purpose of selecting detectors and
the results should not be used in that way.

This article describes measurements of detection
capability made in-air using metal spheres.  These results
are compared with those of a theoretical model.

In addition, the detection capability in a soil with
"noisy" magnetic properties was measured, establishing a
test to evaluate detector performance on such soils.

2. Test Targets

Spherical metal balls manufactured mostly for use as
ball bearings were used for the tests.  The metals used
were chrome steel (UNI 100Cr6) which is ferromagnetic,
a ferromagnetic stainless steel (AISI 420), a non-
ferromagnetic stainless steel (AISI 316), aluminium,
bronze, brass and copper.  Several steel balls of unknown
ferromagnetic steel were also used.  These are likely to be
of a similar alloy to the chrome steel, since this is the most
common type of steel used for ball bearings. 

3. Detectors Tested

The set of detectors tested includes pulsed and
continuous-wave models, simple and differential sensor
geometry, static and dynamic alarm response and those
with and without ground compensation capability.

� Ceia MIL D-1
� Ebinger 421 GC
� Foerster Minex 2FD (4.500 & 4.500.01)
� Guartel MD8



� Minelab F3 Prototype
� Schiebel AN 19/2 – also known as PSS12 (pre-

production and Mode 7 models)
� Vallon ML1620C and VMH-2.1

4. Test Equipment

For the measurements of the maximum detection height
of detector above a target in air, a non-metallic jig was
used.  This jig allows the top of the target to be set to a
reference height, so that the height of the detector above
the target can be read directly for any target.

In order to measure the capability for detecting targets
in soil, a soil-filled non-metallic box 1m � 1m � 0.5m
deep was used.  Targets were inserted into a plastic tube
extending from the bottom of the box to the top surface
and the depth of targets below the soil surface could be
varied.  The tube outer diameter is 30mm.  For each
detector used, it was checked that the "void" in the soil
made by the tube did not cause a detector signal.
Detectors were swept on a board over the soil surface, to
maintain constant sweep height.  The effective sweep
height above the surface was 15mm.

5. In-Air Tests

5.1. Minimum Target Detection Curves

Each of the detectors was set up according to the
manufacturers' instructions to give the highest sensitivity
in air. The maximum height above the top of a target at
which a detector gives an alarm was measured for the sets
of balls of different metals.  The results were plotted as
curves of maximum detection height against ball diameter
- equivalent to a curve of minimum target detectable at a
given height.  The results show a considerable variation of
detection capability for different detectors, but the general
pattern is the same for all.

The maximum detection height of a 10mm-diameter
ball of 100Cr6 varies between 140mm and 240mm for the
different detectors.  Using minimum detectable ball
diameter as a parameter to express detection capability,
the smallest detectable 100Cr6 ball at 100mm height
varies between 4 and 7mm for the detectors tested.

Figures 1 and 2 show the in-air curves for the Foerster
Minex 2FD 4.500 (continuous-wave) and the Schiebel AN
19/2 (pulsed).  The measurement error for the maximum
detection height is about ±5mm, error bars are omitted for
clarity however.

5.2. Detection Capability for Different Metals

The maximum in-air detection heights measured for the
ferromagnetic steel balls (100Cr6, AISI 420 and the
"unknown" bearing balls) tend be very similar for all ball
diameters.  For some detectors, there is a small difference
apparent between the 100Cr6 and the AISI 420 balls of all
sizes.

Relative to the ferromagnetic steel balls, aluminium
balls with small diameters (5 to 8mm) are detectable at
about the same or slightly greater maximum height.
However, larger-diameter aluminium balls (~16mm) are
less detectable than the ferromagnetic steel balls of the
same diameter in most cases.

Small-diameter balls of non-ferromagnetic stainless
steel (AISI 316) are much less easy to detect than those of
other metals.  However, for larger diameters, the
maximum detection height approaches and for some
detectors is higher than, that for ferromagnetic steel balls.

Small balls (up to 12 or 15mm diameter) of the other
metals of are detected at a similar height to the
ferromagnetic steel balls; being slightly easier to detect in
some cases, in others slightly harder.  At larger diameters,
the brass and bronze balls are in general less detectable
than the steel balls. 

5.3. Steel Balls as Reference Targets

One of the points of debate within CW07 was the
suitability as standard test targets of ferromagnetic steel
balls such as those used for ball bearings.  The response of
metal detectors to such ferromagnetic steels is governed
by the initial permeability of the steel at the frequencies
used by the metal detector.  It is known that such magnetic
properties of steel can be influenced by heat and work
history.  It was feared therefore, that the maximum
detection distance of balls of the same diameter and
nominally identical material could vary significantly,
making such a steel a bad choice for a standard target.
One of the aims of this work was to find out whether this
was likely to be a significant effect.

The results of the in-air tests show that the
ferromagnetic steel balls lie on approximately the same
curve, although for some detectors, there is a small
difference between the 100Cr6 and AISI 420 balls. The
"bearing" balls of unknown material all lie close to the
100Cr6 curve.  The initial permeability values of these
steels are not known, but it is reasonable to assume that a
range of steel ball bearings from various sources give
permeability values that vary at least as much as would be
expected for one "standard" material.



6. Soil Box Tests

The soil box was filled with a soil known to have an
influence on metal detectors.  It originates from the
Naples area of Italy and is of volcanic origin.  The soil
properties are not claimed to be representative of any
particular soil that may be encountered by deminers.  The
experiments using this soil were performed to investigate
whether such a test could be used to evaluate the
capability of detectors to detect metal targets in noisy soil.

The soil susceptibility was measured using a Bartington
MS2 susceptibility meter and MS2D surface coil to be
450�10-5 in SI units.  The mass susceptibility (normalized
to soil density), as measured on samples with the MS2 and
an MS2B enclosing coil is 450 to 500m3kg-1.  The
frequency dependence of the susceptibility is about 1.5%
as measured by this meter, between 465Hz and 4.65kHz.

Each detector was adjusted so that it would not give an
alarm from the soil itself when brought into contact with
the soil surface.  Any soil compensation functions were
used according to the manufacturer's operating
instructions, to give the best sensitivity possible.  In some
cases the only adjustment possible is a reduction in
sensitivity.  In one case (AN 19/2 Mode 7), it was not
possible to reduce the sensitivity control to a sufficiently
low level to prevent alarms from the soil.

Once the detector was set up for the soil, the maximum
detection depth in the soil was measured using 100Cr6
steel balls.  These results are plotted as maximum
detection depth vs. ball diameter and compared with the
previous in-air result, correcting for the sweep height
above the soil surface.  For some detectors the in-air
measurement was also repeated with the detector as set up
for the soil.

For most detectors, adjustment to the soil produced a
reduction in detection capability, although for some the
capability is maintained.  At a depth of 100mm (and
sweep height of 15mm), the minimum detectable ball size
varies between 6 and 14mm diameter.

Figure 3 (Ceia MIL D-1) shows a large reduction in the
detection capability in this soil compared to the maximum
in-air sensitivity setting.  The performance in air when the
detector is adjusted for the soil is the same as that given in
soil.

Figure 4 shows results for the Schiebel AN 19/2 – also
showing reduced detection capability in the soil.  In this
case the sensitivity setting was reduced manually.
However for this detector, the in-air performance at the in-
soil setting is worse than that in-soil.  This suggests that
the soil and target signals are additive.  The sensitivity
control is basically an alarm threshold. When the soil is
absent, the target signal needs to be bigger before it can
break the alarm threshold.

Figure 5 shows the in-soil capability of the Minelab F3,

for which there is no degradation at all in this soil
compared to the in-air performance.  The minimum target
detection capability at 100mm depth is maintained at
6mm for the F3, whereas it is degraded from 4mm in-air
to 10mm in this soil for the MIL D-1 and from 8mm to
14mm for the AN 19/2 in these tests.

7. Theoretical Calculation of the Minimum
Target Detection Curve

One motive for selecting the sphere as a standard target
is that its response to a time-varying electromagnetic field
is relatively straightforward to calculate and the solutions
are well-known. The problem was studied in great
generality by Debye (1909) [5] and simplified forms of
his solution have been extensively applied to metal
detectors [6],[3],[7],[8]. The following assumptions
further simplify the problem by allowing the voltage
induced in the metal detector coil to be expressed in a
closed form.

1) The detector coil is much larger than the sphere, so
that the field is essentially uniform within the sphere.

2) The detector has a circular coil.
3) The sphere is situated on the axis of the coil.
4) The permeability is a simple constant: non-linear

magnetic properties are neglected.
A minimum target detection curve, as produced by the

experimental tests (and defined by CW07) can then easily
be calculated using the theory.

7.1. Summary of solution

The impedance change �Z in the coil due to the
presence of the sphere at an axial distance x is
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b is the radius of the coil of N turns, a is the sphere radius,
�r and � are the relative magnetic permeability and
electrical conductivity of the sphere, ω is the angular
frequency and �0 the permeability of free space. 

A salient feature of this formula is that the dependence
of �Z on material properties via the constants � and �r is
relatively weak. It is more strongly dependent on the
sphere radius a and the distance x.



7.2. Calculated Detection Curves

For a frequency-domain (continuous-wave) detector,
the impedance change due to each frequency component
is calculated and the total signal constructed by weighting
the components and selecting the phases according to
whatever method is used in the detector in question. For a
time-domain (pulsed) detector, the pulse response is
calculated by multiplying the Fourier transform of the
current pulse by the impedance, and inverting, either
analytically [6],[3] or by an FFT numerical method as
used here. The detection algorithm used by the metal
detector in question is then applied to the time-domain
signal. In both cases, some output signal S is compared
with a threshold STH .

In the experimental tests above, the sensitivity is
expressed as the maximum distance x0 at which the
detector is able to detect the target. Let the output signal
be S0 when the sphere is at zero height and on-axis.  Then,
since the dependency on x in the impedance formula is
common to all frequencies,  

x0 =   b � [   (S0/STH)1/3-1.0  ]

Two examples are shown here, a pulsed detector with a
current waveform and detection algorithm approximately
corresponding to those of the Schiebel AN19/2, as
analysed by Riggs, and a continuous-wave detector
similarly corresponding to the Foerster Minex, as
analysed by Bruschini and Sahli.  In both cases, it is
possible to select STH empirically such that the model
essentially correctly predicts both the minimum detectable
sphere diameter and the detection height at large
diameters.

For ferromagnetic steels (100Cr6 and AISI 420), the
value of the initial (low field) relative permeability is set
to 100 for these calculations.  The other metals are
assumed to be non-magnetic i.e. with a relative
permeability of 1.  The conductivity values used were;
100Cr6 – 4.6MSm-1, AISI 420 – 1.8MSm-1, AISI 316 –
1.35MSm-1, aluminium – 20MSm-1 and bronze – 8MSm-1.

The behaviour of the two detectors modelled is very
similar (Figures 6 and 7), as for the experimental data.
The dependence on material properties is weak (although
not quite as weak as in the experimental data) and the
relative detection capabilities for the different metals
broadly agree with experiment. The extreme case of the
poorly conducting, non-magnetic stainless steel AISI 316
is correctly predicted to give a curve below that of the
other metals and this effect is more pronounced for the
Schiebel detector.

The effect of variations in the steel permeability of
100Cr6 are simulated in Figure 8, showing a fairly small

change in detection height being caused by a large
variation in permeability (±20% of nominal)

8. Conclusions

Using metal balls as test targets makes it possible to
create detection capability curves of maximum detection
height against ball diameter.  The detection capability can
then be measured in terms of a minimum detectable ball
size at a given detector height above target.

The theoretical calculations confirm most of the
observations from the experimental results.  Despite being
based on a simple circular-coil geometry, the theoretical
model is useful for detectors with rather more complicated
sensor configurations.

Both the experimental and theoretical results suggest
that the response of metal detectors to ferromagnetic steel
balls appears not to be strongly dependent on the detailed
magnetic properties of the steel.  This evidence is not
completely conclusive, but suggests that widely-available
"chrome steel" or "carbon steel" balls could be used as
standard test targets.  CW07 has adopted chrome steel
balls as test targets on the basis of this evidence.

Using balls of other metals, it is possible to measure the
relative detection capability for these different metals.  It
is clear that the relative ease of detection of aluminium
compared to steel, for example, varies with ball diameter.
To use this information to predict the relative capability of
detectors to detect aluminium or steel mine components
requires that the approximate component size be
considered.  In most cases it is the small-diameter limit
that will be of interest.  All detectors find small balls of
"non-magnetic" AISI 316 stainless steel relatively hard to
detect.  It is common field experience that small
components of this type of steel are not easy to find.

The in-soil detection capability curves are a useful way
of characterizing how the performance of a detector is
degraded by soils with "noisy" magnetic properties.  In
almost all cases the soil used for these tests has the effect
of reducing detection capability, usually because the
detector sensitivity needs to be reduced.  As the soil
affects some detectors more than others, some of those
that have a very good in-air capability, perform relatively
poorly on this particular soil.

At one stage it was suggested in CW07 that to
characterize in-soil capability, it would be sufficient to set
up for the soil in question and then to measure the in-air
detection capability.  This work shows that for the AN
19/2 at least, such a test would not be valid.
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Figure 1 — Detection Capability Curve In-Air for Foerster Minex 2FD 4.500
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Figure 2 — Detection Capability Curve In-air for Schiebel AN 19/2 pre-production
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Figure 3 — In-soil Detection Capability (100Cr6 balls) for Ceia MIL D-1
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Figure 4 — In-soil Detection Capability (100Cr6 balls) for Schiebel AN 19/2 pre-production
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Figure 5 — In-soil Detection Capability (100Cr6 balls) for Minelab F3 prototype
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Figure 6 — Calculated In-air Detection Curves for Continuous-Wave Detector
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Figure 7 — Calculated In-air Detection Curves for Pulsed Detector
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Figure 8 — Simulating Permeability Variation in 100Cr6 Balls (Pulsed Detector)
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