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Executive Summary

The research described in this report was conducted in supiBtrategic Environmental Research and De-
velopment Program (SERDP) SEED Broad Agency AnnounceniB#i), Statement of Need UXSEED-05-02,
“Innovative Approaches to Unexploded Ordnance (UXO) ClgghA SERDP SEED research and development
project UX-1446 entitled “A Unified Approach to UXO Discrimation Using the Method of Auxiliary Sources”
was proposed in response to the above BAA.

The main emphasis of this research was to explore the funatahharacteristics of the Surface Magnetic
Charge (SMC) and Standard Excitation Approach (SEA) methdten applied to UXO discrimination problems.
Both methods were derived from the Method of Auxiliary Sasg¢MAS), and thus represent the secondary
magnetic fields from a compact metallic target with a surfeaagnetic charge. The SEA and SMC are relatively
new modeling technigues for UXO discrimination. Therefome investigated some fundamental, as well as
practical, characteristics of the forward model. Theséuhe the accuracy with which the methods can model
sensor data, the speed to carry out the forward modelingthentype of discrimination algorithms amenable to
each of the forward modeling methods. For the SEA, we wamtéi@termine the ease with which the sources can
be derived for a particular target. For the SMC, we wantecdtemnine if the surface magnetic charge distribution
is a good discriminant, and, if so, what algorithm is reqaiit@ obtain a stable estimate of the magnetic charge.

Several data sets were analyzed as part of this investigadieonics EM63 data were collected on the Engi-
neer Research and Development Center (ERDC) test standksbtirg, MS by Sky Research Inc., University of
British Columbia personnel, and Cliff Morgan and MorganiéFief the U.S. Army Corps of Engineers (USACE)-
ERDC from March 16-April 11, 2006. Geophex GEM3 data weréeobdéd on the ERDC test stand in Vicksburg
MS by Sky Research Inc., and Cliff Morgan and Morgan Fielchef Y SACE-ERDC from February 2-10, 2006.
Geophex GEM3 data and Geonics EM63 data collected duringntmh of July, 2005 on the Sky Research Inc.
UXO testplot in Ashland, OR were also processed for thisqmtoj In this report, we do not estimate location
and orientation from the data. Instead, we assume that tiadidm and orientation estimates can be provided by
alternative means.
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Chapter 1

Introduction

The research described in this report was conducted in suppSERDP SEED Broad Agency Announcement,
Statement of Need UXSEED-05-02, “Innovative ApproacheldX® Cleanup.” A SERDP SEED research and
development project UX-1446 entitled “A Unified ApproacHi¥O Discrimination Using the Method of Auxil-
iary Sources” was proposed in response to the above BAA.

Several data processing techniques for geophysical sdat@yhave been developed for discriminating be-
tween UXO and non-UXO items. Current Electromagnetic Itidimc(EMI) data processing practices involve
inverting sensor data for dipole parameters, and then agpsfatistical classification techniques to the recovered
parameters. The dipole model is an attractive modelingiigcie for UXO discrimination because: (1) it is very
fast, (2) sensor data collected over UXO are nearly dipblaeiare not measuring the field at a close distance to
the target (relative to target size), and (3) the parametettse dipole model have a good physical basis and we
have an understanding of how material properties, sizeshape affect the dipole model parameters. However,
the secondary field for complex, heterogeneous targetoftéh appear non-dipolar, particularly if we are close
to the target. Figure 1.1 compares the time domain elecgaet response for a horizontal 105 mm projectile
that is aligned parallel to the y-axis. The data were measiin® above the target, using a Geonics EM63 time
domain electromagnetic sensor. Even though the data destsal 1 m from the target, there are still non-dipolar
components in the signal. If the response was truly dipalanwould expect a dipole whose axial excitation was
horizontal and the response would have symmetry with réspdmth x and y axes.

Typical EMI data processing steps are to invert sensor datdifiole parameters, and then to apply statistical
classification techniques to the recovered parameters. pélaiparameter inversion method minimizes a data
misfit function, and therefore attempts to fit both the dip@ad non-dipolar components of the signal. In the
context of a dipole inversion, the non-dipolar componerithe secondary field are essentially data noise. As
a result this data noise is propagated through the invetsipnoduce inaccuracies in the recovered parameters.
The model parameters (i.e., the position, orientation asidrization tensor components) will adjust to fit the
non-dipolar components of the data. For example, the dipoérsion applied to Figure 1.1 predicts a target with
a 5.7 degree dip in order to compensate for the non-symmetheidata.

The initial objective of this research project was to apply MAS as a modeling technique for inversion of
UXO sensor data. The inputs, or model vector, for the MAS wdnd the target size, shape, and electromagnetic
material properties. The MAS can model the non-dipolar coments of the secondary field. This suggests that the
spread of feature parameters for a MAS model would be relgtamaller than for dipole parameters. The overall
objective of the project was to develop a general inversiethwdology based on the MAS that could be used to
invert any combination and configuration of magnetic, TramsElectromagnetic Method (time domain) (TEM)
and Finite Element Method (frequency domain) (FEM) indaretilata. Specific objectives included (1) determine
the feasibility of using the MAS forward model as the basisth® inversion of total-field magnetics, TEM and
FEM induction data; (2) investigate the feasibility of ugitne MAS forward model as the basis for joint and/or
cooperative inversion of any combination of magnetic, TEM &EM induction data; and (3) determine the
discrimination capability of the physical parameters wered by our inversion for different combinations and
configurations of sensors.

Through numerous comparisons between measured datatiealalglutions, and data modeled by the MAS,
we found that the MAS is able to accurately model compact lietdbjects, such as UXO. The MAS accurately



(a) Image of the 20th time channel of EM63 data
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Figure 1.1: Results from inverting Geonics EM63 data celdover an 105 mm projectile.

modeled the EMI response over a large frequency range thextaéed to the static case (Figure 1.2, from Beran,
2005, Chapter 2). The ability to model over such a large rangée the MAS an attractive modeling technique
for joint inversion of multiple data sets. However, the cartgtional time required by the MAS to calculate sensor
data prevented us from applying the MAS for inversion pugso€£onsidering the accuracy of the MAS method,
we revised the objective of this study to evaluate the p@kot two modeling techniques derived from the MAS
approach: the Standardized Excitation Approach and thia&uMagnetic Charge approach. Although the SEA
and SMC are both surface magnetic charge distribution tquks, they represent two fundamentally different
approaches to UXO discrimination. The SEA is used as partibfary or hypothesis testing technique, and the
SMC is part of a parameter estimation/statistical clasgifio technique.

The SEA approach involves determining a set of sources tha tunction of target properties (i.e., shape,
size, conductivity, and magnetic permeability) only. Tdesurces are determined numerically through the ap-
plication of MAS combined with a Thin Skin Approximation (Aj The sources can then be forward modeled
to generate either frequency or time domain sensor dataSM@ models the field with a magnetic charge dis-
tribution on a fictitious surface that encloses the targée forward modeling is fast and, therefore, sensor data
can quickly be inverted for the charge distribution. Foraegilocation and orientation, the determination of the
charge distribution is a linear inverse problem. The sunmefdharge distribution, i.e., the total surface magnetic
charge, can be used for discrimination.

This report is organized in the following manner. ChapteoTtlines our research and development of
the SEA approach. The SEA approach involves determining afssurces that represent target parameters
that can be forward modeled to generate sensor data. Theses@an be calculated for a number of targets in
order to generate a source library. Discrimination is agdeby determining which target within the library has
the greatest likelihood of producing the anomaly. Chaptae# outlines our research into the SMC modeling
technique. The SMC approach models sensor data with thdriaeida magnetic charge distribution on a fictitious
surface that encloses the target. The forward modelingrisfast and, therefore, sensor data can be inverted for
the charge distribution. The sum of the charge distribyti@n, the total surface magnetic charge, can be used
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Figure 1.2: Modeling magnetostatic data with the Method oxkifary Sources method. A spheroid is modelled
using the Earth’s magnetic field at Yuma, Arizona. The amzdysolution for a spheroid is used. The Method of
Auxiliary Sources solution was obtained by assuming a feegy of10~6 Hz.

for discrimination. Additional work studying the iso-sphesurfaces and a single horizontal charge layer is not
presented here, as we chose to focus on the properties at#hentagnetic charge applied to spheroidal surfaces.
Chapter Four summarizes this report and suggests futuzanegsdirections.



Chapter 2

Investigation of EMI Sensing for Metallic
Objects: a Unified and Versatile
Standardized Excitation Approach in
Frequency- and Time- domain

2.1 Abstract

This chapter investigates the SEA combined with the MAS/T3KAis approach is a numerical technique for
computing the EMI response from a three-dimensional, elewgnetically heterogeneous object in both near
and far fields. The objective of the SEA is to determine a sehafacteristic sources, called the Reduced Set of
Sources (RSS), associated for each UXO. These sourcesarahdlused for fast modeling of the EMI response.
The full EMI solution is obtained by the superposition ofpesses to the spheroidal excitation modes. In this
investigation, we determine the effective spheroidal nsoolg decomposing the primary field simulated for a
loop transmitter. It is shown that the spheroidal seriestmasafely truncated at the maximum mode numbers
(M, N) = (3,8) for the sensor target geometries encountered in the UXQgmokror this study, the frequency
domain RSS has been determined for a collection of UXO itdris library of sources has been extended to time
domain data through a convolution algorithm that can userlaitrary current waveform in a TEM system. The
experiment-based results, which are in both real frequélocyain (GEM-3) and time-domain (EM63) system,
confirm its applicability to real-world sensors. As anothieistration of using a RSS-library, we have conducted
an identification test of UXO based on test stand data. Intés we demonstrate that identifying a candidate
UXO can be achieved through a straightforward pattern nivagcprocedure by identifying a best misfit value
below a threshold. We have also begun formulating the ievpreblem of determining an object location and
orientation by deriving the analytical expressions of thesitivity coefficients of the fields with respect to these
parameters. A simple example of location and orientatigarsion is presented here.

2.2 Introduction

Improved cleanup of UXO requires data processing algostfon discriminating objects of interest from clut-
ter and metallic scrap. Reliable discrimination minimizasavations and, therefore, reduces the cost and any
associated danger. Accurate modeling of EMI responseslfitoiad targets is an important component of a dis-
crimination algorithm. Several forward modeling techréguinave been proposed. The most common approach is
to approximate a target's EMI response with a point dipotevéyd model. The dipole approximation is appropri-
ate for modeling fields in the far-field regime, and has beeaessfully employed in UXO discrimination (Geng

et al., 1999; Gao et al., 2000; Carin et al., 2001; Miller et2001; Zhang et al., 2003; Pasion and Oldenburg,
2001). However, the near field EMI response often contaimsdipolar components. In particular, the EMI
response near a heterogeneous UXO (consisting of multjfferent sections such as head, body, tail and fins,
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and rotation copper band) depend strongly on which partseobbject are closer to the sensor and on the degree
of coupling between different parts. In such a case the tavgald be poorly modeled with a point dipole. The
importance of interaction effects when simulating targsfponses was investigated in Shubitidze et al. (2003);
Shubitidze, O’Neill, Shamatava, Sun and Paulsen (2004)bidze, O’Neill, Sun and Shamatava (2004). One
technique that explicitly models a target’s shape, volugM properties in modeling procedures of representative
techniques is the MAS (Shubitidze et al., 2002; Shubiti@?8leill, Sun and Paulsen, 2004), later improved with
the incorporation of the TSA (Sun et al., 2002, 2004). TheridyMAS/TSA technique (Shubitidze, O'Neill,
Sun, Shamatava and Paulsen, 2004) does not need fine mestiizhigion within a target or on its surface, as
stressed in the other numerical schemes like the Surfacedamze Boundary Condition (SIBC)-based three di-
mensional Methods of Moments (MoM) (Sebak et al., 1991) &edinite difference and finite element methods
(FDM/FEM) when dealing with the situation of very small skiapth. These mesh-dependent techniques can be
slow and even inaccurate, thus making them impracticalindbntext. In contrast, the MAS/TSA technique has
demonstrated an ability to accurately solve the Three-dgiomal (3D) full EMI response for a highly conducting
and/or ferrous object in a relatively short time.

A class of SEA (Braunisch et al., 2001; Ao et al., 2002; Bas@wal., 2004; Chen et al., 2004; Sun et al.,
2005; Shubitidze et al., 2005b) has been recently propaseyrnthesize the full EMI solutions by the superpo-
sition of responses to the fundamental excitation modegottantly, these responses are unique for each UXO
and can be stored as a library that is used to rapidly procveedmplete EMI solutions for any location and
orientation of the target. Chen et al. (2004) and Sun et @D%P applied the SEA to UXO discrimination by a
pattern matching scheme using the library for some UXO. &irtpproach, an inverse problem was solved in
which a source library is determined from high quality semsda collected over each candidate UXO at different
distances and orientations. The accuracy, reliabilitg fiaaquency band of the established library is limited by
the measurement noise and numerical errors arising fronmtiggent ill-conditioning of the problem. Shubitidze
et al. (2005b) presented an alternative way to implemenst& based on the hybrid MAS/TSA technique. In
this scheme, the modal response coefficients (or RSS) driodisd on a fictitious spheroid enclosing an object.
The RSS is determined by employing a physically completearigal simulation of an object’s response to each
fundamental mode. Determining the RSS using simulatidogvalus to avoid the non-uniqueness and ill-posed
nature of fitting noisy sensor data. In principle, the RSShmnobtained very accurately for any excitation mode.

Our study of the SEA involves three major issues. First,khiswn that the spheroidal approach theoretically
involves an infinite series of fundamental spheroid modesyathesizing fields. However it has to be truncated
in practice. The determination of the effective spheroidie®in fact is fundamental for achieving computational
efficiency while maintaining accuracy. We study this isssma simulated primary fields from loop transmitters
with geometries typical for UXO surveys. Second, we illastrthat the modal response coefficients of a target
can be used to accurately model both frequency and time doseaisor data by presenting the tests against the
measurements collected by a GEM-3, a wideband frequeneaifosensor developed by Geophex Ltd., and
EMB63, a time-domain instrument developed by Geonics LteésEhests are used to demonstrate the capability of
the MAS/TSA-based spheroidal approach as a unified EMI nirmglébol in both frequency and time domain. A
convolution algorithm is used to model the time domain respdrom an arbitrary transmitter waveform. Third,
we have started to build a RSS-library for several UXO dtiligthe MAS/TSA-based SEA. To demonstrate
the use of a RSS-library at this stage, we apply a straightfal pattern matching procedure to carry out the
identification tests of UXO by inspecting a minimum misfitwalbetween the measured and calculated patterns
of secondary fields.

2.3 The Standardized Excitation Approach Method

This section briefly describes the standardized (sphdjo@itation approach detailed in Shubitidze et al.
(2005b).

2.3.1 Decomposing a Primary Field

Under the quasi-magnetostatic approximation, a magneti¢ fiutside of an object is irrotational. It follows
that the corresponding scalar magnetic potential satigfeekaplace equation and can be expanded in a Fourier-
Legendre series (Arfken, 1995) in a prolate spheroidaldioates. The prolate spheroid is chosen since it can



Figure 2.1: The prolate spheroidal coordinate systeng, ¢) with major and minor semi-axes efandb, the
interfocal distance of = 2v/a? — b2, and{ = &, = 2a/d.

conform to an elongated body of revolution, a typical geagnet UXO. Let us denotén, &, ¢) as the standard
prolate spheroidal coordinates witht <7 < 1,1 < ¢ < o0, 0 < ¢ < 27 and the inter-focal distance af as
shown in Figure 2.1. On a fictitious sphergid= £, surrounding an object, a primary potential fielé can be
expressed as:

Hod M N 1
U060, 0) = == D D Z bpmn P () P (€) Ty (), (2.1)

m=0n=m p

where P} are associated Legendre functions of the first kind with elegrand orderm (Arfken, 1995), and
Tpm (@) is cos(m¢) for p = 0 and issin(me) for p = 1, by, the spheroidal expansion coefficients. Eq. (2.1) isa
decomposition of a primary magnetic potential into a nundféundamental excitationB. () P (§) Tpm (¢) =

bn (11, €0, #) With the maximum numbers af/ and N, being infinity in theory. Taking a gradient operation
of Eq. (2.1), one namely obtains the decomposition of thengry magnetic field*. Its normal component
H{"(n,€, ¢) on the spheroid can be written as

HE' (0.6, 0) = ==~ STSTS T b P 0) P (E) T () (2.2)

where P/ is the first-order derivative of the associated Legendretfan with respect t, k¢ is the metrical
coefficient. By the orthogonality of the associated Legeridnctions, the spheroidal expansion coefficiépts,
can be derived as

B 2n+1 (n—m) [+ _ o
by = ~ e ey | PRhe [T (160,00 T (0ot @3)

wherey = 2 form = p = 0 andy = 1 otherwise. The integration in (2.3) is evaluated by a nucaérmtegration.
This completes the decomposition of a primary field quaniitgler quasi-static approximation.
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Figure 2.2: MAS/TSA-based SEA. Reduced set of sougt8s' distributed along rings on the spheroid surface
and the auxiliary source@;,™" distributed on an internal auxiliary surface of a cylindiee-object. Both induced
sources are the response to fundamental excitation fi¢ffJs and produce the same scattered figlfj,,, outside

of the object.

2.3.2 Synthesizing the Secondary Fields

We are interested in dealing with a Body of Revolution (BORjtthas rotational symmetry about thexis of a
Cartesian coordinate in Figure 2.1. The symmetry propempfies that the primary fields behave in a azimuthal
dependence d&f,,,,(¢) as a Fourier series (as seen in Egs. (2.1) and (2.2), and garpazimuthal mode in the
series is orthogonal. As a result, the secondary fields aksepve this angular dependence and can be expressed
similarly in a Fourier series (Andreasen, 1965). Let us merghe object’s response to each unit excitalifiy,,,
orypr.,.- We can introduce the equivalent induced magnetic chaiig&gbdted along théth ring on the fictitious

(or inside) spheroidal surface in light of the rotationainsyetry in Fig. 2.2. The secondary fieldl;.(r) due to

an object can be written as a linear superposition of thectibjeesponse for eaghmn excitation mode (Chen

et al., 2004; Sun et al., 2005), i.e.,

Z Z prmn qumnG r, I‘ (2.4)

m=0n=m p=0

wherer is the position vector of an observation point outside ofdhgect (the spheroid), the is the position

vector of theg?™" along thei'” ring, andG (r,r}) is the modal Green’s function for the magnetic field and is
given by
S @5)
T mpg Joo -1 |3pl P ’ '

wherep; is the radius of thé'” ring. The modal Green’s function can be understood phygieal the vectorial
field radiated by a unit scalar ring source harmonically waryn strength along the ring. By decomposing the
primary fields in spheroidal coordinates, we solve the sdaty problem on a mode-by-mode basis and then
synthesize the scattered field by applying the superpagitimciple, as indicated in Eq. (2.4).

The pattern of the scattered field depends on intrinsichates of the scattering object (i.e., an object’s
geometry and physics), as well as extrinsic attributes efdbject, such as object location, orientation and an
excitation field. One way to look at UXO discrimination is apm@cedure in which we try to separate the
intrinsic and extrinsic attributes. From Egs. (2.3) and)2extrinsic attributes are characterized by the sphatoid
expansion coefficients,,,,, and intrinsic attributes are characterized by the modalaese amplitudeg?”".

This is the essence of the SEA. Therefore once such respomséuwmles are found for an object, they can be
stored in a library for subsequent rapid computation of #sponse required in a prospective survey.



2.3.3 Solving for the Modal Response Coefficients: Reducedt3# Sources

Equation (2.4) suggests that a straightforward way to deéter the RSS is to form an inverse problem and solve
¢’™" for each mode corresponding to each ring, from the measwted dhe success of this procedure would
require numerous independent measurements of an objelsysicplly reduce the degree of ill-posedness which
can degrade the solution. Recently, Sun et al. (2005) apglieh a data-derived approach to extracting the
modal response coefficients for each candidate by carafalligning the measurements at different distances and
orientations. However, the accuracy and reliability of thedel parameters determined in this way is dependent
on the measurement noise and numerical errors arising freninberent ill-conditioning of the problem. In
addition, a library generated using this approach is lichitethe bandwidth of the sensor.

Shubitidze et al. (2005b) proposed a procedure in which B8 &e determined by employing a numerical
simulation of an object’s response to each fundamentatasian mode. For a unit excitatiopy;,,, (Fig. 2.2), the
scattered potential field outside the target is irrotatiana can be written as

o E g™ g(r,r}) (2.6)
where
1 1
= — 2.7
g(r7rL) 47_[_ |r_r/i|? ( )

is the potential at the observation point produced by thig ring source at; on the spheroid surface where the
¢?™" are located. Eq. (2.6) assumes that the figl,,, (r) can be quite accurately expressed for observation
points outside an enclosing fictitious spheroid usjig”. For a given candidate target, the MAS can be used
to compute the scattered fields. As an example, let us carsidgindrical object enclosed by a spheroid (Fig-
ure 2.2). The MAS distributes a set of auxiliary charge witipéitudes ofQ}"", k = 1,--- , N, corresponding

to unit excitation mode, on an auxiliary surface inside tegtering object. These auxiliary sources are obtained
by enforcing the EM boundary conditions on the physicalaeefand these sources are responsible for the exter-
nal fields (Shubitidze et al., 2002; Shubitidze, O’'Neill,nSand Paulsen, 2004). Thus with the known auxiliary
charges)}™", the scattered potential field for the:n mode can be written as

pm n Z me” I‘ rk (28)

wherer) is the position vector of théth auxiliary magnetic charg€);™", located inside the object. The
MAS (Shubitidze et al., 2002; Shubitidze, O'Neill, Sun anauRen, 2004) is used to produce the synthetic
observed scattered potentials on the right-hand-side ofZ8). The modal response coefficients for each mode
pmn can be solved via a linear system of equatiolig = + , whereA is J x N, a matrix whosejith el-
ements given by Eq. (2.7), angl = [¢}™", 5™, - ,q{(fm”]T, a N,-dimensional column model vector and

Y o= [P35 (1), 55, (r2), -+ 55, (ry),]7, a J-dimensional column data vector. Note that the modal re-
sponse coefficients are collectively callededucedset of sources because its number is substantially less than
the number of the auxiliary sourcég™" required in the MAS (Shubitidze et al., 2005b).

This model-based approach has the advantage over dath-#ggeaches, because the corresponding in-
verse problem is more well-posed and the RSS can be moreagéelyuobtained for any excitation mode and in
an ultra-wide band with noise-free synthetic observed.data

2.4 Determination of Effective Spheroidal Modes

As described in section 2.3, the expressions (2.1) and {@&. #)e primary and secondary fields involve infinitely
many terms in theory. In practice, it has to be truncated dwngutational efficiency. Therefore, to implement
the SEA it is important to find the suitable maximum mode numikieand N that can be used to accurately
represent fields. This can be done sufficiently by examinirggdecomposition of primary fields; modes that
have a negligible contribution to the primary field will haaenegligible effect on the secondary fields. Mode
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Figure 2.3: Sensing of a BOR-like object.

truncation requires correct determination of the corragpm spheroidal expansion coefficiemis,,, for each
possible mode. In this investigation, we chose to decompao#erm and non-uniform fields from a simulated
GEM-3.

2.4.1 Uniform Primary Field

Let us consider a uniform illuminating fieH = Z and decompose the field on a spheroid with semi-major and
-minor axes ofx = 11 cm andb = 5 cm. The orientation of the spheroid is described by the attiai@and polar
angles(«, #), as shown in Fig. 2.3. Due to rotational symmetry, we castithte the mode expansion to represent
Hé“ along a generating arc defined by an arbitrarily chosen spharazimuthal coordinate ef = 7 /4.

Fig. 2.4 shows the comparison between the exact values add m@ansions. Whef, §) = (0°,0°) ,
i.e., the rotational axis of the spheroid is parallel to tireation of the uniform primary field, only one mode
(0,0,1) is necessary to exactly represent the field as shown in F¢a)2and the use of extra termis 1,1) in
Fig. 2.4(b) or even higher (not shown here) has no contobutb this decomposition where the valuesgf,,
are all identically zero. When the spheroid is oriente¢dind) = (0°,45°), the two modeg0, 0, 1) and (0, 1,1)
are needed to exactly synthesize the fiHIp‘. In this case, the primary field equivalently is decomposed i
the axial and transverse excitations in the body coordiggséem. The field behaves like a two-dipole model.
For the spheroid oriented horizontally alongaxis, i.e,(a, ) = (0°,90°), this is a configuration of transverse
excitation. Correspondingly, we see that in Figs. 2.4(@) @) the contribution is exactly zero from the mode
(0,0,1) and only the mod€0, 1, 1) plays a role in the decomposition. The primary field mo¢g$, 1) and
(0,1, 1) correspond to axial ang-transverse excitations, respectively. Similarly, thedm@l, 1, 1) corresponds
to y-transverse excitation.

With a uniform field, we examine its decomposition on the sptikoriented in different angles, The exam-
ples are simple but provide some physical insight into thelenexpansion and serve to check the stability and
correctness of the algorithm to determine thg,,.
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Figure 2.5: Spheroidal expansion of a non-uniform field f@EM-3 transmitter on the spheroid with semi-major
and minor axes = 11 cm andb = 5 cm. The vertical distance between the transmitter and theecef the
spheroid is 29.2 cm. The orientation of the spheroid i9(&)0°, (b) § = 45°, and (c)d = 90°.

2.4.2 Non-uniform Primary Field

We now consider the expansion of a spatially non-unifornd filgbduced by a simulated GEM-3 instrument. The
GEM-3 consists of two concentric circular transmitter saibnnected in series but with opposite current-flow
direction. By properly choosing the radius of the two coitelahe number of turns of the coils the primary
magnetic flux vanishes in the receiver loop. Therefore, thallsreceiving coil placed within this magnetic cavity
senses only the secondary signal returned from the eartheartly metallic objects.

In the first case, we consider an example where the vertistdmie between the transmitter loops and the
center of the spheroid is 29.2 cm. Their centers are aligmélde same vertical line. Fig. 2.5 presents the mode
decomposition for the spheroid oriented in the three difieépolar angles. More terms for the non-uniform field
are necessary to accurately express the field than the gabe imiform field. For the vertically oriented spheroid
(6 = 0°), the accurate expansion requirfed, N) = (0,3). For the spheroid oriented in other two directions
(6 = 45%),(6 = 90°), we need the maximum numbgl/, N) = (1,6) and(M, N) = (4,8) to almost identically
represent the field, respectively. For the transverse taseglative error is aroun@33% when(M, N) = (3, 8).

When the vertical distance between the loop and the centeeaftheroid is reduced to 17 cm (thereby being
the same scale as the outer loop), the degree of non-untfoisrincreased. We see in Fig. 2.6 that more modes
in this near field case are required to properly represemahneuniformity of the near field pattern produced by
the GEM-3 transmitter. For a transverse excitation, thétmgized fields witliA/, N') = (5, 8) are identical with
the modeled transmit field and the relative error is arowdd% when (M, N) = (3,8). The results show that
more N modes are necessary to represent a non-uniform field, edlgdor a transverse-like excitation. In the
following application, we truncated the series in the abegeations atM, N) = (3, 8).

13



- 0.8 -
Exact Exact
B Mode (M, N) =(0, 1) 5., 06| - Mode (M, N)=(0,8)
T o5 Mode (M, N) =(0, 3) T 04 Mode (M, N) =(1, 8)
& — — — Mode (M, N) =(0, 5) f & || = — — Mode (M, N) =(3, 8)
c 5o =
g g8 02 .
IS 0 Pt = e
S s 8 op e
(—g .......... c_Eu uuuuuuuuuuuuu
£ £ -0.2f .7
S -0.5 S o
-0.4
-1 -0.6
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
n coordinate along generating arc n coordinate along generating arc
(@) Vertical:0 = 09 (b) 6 = 459
-0.45
Exact

5w Mode (M, N) =(1, 8)

I Mode (M, N) =(3, 8)

S — — — Mode (M, N) =(5, 8)

5

Q

g -05

o

o

©

£

[=}

Z

-0.55

-1 -0.5 0 0.5 1
n coordinate along generating arc

(c) Horizontalg = 90°

Figure 2.6: Spheroidal expansion of a non-uniform field f@EM-3 transmitter on the spheroid with semi-major
and minor axes = 11 cm andb = 5 cm. The vertical distance between the transmitter and theecef the
spheroid is 17 cm. The orientation of the spheroid ig(a) 0°, (b) 6 = 45°, and (c)? = 90°.

2.5 An Example of SEA Modeling

Once the surface sources are available for an interestgettdne SEA modeling of the EMI response involves
determining the spheroidal modal expansion coefficigpts, for the excitation due to a target-sensor configura-
tion. We demonstrate this by modeling the RSS for a solid stdmder with length of . = 30.48 cm and the
diameter ofd = 7.5 cm. The aspect ratio i5/d = 4.06.

We consider data from a GEM3 frequency-domain sensor metunéad by Geophex Ltd., and time-domain

data collected using the Geonics Ltd. EM63. The GEM3 dat&welected at the Sky Research Test Plot and
the EM63 data were collected on the ERDC test stand.

2.5.1 Frequency-domain Response

In the frequency-domain measurements, the cylinder waseeiitansversely and axially. For both transverse and
axial excitations, the vertical distance between the searst the center of the cylinder kls= 42.75 cm andh =
45.24 cm, respectively. Figs. 2.7(a) and (b) show the comparisiwden the measured and modeled data with
frequency range of 90 Hz to 45 kHz for both excitations. Th&&tbdeling was very successful in modeling the
measured EMI responses. The features of these respondemctmthe previous studies (Shubitidze et al., 2002;
Shubitidze, O’Neill, Sun and Paulsen, 2004). The crossfreguencies remain essentially fixed in Figs. 2.7(a)
and (b). But the quadrature peak in the transverse exaitatidfts to higher frequency, as compared to that in
the axial excitation. In addition, by observing the quadiratpeak frequencief and f,, in transverse and axial

excitation, we can estimate the aspect ratiq/a%/ f, = 1/1470/90 ~ 4.04, being quite close to the actual value
of 4.06.
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Figure 2.7: Frequency-domain response from GEM-& the distance between the center of the cylindet(
30.48 cm,d = 7.5 cm) and the center of the GEM-3 receiver.

2.5.2 Transient EM Responses

We used a three step approach to modeling the TEM resporjsel€lilate the response in the frequency domain,
(2) use a Fourier transform to convert the frequency donesiponse to a time domain response and, (3) convolve
the impulse response with the transmitter waveform.

The step-off and impulse responses in the time domain candleated by applying the digital filter tech-
nigue (Anderson, 1982) to the inverse cosine and sine wemgfNewman et al., 1986) as follows

A(t) = —2/ ImB(w)% cos wtdw, (2.9)
0

™
whereA(t) represents a step-off response corresponding to a madinetiB(w) in frequency domain and

Al(t) = g/ ImB(w) sin wtdw, (2.10)
™ Jo
wherelm B(w) represents an imaginary part of the magnetic flux and theeiriglicates a derivative with respect
to timet.
By using the convolution theorem (Arfken, 1995), the voltaig the time-domain is

%it) = —/0 A'(t —7)I'(1)dr — A(0)I'(t) — A’ (¢)I(0). (2.11)

This equation represents the response of a system to a fenperafunction(¢) in terms of the response to a
unit step function or delta function. The integration in E2.11) is numerically evaluated.

The transmitter waveform of the EM63 consists of an expdakorrent increase followed by a linear ramp
off. The cylinder was oriented at polar anglesdof 0°,45°,90°. For each of the three excitations, the vertical
distances between the sensor and the center of the cylineler-a 60.00 cm. Because we obtained the RSS in
a wide frequency range, the transient responses were mddiycan inverse Fourier transform of the associated
frequency-domain signal using the above formulas. The emisgn in Figs. 2.8(a) - (¢) shows that the measured
and modeled TEM responses agree well for these measured data

2.6 Development of a Reduced Source Library

Once we determined that the SEA would be successful in naglélie sensor response, we established an RSS-
library for 9 candidate UXO, as listed in Table 2.1 and Fig.Z hese items include UXO from the Aberdeen Test
Center (ATC) UXO test set and items provided to us by the Muatarmy National Guard (MTANG). The targets
represent a mix of different sized ordnance with differeiatenial compositions (steel, aluminum, copper), and
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Figure 2.8: Transient response for the same solid steeldsliin Fig. 2.7. For each measurement the cylinder is
60 cm from the measurement loop.

include projectiles, submunitions and mortars. Withirs tiairget set, UXO (i.e. a 2.75 inch rocket (labeled C7)
and an 81 mm mortar (C8)) consisting of steel and aluminuricsecwould be challenging to model accurately
in the near field with a single dipole model.

Candidate No.| Reference| Material Total length (mm)
C1 M55 20 mm steel with thin cooper band 75
C2 M42 40 mm hollow steel 62
C3 M385 40 mm aluminium 75
C4 M86 57 mm projectile, thin cooper band near base 170
C5 M49A3 60 mm steel 130
C6 Montana | 76 mm steel, Armor Piercing with Tracer (APT) 220
C7 M230 2.75" rocket, aluminium nose, steel body 400
C8 M374 81 mm steel body, aluminium nose and tail 460
(01°] Montana | 90 mm projectile, Target Practice with Tracer (TP[T) 250

Table 2.1: RSS-library targets

Each target was photographed and digitized, such that edolamce could be modeled as a body of revolu-
tion using the MAS. Each section of the target was repreddntea cylinder. Target C7 and C8 were represented
with 4 and 5 cylindrical sections, respectively. The conidity and magnetic permeability of each section were
determined by fitting data from a GEM-3 sensor collected atS3ky Research Test plot in Ashland, July 2005
(Figure 2.10). Each target was place horizontally bendwtGEM-3 sensor, and the frequency domain response
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(b) C2: M42 Submunition (c) C3: 40 mm M385

(d) C4: 57mm M86 (e) C5: 60 mm M49A3 () C6: 76 mm from Montana Army National
Guard

(g) C7: 2.75 inch Rocket, M230 (h) C8: 81 mm M374 (i) C9: 90 mm from Montana Army National
Guard

Figure 2.9: Items for which RSS were computed.
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Figure 2.10: Apparatus for acquiring data for determinimg RSS.

was measured at operating frequencies of 90, 450, 930, Z%1M@, 10050, 15450, 23010, 32010, and 44010
Hz. Although data were collected along a line over the tasly the frequency spectra measured directly over
the center of the target was used for the fitting. Fitting ¢héata was achieved through "trial and error”. The
off-center data were used as a check to determine the ditjtalbithe selected permeability and susceptibility for
modeling. Clearly, this procedure needs to be refined torergeater accuracy and repeatability.

The RSS library was built using three different sizes of spitks witha = 11.0 cm, b = 5.0 cm for small
objects,a = 22.0 cm, b = 7.5 cm for medium ones, and = 30.0 cm, b = 7.5 cm for the largest items. On
the surface of these spheroids, 12 rings of charge were USed.et al. (2005) used 6 rings in their analysis.
Figures 2.11 and 2.12 contain the RSS models as a functioangth along the spheroidal coordinatefor
targets C3 (40 mm aluminum submution) and C5 (60 mm steelambaddy) respectively.

Figure 2.13 compares the response of an 40 mm (C3) predisird the RSS as depicted in Figure 2.11
assuming a GEMS3 sensor, with data collected on the ERDCttsd sThe target depth was 30 cm from the plane
on which the GEM3 head moves. This target represents thesmagthtforward object from our library to model.

It does not contain a number of different sections and is magnetic. The plan view images of Figure 2.13(a)
and (b) show the real and imaginary parts for 3 of the 10 freqgies. The line plot at the bottom of each panel
plots the frequency response measured and modeled diadzilye the center of the target (ieX,Y) = (0,0).
This target response was very accurately modeled using$igeffom our library.

Figure 2.14 compares the response of an 81 mm (C8) modelbdheatRSS and GEM3 sensor data. The
target depth was 50 cm from the plane on which the GEM3 moues.t@rget represents a much more challenging
item to model. The ATC 81 mm contained several differentisast both ferrous and non-ferrous.

The crossover of the real and imaginary parts is slightifedéint between measured response and modeled
response. However, as is seen in the plan data, at the higbdower frequencies the plan view images, and
therefore the data, match closely. The slight inaccuracthefcrossover suggests more care should be made
when calculating the RSS for the larger, more complex targBegardless, the comparison between predicted
and measured data is quite good, and we pro