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Abstract

We assume that the Time Domain Electromagnetic (TEM) response of a buried axisymmetric metallic object
can be modelled as the sum of two dipoles centered at the midpoint of the body. The strength of the dipoles
depends upon the relative orientation between the object and the source field, and also upon the shape and
physical properties of the body. Upon termination of the source field, each dipoleis assumed to decay as
k(t+ a)_ﬁ e~t/7. The parameters k, «, 8 and v depend upon the conductivity, permeability, size and shape
of the object, and these can be extracted from the measurements by using a nonlinear parametric inversion
algorithm. Investigations carried out using an analytic solution for a sphere and laboratory measurements of
steel and auminum rectangular prisms, suggest the following two-step methodology: (1) The value of 5 is
first used as a diagnostic to assess whether the metallic object is non-magnetic or magnetic, (2) the ratios of
k1/k2 and B, /3> arethen diagnostic indicatorsas to whether the geometry isplate-like (uninteresting) or rod-
like (a high candidate for being a UXO). Results from the application of this agorithm to a TEM field data
set acquired at the United States Army Corps of Engineers Environmental Research and Development Centre
UXO Test Site have successfully identified a UX O to be magnetic and rod-like.

Introduction

An explosive ordnance is a munition that is either launched or fired with the intent of detonation a a
specified target. An unexploded ordnance (UXO) isan expl osive ordnance that, due to some malfunction, re-
mains undetonated. As aresult, the ordnance can be found at the ground surface, partialy buried, or buried
at a depth of up to 8 m beneath the surface. The remediation of UXO-contaminated land has been made a
high priority by the United States Department of Defense in order to either maintain safe usage for continu-
ing military operations or to permit land transfer to the private sector. Practical and cost-effective strategies
for remediation require both detection of possible targets and the ability to discriminate between UXO and
contaminating scrap metal.

The detection of buried metallic objects can be accomplished with avariety of geophysical sensing tech-
niques. Time domain el ectromagneticinduction (TEM) surveyshave been successful in detecting both ferrous
and non-ferrous metallic objects near the soil surface, and are a mainstay amongst technol ogies currently uti-
lized in UXO clearance projects. In the TEM method a time varying magnetic field is used to illuminate a



conducting target. This primary field induces surface currents on the target which then generate a secondary
magnetic field that can be sensed above ground. With time, the surface currents diffuse inwards, and the ob-
served secondary field consequently decays. Therate of decay, and the spatial behavior of the secondary field,
is determined by the target’s conductivity, magnetic permeability, shape, and size.

| dentification of a UXO from electromagnetic sensor data remains a mgjor hurdle in reducing the high
costs of remediation projects. It has been reported that approximately 70% of remediation costs are currently
being used to excavate non-ordnance items (Butler et al., 1998). The development of discrimination ago-
rithms can be roughly categorized as either model-based or data-based. Data-based algorithms are pattern
recognition procedures that compare alibrary of catalogued responses from various UX O items to measured
responses (for example Damarla and Resder, 2000). Model-based algorithms use either an exact or approx-
imate forward modeling algorithm to determine a set of model parameters needed to replicate the measured
responses, and subsequently relating the model parameters to physical parameters (Khadr et al., 1998). One
such model-based technique that has been the focus of much recent research is the determination of the time
congtants of the TEM response, or equivalently the pol esof thefrequency domain signal, to identify theburied
target (Snyder et al., 1999; Baum, 1997; Collinset al., 1999). A method that represents ahybrid of the model-
based and data-based algorithmis under development at Blackhawk Geometrics (Grimm, 2000). In that ap-
proach, a spheroid modeller, working jointly with a model-based inversion algorithm, generates a library of
model parameters which can then be operated upon by a neural network classifier for comparison with para-
meters derived from the raw sensor signal.

In this paper we present a model-based TEM data interpretation algorithm which estimates the basic
shape (rod-like or plate-like) and magnetic character (ferrous or non-ferrous) of a buried metallic object. We
first present an approximate forward model that represents the time domain response of a metallic object as
apair of perpendicular dipoleslocated at the center of the buried target. Thisform of model was suggested
to usin apersona communication from J.D. McNeill. The strengths of these dipoles decay with time, and
the parameters that govern the time decay behavior are related to the conductivity, permeability, shape, and
size of the buried target. Our parameterization is simple, and thus convenient to use in data fitting proced-
ures. We next describe an inversion scheme to recover the model parameters from TEM data. Since these
parameters encapsul ate information about the physical attributes of the target, we can attempt to use them to
determineif thetarget isferrous and if the geometry isrod-like (most likely aUXO) or plate-like (most likely
a non-ordnance item). Empirical relationships are developed that link the model parameters to the physical
parameters of the target and these rel ationships form the basis of our algorithm. We conclude with the appli-
cation of the algorithm to a synthetic data set contaminated with noise, and field data sets taken over aburied
UXO and buried metallic scrap.

Development of Approximate Forward Modelling

In order to invert measured TEM datafor the physical parameters of the target, it isnecessary to have a
forward model to describe the TEM response for aburied metallic object. We can restrict our search for re-
sponse solutionsto axi-symmetric metallic targets, since this geometric subset adequately describes al UXO
and the majority of buried metallic scrap encountered in aremediation survey. Unfortunately anal ytic expres-
sionsfor the time domain response are restricted to a metallic sphere, and even an expression for apermeable



and conducting non-spherical axi-symmetric body is not available. Numerical solutions of Maxwell’s equa-
tions, under continua development, are promising (e.g. Haber, 2000; Carin, 2000; Hiptmair, 1998), however,
the computational time requirements for obtaining a solution still make them impractica for use as part of a
rigorous inversion procedure. Our approach, therefore, is to use an approximate forward modelling that can
adequately reproduce the measured e ectromagnetic anomaly in aminima amount of time. The validity of
this reduced modelling still needs further testing but the empirical tests carried out here suggest that it can be
useful in practice.

The development of the approximate forward modelling is presented in four steps. We begin with the
response of a sphere, so that the magnetic pol arization dyadic M isintroduced. Thisdyadic isthen atered so
that itisapplicableto an axi-symmetric body. Thisgeneratesthe”two-dipole€” model mathematically. Next we
introduce a parameterization for thetime decays of each of thetwo dipolesand finally, we combine everything
to generate our approximate forward modelling.

1. Response for a Spherical Body

Consider a permeable and conducting sphere of radiusa illuminated by a uniformprimary fild B (fig.
1(a)). Atatimet = 0 the primary field is terminated, and eddy currents are induced in the sphere; they
subsequently decay due to the finite conductivity of the sphere. The secondary field BS generated by the
decaying currentsisdipolar:

s _ Mo (e _F
BS (1) = L5 m () (38 - 1) (1)
where m (2) is the dipole moment induced at the center of the sphere at time¢, r isthe distance between the
observation point and the sphere center, 1 isthe unit vector pointing from the sphere center to the observation
point P, and I istheidentity dyadic. The dipole moment is

m (t) = i—” BF 1B (1) @
where
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where T = opa?, and p, = u/p, isthe relative permeability (Kaufmann, 1985). In general the magnetic
permeability of highly permeable materials is a function of many parameters, including the strength of the
incident magnetic field, temperature, and magnetic history. However, calculated TEM responses assuming a
constant permesbility of ., = 150 for steel and p,, = 1 for aluminum compared well with laboratory TEM
measurements of steel and aluminum targets (Pasion, 1999). Therefore we fed that egs. (1) to (3) aresuitable
for the analysisthat followshere. The vaues ¢, are rootsto the transcendenta equation

(/J'r - 1) qs

tang, = ——— 2.
q.? + (/J'r - 1)

(4)

Equations (1) to (4) reveal that the B-field of a sphere in a uniform primary field is equivaent to the
B-field of asinglemagnetic dipolelocated at the center of the sphereand oriented parallel to the primary field.



For convenience we write the rel ationship between the induced dipole and the primary field asm = M- BP,
where M isthe magnetic polarizability dyadic. For a sphere,

- 9r - or [LB(t) 0 0 ]
M="IB®I="-| 0 LB 0 |. (5)
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Baum (1999) detail sthe characteristics of the magnetic polarizability dyadic, and notes that the triple degen-
eracy of the magnetic polarizability dyadic reflects the symmetry of the sphere.

The sphere solution possesses several characteristics that we retain in the formulation of our approxi-
mate solution for an axi-symmetric target. Firstly, the secondary field due to the induced currents generated
in a sphere, illuminated by a uniform, step-off primary field, is dipolar at all points outside the sphere. We
will aso represent the secondary field for more genera shapes as adipolar field (eg. (1)). A dipolar field ap-
proximation is reasonable for any observation point far enough away from any localized current distribution
(Jackson, 1975), and it has been reported that for observation pointsgreater than 1 to 2 timesthetarget length,
adipolar field assumption is adequate (Casey, 1999 or Grimm et a., 1997). Indeed, higher order multipoles
induced in atarget will decay at early times (Grimm et a., 1997).

Secondly, the induced dipole moment in the center of a sphereis given by the dyadic product M - BF.
This form indicates that the induced dipole is proportional to the projection of the primary field aong the
direction of theinduced dipole. The components of M scale the strengths of the dipoles. The magnetic polar-
izability dyadic, in the case of the sphere, containsthe function L® (¢) that contains all theinformation about
the time decay of the sphere and it depends upon the material properties, shape, and size of the target. Our
hypothesis is that more general metallic shapes can & so be approximately modelled with an induced dipole
equal to the dyadic product M - BF . However, choosing the right functional form of M will be crucial.

2. Approximating M for an Axi-Symmetric Body

Analytic expressions for M for the time domain response of a permeable and conducting non-spherical
axi-symmetric body are not available. Therefore we base our form of M on the magnetostatic polarizability
for aspheroid. Recall that the time domain response of asphere thestructure of M isidentical to the structure
the polarizability dyadic of a magnetostatic sphere. The anaytic solution for the magnetostatic response of a
magnetic prolate spheroid is equivaent to the field of a magnetic dipoleinduced at the spheroid center (Das
et al., 1990):
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where k4 and k- are the polarizability constants, which are functions of the conductivity, permeability, shape,
and size. Eqg. (6) revesals that the total induced dipole can be written as the sum of two orthogonal dipoles
m; and m-. Thefirst dipole moment m; isparalle to themgjor axis (z’ infig. 1(b)) of the spheroid, and its
strength is proportional to the product of the primary field along that direction and the polarizability k1. The
second dipole moment is perpendicular to the major axis, and its magnitude is proportional to the component



of theprimary field along that direction and the polarizability k». A consequence of k; and k- being functions
of the spheroid’s shape and size isthat the orientation of the effective dipolewill not be solely determined by
the direction of the primary field, as isthe case for asphere. In addition, the orientation of m *?*¢72¢ wijl| be
influenced by the aspect ratio of the spheroid.

The polarization dyadic in eq. (6) suggests a magnetic polarization dyadic for the TEM problem of the
form

IO 0
1\71:[ 0 ILy(t) © ] ©)
0 0 Li(t)

where we have simply replaced k1 and k- in eg. (6) with the dipole decay functions L (¢) and L3 (¢). The
resultant induced dipole moment for this definition of the magnetic polarization dyadic isthen

m () = my (1) + ma (1)

— L () [@ - B)#] + L () [’ - BY)§' + (& - BY) %] ®

Therefore, our approximate forward model representsthe TEM response of two orthogonal dipoles. The first
dipoleis pardle to the symmetry axis of the target, and the second dipole is perpendicular to the symmetry
axis. These dipoles decay independently according to the decay laws L1 (¢) and L5 (t), respectively.

By choosing the appropriate parameters, this’two-dipole model produces TEM responses that are con-
sistent with those observed field measurements of UXO. It has been noted that the shape anomaly of the meas-
ured responsefor UXO changeswithtime (Grimmet d., 1997). The physical phenomenathat gaverisetothe
temporal changes in shape anomaly was explained in terms of the nature of the induced eddy currents. Eddy
currentsthat circul ate end-to-end in the UXO dominate at early time but decay away quickly, whileeddy cur-
rentsthat circulateabout thelong axisextend | ater into time. Thisobserved field behavior can be duplicated by
letting the two orthogonal dipolesm; (¢) and m; (¢) decay independently of each other. Thedipolem (¢) is
paralel to thelong axisand it simul ates the magnetic fieldsthat arise from currents circul ating about the axis.
The dipolem; (¢) is perpendicular to the long axis and it simulates the magnetic fields that arise from cur-
rents circul ating end-to-end. By assigning a different decay characteristic (governed by itsdecay parameters)
to each dipole, the relative contribution by each dipoleto the secondary field can vary with time.

3. Time Decay Functions L1 (¢) and L (%)

Thetime decay for a sphereisdetermined by the sum of exponentials. Thisresult generalizesto the case
of a conductive body of arbitrary size and shape in an insulating medium illuminated by a step-off primary
field (Kaufman, 1994). Thus the form for L (¢) should, at least, be able to duplicate the time decay features
observed for the sphere. Plots of the B-field and 6B /dt response for both a magnetically permeable (e.g.
steel) and non-permeable (e.g. auminum) sphere can be foundin fig. 2.

An appropriate form of the decay law for the B-field is

L) =k (t+a)Pev. )



The parameter k£ controlsthe magnitude of the modelled response. The three parameters «, 5, and , control
the duration and characteristics of thethree different stages of the time decay curve. The duration of therelat-
ively flat early time stageis proportional to the parameter «. The linear decrease of response observed during
the intermediate time stage is determined by ¢ =#. The exponential decay characterizing the late time stage
is controlled by the parameter . Fig. 2(a) demonstrates the ability to reproduce the secondary B-field. This
form of the decay law, with the « parameter absent, was suggested to usin a persona communication from
JD. McNell.

Thetime derivative 9B /dt, which is measured directly with most TEM receivers can aso be modelled
with eg. (9). Fig. 2(b) includes plotsof the 9B /3t curvesfor asteel and an aluminum sphere. The early time
behaviour for the non-permesble spherefollowsat —1/2 decay and so these curves are different from those of
B infig. 2(a). Neverthelessthe curvesarestill represented by early timeturn-overs, and linear and exponentia
decays that can be accommodated by eg. (9). The suitability isdemonstrated by thefit between the [aboratory
measured response and a predicted response obtained by evaluating eq. (9).

Inthefol oowing section we generically denotethe TEM responseasé (r, ¢) where £ can bethemagnetic
field or itstime derivative. The time dependent decay of £ isgiven by eq. (9).

4. The Approximate Forward Model

With the above work, we can write an approximate expression for the secondary field response of an
axi-symmetric target. First, let us switch from the body-fixed (primed) coordinate system to a space-fixed
coordinate system, which is more amenabl e to the definitions of target and sensor location of atypica field
survey (fig. 3). A vector v’ inthe body-fixed system co-ordinate system isrelated to a vector v in the space-
fixed co-ordinate system viathe Euler rotation tensor A (¢, 8, ¢) by (Arfken, 1985)

v =Av. (20
Dueto theaxia symmetry of the problem ¢ = 0, and the Euler rotation tensor can be written

cosfcos¢ cosfsing —sinf
A= —sing cos ¢ 0 , (1)

sinfcos¢ sinfsing cosé

where 8 istheangle between the symmetry axis of thetarget (z’ infig. 1(b)) and thevertica axisin the space-
fixed coordinate system (z infig. 3), and ¢ isthe angle between the projection of z’ onto the horizontal plane
and x.

Our approximate forward modelling is written by substituting the definition of the induced dipole of
eg. (8) into the expression for adipolefield (1), and carrying out the dyadic product. Let us consider a target
whose center islocated at R in the space-fixed co-ordinate system. The secondary response £ (r, t) measured
at areceiver/transmitter locationr and at atimet after the termination of the primary field, isthen the sum of
the responses of the two orthogonal dipoles:

¢ (1', t) =& (1', t) +&, (1', t) (12)
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are the dipole parallel and perpendicular to the axis of symmetry. The unit vectors are given by eg. (11).

In summary, the approximate response of buried metallic object given by eg. (12) can be generated from
13 parameters that describe the object. These model parameters are e ements of the model vector

m = [X7 Y1 Za ¢7 67 kla ai, /817 7171927 a2, /827 72] . (16)

X and Y denotes the surface projection of the centroid of the body, and Z isthe depth of the object below
the surface. The orientation of the target is described by the two angles 8 and ¢. The remaining parameters
describe the decay characteristics of the two dipoles: k1, a1, (51, and v, describe the dipole parald to the
axis of symmetry (m1), and k., a2, B2, and v, describe the dipole perpendicular to the axis of symmetry
(ms). Thustheinversion for the model m will immediately give estimates of target |ocation and orientation.
Information on the shape, size, and material parameters of the target may later be inferred from the remaining
parameters.

Non-Linear Parameter Estimation Procedure

In this paper we first assume that the response measured in asurvey is due to a single body, and second, that
theresponse of thissingle body can be accurately modelled with eg. (12). With these hypotheses, an inversion
procedure can be developed that utilizes the approximate forward model.

The forward model can be expressed as
d; = F;[m], ;j=1,2,3,..N a7)

This equation expresses the mapping of the model vector m to a datum d; by afunctional F;. The forward
mapping F; is defined by eq. (12) and it is a nonlinear functional of the 13 model parameters are given in
eg. (16). In the inverse problem, these parameters are retrieved from a vector of observed datad°®®* by min-
imizing a least-squares objective function. Before proceeding to the details of the inversion there are two
important practical aspects to be introduced. We need to ensure that sel ected parameters remain positive and
we aso need to scale the parameters to enhance stability in the iterative process.

In the approximate forward model thetime decay parameters k1, «;, 5;, and y; (i = 1, 2) are defined as
positive. In the inverse problem the positivity of these parameters can be maintained by solving the associ-
ated square-variable unconstrained problem (Gill et al., 1981). Following thisformulation, each time decay



parameters m; isreplaced by the squared variable w; such that m; = w?. A second transformationisalinear
scaling that ensures that each component of m isof order unity. Thisis done by dividing each parameter m;
by itstypical value. In the following presentation of theinversion a gorithm, the letter m continuesto denote
the parameter vector to beinverted for, but now includes the positivity and scaling transformations.

1. Defining the Objective Function

If there are L time channels and K locations where TEM data are collected, then therewill N = KL
data points contained in the data vector d°®*. Because datawill be collected on several lines, with a number
of stations per line, there will generally be far more data than model parameters (N >> 13). Therefore the
inversion for m involves solving an overdetermined system of non-linear equations, with the goa of finding
the moddl that produces the data that best fits the observed data. Thisis a non-linear least squares problem
and is solved by minimizing

® (m) = 5[ Wa (F[m] - &) | 18)

where F[m]istheforward modelled data, d°** isthe observed data, and @ istheleast squares objective func-
tion that measures how closely our predicted data matches the observed data. W4 isthe datawel ghting matrix.
If the data are contaminated with unbiased Gaussian random noise, then W4 isideally adiagona matrix whose
elements are the reciproca s of the standard deviation of each datum. The noise arises from many sources, in-
cluding sensor location errors, instrument noise, and inaccuracy of the forward modelling. It isunlikely that
the Gaussian independent assumptionisnot valid, but it isessentia to estimate a quantity that reflects the un-
certainty in each datum. We assume that the errors can be characterized by a percentage of the datum value
plusathreshold, that is

1
pd; +€
where p istypicaly a percentage and ¢ isa constant that characterizes ambient noise. The positivee ensures

that small data points would have reasonable errors assigned to them, and thus prevents them from having
undue influence on the solution.

(Wd)n' = (19

2. Minimizing the Objective Function

For ease of notation the least squares problem is rewritten as
1 1
L _ T _ ) 2
minimize & (m) = Er(m) r(m)= 3 E_l r; (m) (20)

wherer istheresidual function
r(m) = Wy (F[m]— d°>*)

and r; (m) is the i*" component of r (m). We adopt a modified Newton’s method to minimize the objective
function. The approach taken here isto first make an initial guess of the model parameters m,. Techniques
for making thisinitial guess are outlined in Pasion (1999). The starting model m , isiteratively improved to



find the minimum of eq. (20). At each iteration a Newton’s search direction ischosen that minimizestheloca
guadratic model about the current iterate m\. The Newton step ém for the non-linear least squares problemis
then given by

H (my)ém = —J (m)” r (my) (21)

where the Jacobian matrix J and the Hessian matrix H are defined as

(97‘1'

(9m]'

Jij (m) = and H=J(m)" J(m)+S(m),

whereS (m) is
S(m)= Zr (m) V27, (m)

A new model my41; = mx+Aém isthendefined, wherethepositivescalar A ischosensuchthat @ (my + Aém) <
& (my). The sequence of iterations is terminated once the relative gradient measure is less than a tolerance
level , or oncethereisinsignificant changeinthe modelsof successiveiterations(Dennisand Schnabel, 1983).

3. Error Bounds of the Parameter Estimates

Once the model parameters m.. which minimize the objective function ® (m) have been obtained, we
can examine the reliability and precision of the estimated parameters via the model covariance matrix. Let
m be the best estimate of the model in the absence of noise, and ém. = m — m.. The model covariance
matrix V,, is defined as the expectation value of ém.. ém.” (Bard, 1994)

V= E (6m. 6m.T) ~ B (H. 7117 60 60" ). H. ")

The Hessian and Jacobian in the above expression are evaluated at m = mx, and are therefore constants. As
aresult they can be taken outside of the expectation value expression:

Vi = H. 71 1.7 Vg JLH T (22)

where V4 is the covariance matrix of the data. In the case when the observations have uncorrelated errors,
the data covariance matrix reduces to a diagonal matrix, and an estimate of the standard deviation of the :**
model parameter m; isthen

o™ = (V)i = 0 (H*—lJ*TJ*H*—l)ﬁ (23)

Model variance estimates applied to non-linear problems are not as reliable as when implemented in linear
least squares problems, and they should only be used asavery rough estimate (Bard, 1974; Dennis and Schn-
abel, 1983). Nevertheless, eg. (23) at |east providesaminimum estimate to the uncertainties of the parameters.

Relating Model Parametersto Material and Geometric Properties



The aboveinversion generates the parametersthat characterize atarget’sTEM anomaly. The next stepis
to interpret these parameters. Recall that UXO are typically rod-likerather than plate-like, and are magnetic-
ally permeable. In order to extract these potentially UXO identifying features from the recovered model m *,
we usetheinversion proceduretofit aseries of decay curvesfromarange of axi-symmetric targets of different
shape, geometry, and materia properties. We then generate empirica relationships between the parameters
and target characteristics. The data curves used for thisanaysis were either TEM measurements made in the
Geonics Ltd. laboratory, or they were synthetically generated decay curvesfor a sphere using equation (12).

1. Lab Setup and Measurements

A series of TEM measurements of metallic targets was made by Geonics Ltd. A 40m x 40m square
transmitter loop was used to provideare atively uniformfield at the center of theloop. A 1m diameter receiver
coil was placed coaxia and coplanar to the transmitter loop, and each target was located at the center of the
receiver loop. The Geonics PROTEM 47 time domain equi pment was used for producingthetransmittingfield
and for recording the time domain measurement due to a step-off current. Measurements of the time decay
response of thesetargetswere recorded as plotsof log(0B/dt) vs. log(t). Sincevaueswerenot recorded by a
datalogger, the plotswere subsequently digitized. Plotsof the steel target responses were digitized by hand by
J.D. McNell at GeonicsL td., and theal uminumtarget responseswere digitized at UBC after scanning theplots
into a computer. Anayses were performed on both the impulse (0B /dt) response measured as an induced
voltage in the receiver, and aso on the B-field response. The B-field response was obtained by integrating
the induced voltage.

Two sets of targets were measured. Thefirst set of measurements involved recording the TEM response
for a series of steel and auminum rectangular prisms of different dimensions. Each prism had at least one
dimension of 8 inches, and the targets ranged from athinrod (8 x 1/4 x 1/4 inch) to acube (8 x 8 x 8 inch)
toathinplate (8 x 8 x 1/4 inch). A second set of measurements was made on 24 sample UXO. These targets
included various ordnanceitems used by NATO since World Wer 11. The ordnance range in length from 18 to
85 ¢m, and in diameter from 6.05 to 15.92 ¢m. A diagram of al the ordnance, along with atable listing the
dimensions of each ordnance, isincluded in Pasion (1999).

The axi-symmetric targets were placed in two orientations at the center of the receiver loop in two ori-
entations. Each target was measured with the axis of symmetry perpendicular and parallel to theprimary field.
Since the strength of each induced dipoleis proportional to the projection of the primary field onto the dipole
direction, the two measurement orientationsisolate the decay behaviour of each of the two dipoles. For ex-
ample, consider aplate. When the primary field is perpendicul ar to the plane of the plate, the projection of the
primary field onto dipole2 iszero, thusthe approximate forward model assumes theresponse can be modelled
as asingledipole perpendicular to the plate. The decay parameters of dipole 1 (kq, a1, 81, ahd 1) can then
be estimated by fitting this curve to the decay law (eqg. (9)). When the primary field isparalle to the plane of
the plate, the response isdueto dipole 2 and parameters k-, a-, (32, and v can be recovered.

Relationshi ps between the target characteristics and the model parameters were established, in the fol-
lowing manner. A scaled-down version of the non-linear least squares techniques outlined in the previous
section was used to obtain the decay parameters k, «, 3, and « for each of the target’stwo dipoles. Secondly,
we observed how recovered values of mode parameters, or combinations of parameters, changed with the
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dimensions and magnetic properties of the measured prism. The patterns in the behaviour of the parameters
then led to the shape and permeability discrimination diagnosticsthat are proposed in the following sections.

2. A Relationship Between 3 and Magnetic Permesability

UXO are generdly made of stedl, which isaferrous material. Therefore, the magnetic permeability is
likely an identifying characteristic of UXO. To generate alink between magnetic permeability and modd pa-
rameters, forward modelled responses were cal cul ated for a series of spheresvaryingin size and permeability.
Both B-field and 0B /9t data were then inverted to generate decay parameters, and in particular, to produce
estimates of the parameter 3. The plots of 3 asafunction of sphere radii and magnetic permesability, are pro-
vided in fig. 4.

Fig. 4 suggests that the value of 3 obtained for a sphere may be diagnostic in determining whether the
sphereispermeable or non-permeable. Fig. 4(a) exhibitstherelationshipfor the 9B/t responses. For asted
sphere (u, = 150), wesee, for sphereswithradii between 5to 15 cm, that 5 fall sbetween 1.11 and 1.35, while
for anon-permesble sphere (i, = 1), 8 hasavalue of approximately 0.5, which correspondsto the early time
t=1/2 pehavior that Kaufman (1994) predicted for a non-permeable sphere. Therefore, when applying our
inversion to the time derivative of the field, avalue of 32B/2* greater than about 0.8 indicates that the target
ismost likely permeable. Thisanalysisisrepeated on theforward modelled B-field responses, and the results
areplottedinfig. 4(b). A threshold value of 32 = 0.3 could be used such that targets with a B-field response
characterized by a8 > 0.3 indicates a permeabl e target.

Theuse of 5 as adiagnostic to determine permeability can be extended to non-spherical targets by 1ook-
ing a the recovered 3 values for the duminum and stedl prisms. The inversion produces two values of 3,
one for each of the excited dipoles, to describe a buried target. We suggest taking the average of the two re-
covered 3 values, which welabel as 3. When analyzing the 8B /8t responses of the axi-symmetric aluminum
targets, G2B/2¢ = (.52 with astandard deviation of 0.07. For the steel targets 52B/2* = 1.11 with astandard
deviation of 0.08. These averages fall on either side of the 0.8 threshold obtained by fitting sphere 0B/t
responses.

When analyzing the B-field responses of the axi-symmetric aluminumtargets, BB = 0.17 withastandard
deviation of 0.03. For the stee! targets 32 = 0.5 with a standard deviation of 0.2. These averages fall on ei-
ther side of the 0.3 threshold obtained by fitting sphere B-field responses, and so again, a consi stent criterion
can be used.

3. Relationships Between Moddl Parameter Ratios and Target Shape

Empirica relationshipswere a so established between the target shape and theratios k1 /k~ and 31 /3.
For space reasons, we present only the analysis of the 9B /dt response of the targets, and refer the reader
to Pasion (1999) for the analysis of the B-field data. There we show that the same target shape diagnostics,
developed here for 9B /0t data, also apply to B-field data.
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The Ratio k1/k-. Therecovered k vauesfor targets ranging from a steel plateto a stedl rod are shown
in fig. 5(8), and the calculated k-ratios are shown in fig. 5(b). For asted plate, the k-ratio k1/ks < 1. For
asteel bar the k-ratio k1 /k2 > 1. The recovered k values for aluminum targets are shown in fig. 5(c). The
opposite orientation effect was observed for an duminumrod, that isk1 /k2 < 1 (fig. 5(d)).

The Ratio 8;/3-. Inaddition to the relative strength of the dipoles being shape dependent, the slope of
the time decay response (either B /dt or B-field) during the intermediate time stage is dependent upon the
target shape. Thiseffect was seen in stedl targets only. The steepness of the response during the intermediate
time stage isreflected in the parameter 5. The recovered 3 values for targets ranging from a steel plateto a
steel rod are showninfig. 6(a), and 3 values for aluminum targets are shown infig. 6(c). A dipolethat decays
at agreater rate will have alarger 5. The rate of decay of the B /dt response is greater when the plane of
asted plateis perpendicular to the primary field (dipole 1), than when the plane of a stedl plateisparalle to
the primary field (dipole 2). Thus, for a sted plate the 8-retio 31 /82 > 1. Inthe case of arod, the B/ dt
response decays faster (and thus 5 islarger) when the main axisof therod is perpendicular to the primary field
(dipale2). Inthe case of asted rod the 3-ratio 31 /82 < 1 (fig. 6(b)).

For aluminum targets the response shape looks essentially the same for each of thetargets. The B /dt
response exhibitsapower law decay of ¢t~1/2 andisexponential at | ater times. Thedecay curvesfor aluminum
targets are essentialy the same regardless of target shape, and therefore there is no relationship between the
(B-ratio and the aspect ratio (fig. 6(d)).

4. The Discrimination Algorithm Using 0B /9t Data

The results from the previous section suggests the following algorithm for using 9B /3t datato help
identify possible UXO targets:

1. Perform the non-linear inversion outlined in the previous section to recover model parameters for the
two-dipolemodd.

2. Compute 3 = (81 + Ba). If 3> 0.80 then the target is most likely permeable.
3. Computeratios 31 /82 and k1/k-. There are two options:

e 3 > 0.8 = Ferrous Target: If k1/ks > 1 and 81 /B> < 1 then a permeable rod-like target was
measured. If k1/ks < 1 and 81 /52 > 1 then a permesble plate-like target was measured.

e (3 < 0.8 = Non-Ferrous Target: If k;/ks > 1 then non-permeableplate-liketarget was measured.
If k1/k2 < 1 then thetarget isrod-like. 8, /3> does not give supporting, or extra, information.

The above agorithm can be extended to the analysis of B-field data simply by changing the 3 threshold to
0.3.

Synthetic Data Set
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The parameter estimation procedureis now tested on asynthetically generated field data set. The object
of interestisa 75 mm anti-tank mortar. The primary decay curves for the axial and perpendicular orientations
were obtai ned from measurements made by Geonics using the setup described in the previous section. These
wereinverted to recover the decay parameters for each dipole. For thissimulation, thetarget isassumed to be
buried a adepth of 67 cm (Z = 1m), andlocated at (2m.N, 2mE) on thesurvey grid. The mortar is oriented
such that ¢ = 30° and = 65 °. The datawere forward modelled using eg. (12).

The survey consistsof a2m x 2m grid, containing 5 lines of data separated at 50 cm line spacing, with
stations located at 20 cm intervals along each line. At each station the vertical component of the voltage is
generated for 26 logarithmically spaced time channels. The time channels range from 0.01 ms to 100 ms.
In order to make this example closer to ared TEM data set, 5% random Gaussian noise was added to the
dataand, sinceareal TEM instrument will have afinite measurement sensitivity to the secondary field, adata
threshold of 0.001 is set. There are 1278 total data points exceeding the minimum threshold.

Theinversionis carried out with a data weighting matrix in eq. (19) with p = 0.05 and e = 0.001mV.
The observed data, and data predicted by the recovered model, are compared in figures 7 and 8. Fig. 8 shows
aplan view comparison for three of the 26 time channels. The difference maps exhibit arandom distribution
over the data, indicating the reluctance of the inversion to fit the noisy portion of the data. A comparison
of the true modéel m ., recovered model m . and the estimated model standard deviations ™ are found in
Table 1. Thediscrimination agorithm, when applied to therecovered decay parameters, yieldsthe following.
The valueof 3 = 1.07(> 0.8) indicates that the target is likely permeable. Theratiosky /ks = 3.71(> 1)
and 81 /82 = 0.71(< 1) indicate, for amagnetically permesable target, that the TEM responseis likely from
arod-liketarget.

Field Data Set

We now apply our algorithmto a TEM field data set acquired at the United States Army Corps of Engi-
neer Environmenta Research and Development Center UX O test sitein Vicksburg, Mississippi. The Geonics
EM63 instrument used for the survey isamulti-timechannel time domain unit consistingof alm x 1m square
transmitter coil and acoaxial horizonta circular receiver loop mounted on atwo-whed trailer. Measured volt-
ages are averaged over 26 geometrically spaced time gates, spanning the range 180 psec t0 25.14 ms.

A 105 mm projectileis placed in the ground with its center at 2.0 m East, 1.83 m North and at a depth
of 0.44 m from the surface. The projectilewas placed horizontal (6 = 90 °), with itstip pointing to the North
(¢ = 0°). Once the target was placed in the ground, it was not covered in soil. The survey consisted of a
2m x 2m grid centered on thetarget, containing 5 lines running North-South separated at 50¢m line spacing,
with stations|ocated at 5¢m intervalsalong each line. A measured signal of less than 1m V' isassumed to be
indistinguishablefrom the noise. The resulting data set contains 1882 total data points.

Theinversioniscarried out with a data weighting matrix in eg. (19) with p = 0.05 and e = 1mV. The
first stage of thetime decay evident in fig. 2 isnot observed in thetime window recorded by the EM63. There-
fore, we invert this data by setting « to be a small constant that does not affect the predicted data within the
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EM63 timerange. So only parameters k, 3, and - for each dipole are recovered. The observed and predicted
data are compared in figures 9 and 10. Fig. 10 shows a plan view comparison for five of the 26 time chan-
nels. At early times the anomaly has a single peak located approximately above the UXO center. This peak
splitsinto two distinct peaks at latetime. The recovered modd predicts data that reflects thisbehavior. Fig. 9
compares the decay curve measured at four stations on the survey.

The recovered location and orientation parameters are listed in Table 2(a). The recovered easting of
2.04m differs from the true value of 2.00m by 4cm. The recovered northing of 1.77m differs from the true
value of 1.83cm by 6¢m, placing theinducing dipolecloser to the projectiletail. These errors are of the same
magnitude as can be expected in spotting the station location in the field survey. In addition, the buried 105
mm projectilehas acopper rotating band near thetail of the projectile. It has been suggested that the presence
of therotating band will shift thelocation of theinduced dipolefrom thetarget center towardsthetail (Miller,
2000). The recovered burial depth of 0.47m is 3cm deeper than the expected depths of 0.44m. The orienta
tion parameters 6 and ¢ are well recovered. The recovered decay parameters are listed in Table 2(b) and the
diagnostics applied to these parameters are listed in Table 2(c). The valueof 8 = 0.91(> 0.8) indicates that
thetarget islikely magnetically permeable. Theratioskq/k2 = 2.63(> 1) and 81 /82 = 0.69(< 1) indicate,
for amagnetically permeable target, that the TEM response islikely from arod-liketarget.

Discussion and Conclusion

Efficient remediation of areas containing UX O first requiresthat purely conductive metal targetsbe dis-
tinguished from steel targets that are conductive and permeable. The second stage then focuses upon determ-
iningif the steel target isrod-like (and likely to bea UXO) or plate-like (and not be of interest). To attack this
problem we propose a modified parametric model from which TEM responses can be estimated. The TEM
response of aburied axisymmetric metallic object is modelled as the sum of two dipoles|ocated at the mid-
point of the body. Non-linear inversion methods are used to extract the parameters from the field data and
these parameters are subsequently used in a discrimination procedure which has two parts. First, the decision
about whether the object is ferrous might be made by examining the size of the recovered 3’s. Second, if the
object is considered to be ferrous, then the ratios of k1 /k- and 8; /3= are diagnostic indicators of whether the
geometry is plate-like or rod-like. These diagnostics were developed for both B-field and 6B /3t TEM data.

Thisagorithm was applied to a synthetic data set as well as to afield data set collected by the Geonics
EM63 time domain el ectromagnetic sensor over a 105 mm projectile. In both cases the diagnostics, applied to
the recovered model parameters, correctly predicted that the TEM anomaly was produced by a magnetically
permeable and rod-likemetallic target. Althoughfurther testingwill berequiredtofully evaluate our proposed
technique, the results presented here are promising and may have a positive impact on the interpretation of
UXO detection data.
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Figure 1: The body-fixed (primed) coordinate system for a sphere and a spheroid.
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Figure 2: (a) The time decay behaviour of the time derivative of the magnetic field 9B /dt. (b) The time
decay behaviour of the magnetic flux density B. The B-field response is normalized by the strength of the
primary field. The solid lines are responses evaluated from eq. (9). The agreement supports the validity of

this parametric representation of the time domain responses.
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Figure 3: Thefield (unprimed) co-ordinate system for a buried target. The unit vectors x, ¥, and z define the
field co-ordinate system, and x’, ', and z’ define the body-fixed co-ordinate system.
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Figure 4: The behaviour of parameter 3 for various size spheres with varying permeability . Panel (a) con-

tains results of recovering (3 by fitting the 9B /9t data. Panel (b) contains results of recovering 3 by fitting
the B-field.
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Figure 6: Relating the aspect ratio of a steel target with theratio 51/3-. Plot (a) contains the recovered 3
parameter from fitting the measured 0B /9t response of sted axi-symmetric targets. Plot (b) illustrates the
rel ationship between the 3, /3 ratio derived from 9B / 9t dataand the shape of asteel target. Plot (c) contains
therecovered 3 parameter from fitting the measured 9B /8¢ response of al uminum axi-symmetrictargets. Plot
(d) illustrates the rel ationship between the 31 /3> ratio and the shape of an duminum target.
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(a) Location and Orientation (b) Decay Parameters

m
| my || m, |mtrue| Myec | g | |mz || m, | Mirqe | Myec | g

Northing (m) || .90 | 2.00 | 2.00060 | 0.00254 k1 || 7.07 | 1202 | 12.064 0.18
Easting (m) | 215 | 200 | 2.00105 | 0.00169 ap || 0.01 | 0.0076 | 0.00759 | 0.0030

all

Depth from G: || .00 | 0.89 0.890 | 0.0070
loop (m) 1.20 | 1.00 | 1.00051 | 0.00764 v. || 316 | 17.65 | 17.635 | 0.16
¢ (degrees) 45 30 30.07 0.18 ks || 7.07 | 3.30 3252 | 0071

6 (degrees) 45 65 65.04 011 a, || 0.01 [ 0.0077 | 0.0076 | 0.0027

B2 || 1.00 | 125 1.252 0.014
v2 || 3.16 | 11.54 11.68 0.33

Table 1: Recovered parameters from theinversion of the syntheticdataset. m, isthe startingmodel. The true
mode m,.. and the recovered modd m,... are close. The difference between the true and recovered model
falswithin the estimated standard deviation.
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Figure 7: The observed and predicted decay curves for four stationsin the synthetic data set inversion. The
predicted vertical component of the response, represented by the solid lines, are agood match tothe artificially

generated noisy data set.
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Figure 8: Plan view plotsof the observed and predicted datafor 3 of the 26 time channelsin the synthetic data

set inversion.
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Figure 9: The observed and predicted decay curves for four stationsin the 105 mm projectile UXO field data
set inversion. The predicted decay of the vertical component of the measured voltages are represented by the
solid lines, and the symbols represent the Geonics EM 63 field measurements.
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Figure 10: Plan view plots of the observed and predicted data for 5 of the 26 time channels in the 105 mm
projectile UXO field data set inversion. The predicted data provide a reasonable match to the TEM response
measured by the Geonics EM63.
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(8) Location and Orientation (b) Decay Parameters

L [[ mo [ mree | o™ |

Expected ky || 707 | 768 | 25

m, | my | Parameters | o™ B. || 1.00 | 0.74 | 0.04

Northing (m) || 1.9 | 1.77 1.83 0.008 v || 316 | 31.8 | 83

Easting (m) | 2.15 | 2.04 2.00 0.005 ks || 707 | 292 | 37

Buria B, || 1.00 | 1.08 | 0.07

Depth (m) 06 | 047 0.44 0.01 v || 316 | 61 | 13
¢ (degrees) || 45 | 101 ~0 0.9

6 (degrees) || 45 | 847 ~90 0.13 (c) Diagnostics

| Diagnostic || Result | Conclusion |

Jéj 091 | permeable
k1/ko 2.63 rod-like
B1/B2 0.69 rod-like

Table 2: Recovered parameters for the field data inversion. Table (a) demonstrates that the inversion was
successful in obtaining the approximate location and orientation of the target. Table (b) lists the recovered
decay parameters of the two dipoles. Table (c) liststhe results of applying the identification diagnosticsto the
recovered decay parameters. Application of the diagnosticsindicates that the buried target is permeable and
rod-like and therefore a candidate for UXO.
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