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ABSTRACT

Wi have designed, fabricated, and Deld-tested 3 new, unigue, monostatic, broadband, eleciromag-
netic sensor for subsurface geophysical investigation. The sensing unit consists of @ pair of coneentric,
circular coils that transmit a continuous, broadband, digitally-controlled, electromagnetic waveform.
The two trransmitter coils, with precisely computed dimensions and placement, creare a zone of magnetic
cavily (vix., an area with a vanishing primary magnetic flux) at the center of the two coils. A third
receiving coil s placed within this magnetic cavity so that it senses only the weak, secondary feld
retumed from the canth and buried wrgens,

This monostatic configuration has many advantages including (1} compact sensor head, (2 a large
tranamitter moment, (33 high spatial reselution, (47 ne spatial distortion of wn anomaly common to bistatic
sensors, (3 circular symmestry that greatly simplitics mathematical description, and, therefore, (&) simpli-
fied forward and Inverse modeling processes, Thres protolype GEM-3 units have been built and fested

&l various envirenmental sites, including those containing wnexpleded ordnance and land mines,

Introductisn

Bazed on the data quality and quantity, portakilicy, and
non-intrusiveness, the electromagnetic induction (EWI1)
method 15 perhaps the most popular methad for shallow geo-
physical explocation, During the past several vears, Geophex
hias deweloped a new generation of airborne and man-portalble
EMI sensors, GEM-D, frst debuted inoearly 1993, is a 9-1b
hand=held, biztatie EMI sensor that can operate cither in the
frequency- or the time-domain maode, I the freguency-do-
e, GEM-2 12 Neld-prosmmmable to operate az simulaneons,
multiple Frequencics or in swepl=Maguency mode between B0
Hz and abowt 24 kHe. The GEM-2 operating principles and
case histories are describad in Won e al, {15994,

One of the major medives for GEM-3 was 1o increase
laterzl and spatial resolotion, A bastatie sensor, because of
the long path between the source and receiver, is inherently
poar i spatial resolution particularly for srmall, shallow tar-
gets. Figure 1 shows GEM-3 inoperation as of August, 1996,
For this prototype, the clectironic console including the dua
lagger s very similar to that of GEM-2. Figure 2 shows the
electronic Black diagram of GEM-3

GEM-3 Operating Frinciple

The GEM-3 sensor conliins a pir of concentric tans-
mitter coils and a small recciver coil at the center, We call this
consentris geomairy @ “moncstatic” confizuration because
all coils are cazentially co-located. The GEM-3 is a transmit-
ter-bucked sensor, as will be discussed ina later section. All
coils are molded e a single, hzht, circular disk inoa Gxed
goometry, rendering a very portable package. The disk, along
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with 2 laoedle booan, 15 made of @ Kevlar-skinned foam board.
Attached fo the ather end of the boom i 8 removable elec-
tronie console (g 1),

For a frequency-domain operation, the GEM-3 prompis
For & 2et of desired transmiter Mequencies. Buili-in sofiwars
converts these frequencies into a digital “bit-stream,” which
15 wsed 1o construgt the desired transmitter waveform for a
particular survey. This bit-stream represents the instiction
on o 10 control a sel of digial switches {called H-bridge)
connected across the ransmitier coil, and gencrates a com-
plex waveform that contams all lrequencies specilied by the
aperator. This method of constructing an arhitrary wavefomn
Tromn a digial bat-ztream 1= known as the pulss-width medula-
tion (PWAD fechnique.

The base period of the bi-strearm Gor GEM-2 15 sel o 1)
3th of a second for arcas having a &0-Hz power supply, as
dogs the ULE, The period s 123 0h ol o 2econd at 50-Fe areas,
s in Burope and Japan. The GEM-3 H-bridae switches at a
rate of 96 kHz and, therefore, the bic-siream containg 3,200
sleps within the L20-second base pericd. Any integral num-
ber af the base period may be used for a consecutive ransmis-
s100 i order 1o enhance the signal-to-noise ratio (SME). For
detailed explanation of how the GEM-2 consmmicts a transmii-
ter waveform and actual examples, refer to Won et al. (1994),

Bistatic and Monostatic Sensors

The terms “histatic” and “monosiatic” may be new o
some readers; hence, a briel discossion is appropriate, Az a
simple analogy, an underground miner who uses a headlamp
operiles a monostalic sensor because las hght source and
eves are essentially co-located. A camera with a built-in flash
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Figure 1GEM-3 in aperation, The entire unil weighs about
9 b5 and has a data-logging capacity of about 30,000 points
beforedownloading,

would also be analosous. However, 17 the miner has his own
Farnps broken, and eelies on a fellow miner’s lamp some distance
away, he then operales a bistatic sensor because the light
souree and his eves ave o longer co-located. The miner in
this case will oheerve more shadows becnuse the Light tm-
pinges ot okhgus angles witl respest (o his Tine of sight. Other
than the shadows, the situation does not systematically alfect
b Far e can gee

The miority of geophvsical sensors are bistanc, Comes
mion examples includs seismic refraction and reflection amays,
all DT elecirical arrays CWenner, Schlumberger, ele.), cerlin
eround-probing eadars (GFR, and most zetive frequency-do-
main EMI sensors, All bistalic sensors meesiarg some sorl of
integrated properties of the madium between the source and
recelver. The exact path or volume ol integration depends on
the poverning physics, source-receiver geometry, madium
properties, and, in the case of waves, raypith and sourcs fre-
aquency. The measurad properties may be the ravel time (scis-
i and GPEY, potentinl difTerences {030 resizinvily ), or changss
it (ke amplitude, phase, or decay rate in time (EMI.

ponostatic geophyvaical senzors, whare the source and
receiver are oo-located, are relatively rare: examples may in-
clude marine acoustic profilers and depth sounders, certain
GRS, and some time-domain EMI sensors. Monostatic sen-
sors have many advantases over bistalic senzors: they are
compact, light, easy in logistics, and the operating principles
are often mathematically simple to descnbe, The practical &if-
Meuley of monostate sensors, however, is that the recciver
musl be able 10 sense a small retuen siznal inthe presence of
the large source signal, or measure the signal only while the
apirce is temed off or sutficiently altenwted.

Source-Receiver Separation vs. Depth of Exploration

Becmuse most geophvsical sensors are bistatic, we of-
e assoctnte the separaton batween the source and recetver

as the major operating variable in order 1o interpret the dara,
There is a pervisive missenception, however, that the separa-
tion between the source and receiver ullimale by governs the
depth of explocation. [T that s indeed the case, 2 monostatic
sansor showld net ke able to see any depth ad all?

This notion may have been partly derived from the fa-
miliar TR resistivity methad where the current path doas ex-
tend deeper s the two souree electrodes expand in distance,
A nite source-receiver distance is also necessary for serlain
rav-tracing methods, requiring observation of a particular
ravprath that emerges only beyond a certain distance. Belrac.
Licsm sedsmiclosy 15 2 prime example. Formost other geophysi-
cal methads, including the EMI method. there is no systematic
connection belwesn Lhe sourcg-receiver separation and the
depth of exploration,

Let us expound on this misconception using the ER]
method a5 the example, cven though a similar explanation
wiould apply 1o most active=source geophyaical scnsors. The
sl prrprose of an EMI sowrce i5 fo induce @ secondary cur
cent inio thie sarsh, This rele ol the sowree i5 the same whether
in the frequency-domain or the time-domain,  For 2 given
source, the current mdused i the earh depends solely on
wlhere i s located. S oo the sowrce does pol recagnize, or
even care, wirether there is g receiver mogeby, oranewiere, L
i% clear, therefore, that the existence of a recetver by no means
aftects the shape of indueed current field in the carth (aside
from the uncerainty principle of the quantum eory! ),

In other words, the eartl volume affected by the source
thuz the current diswribution as a function of depth, or the
depth of exploration) has alegady been determined by the
sourec, long before we place a single receiver anywhere, For
an EMI soures al & given spot, placed over an carth having a
given conductivity structure, the only means of alering the
induged current 1= changing the seurce freguency. The cur-
rent distribution is governed by the well-known skin=depth
efficct: & low-fraqueney signal can teavel far through 2 conduc-
tive carth and, thus, “sees” deep struclures, while & high-
frequency =iznal can tavel only a shor distance and, thus,
“secs” only shallow structures (Waon, 1930 and 1953). The
travel distance depends also on the source strength, Decauss
the receiver must matntiin an acceptable SKE washeld. This

"f;ﬁ_hh‘:\\\ N o i = Foagras ralds
- Jrici 1 HEER T
| -: i |— ?'.-:‘I'F-‘\'C"" e ';”'"" Fasprsian
Il\.._'_,."" { WL ——— T - P
_\_'_,./-‘/’) | - DT
1 | I: 58 Bt I:;:_-:-
| rrasme—sm. e - ek
[29 | Fadsssncs i I % -
[ [ “craes DT | (G | merenkewang
| | [rIPESTIR o B [ P
—_— — Lorvmne TR
| T e g VY Doorsinaten
| Lasrfa it P e
Sl B (-
gl L . Teieiedp
o [y n T A e,
| - B A =
L —_— B | — e, Do Coniear
ot L~ Sty -I ¥ Dpay
oll =

omphy (Dopiachatsn "?"'; '.T-;'H-"""-'J'I--'-"-“"""‘-'

Fignre 2. GEM-2 electronic block diagram,
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Figure X Conceptoal representation of ereating a central
magnetic cavity region using fwo concenbric circulor laps
fluat are electrically connected in an oppasing polarity.

i5 the basis for the “freguency sounding” method. A critical
reguirement for @ good frequency-sounding svstem is 1o in-
sure 2 wide enouzh bandwidth o measure targets’ spectral
respcnsg

Mow, et us turn our attention 1o the receiver. The pur-
pose of an EMD receiver is o measurg the secondany elecino-
magnectic field, usually by means of measuring a comples voll-
age D amphtode and phase) across a pickup cail. The mea-
surcrent represents a weighied volume inteeral of thie entire
current disteibunion in the earth. The receiver location affects
onlv the shape of the weighting function (sommon |y referned
1o as the kernel or Green s function ) used fior the integration of
U induced corrent distribuetion

When the receiver is elose oo the source, it is also gen-
erilly close 1o the current induced in the earth and, therefore,
the measural secondary Deld is swong, The opposite would
b the case when the receiver is located far from the source,
To datermine the half-space conductivity, for instance, the
micasure et must be soanehow nomalized agamst the seuree-
receiver separation. For a layered carth model, common o
iy B data interpretanion wechnigques, the sourcg-receiver
separation, as well as the layer conductivities, appeans s @
part of the imegral. Technigques thal exploit this integral rela-
tion that involves the sourcc-recciver separation anz called
the “zeemetrical sounding” methods, The word “sounding”™
i this case is somewhat mislcading, however, beciuuse the
source-receiver distimes by no means aflects the induced cur-
rent pattern. [noother words, a receiver located further away
[room the source dogs not make e sowrce illuminate moe
deeply, ar result in decper “sounding” by the source Eeld.

By novw, b should be clear Ul the sourcesreceiver sepa-
ration has little to do with the depth of exploration. One may
wander then why all commercial EMI zenzors are buill in a
lstane geometry, The practical reason for this geometry is (o
avoid the strong primary Tield near e source, which decays
rapid by @t @ rate of distance-cubed. The seeondary field, re-
sulting from the induced current in the earth, is very small and
s ditficult o measure 0 the presence of a large source ficld.
Possible selutions for this problem incledes (13 moving the

recciver away from the source o avod the strang ficld, or (23
increaging the dynamic range of the receiver electronic -
cuits, The former happens 1o be an gasier selution at this ime
s, thins, 15 common o commergial bistatie EMIL sensors,

There are additional remedies for this strong peimary
field protlem. One solution is to measure the secondary field
only when the source s turned ofT, (his is the case for the
tinse-damain EM1 sensors that are often buill ina monesiats
coeometry, The other selulion = womaks the source feld “in-
vizible™ ar the receiver location by “bucking out”™ the sourcs
ficld by connecting & small secondary receiver in an apposite
polarity. This secondary receiver is called the “bucking” col,
The bucking design has been in use for several decades now,
partizularly for airheme EMI sensors for mining surveys, as
well as inthe existing GEM-Z {Won el al., 19980, Cheee the
sonrce feld con be backad awr, the receiver can be pluoced
arvwhere, and even oo be co-lecafod witl the sowrce.

The GER-Z s known as a receiver-bucked sensor bee
cause a small additional regever coil bucks out the source
field, Onthe other hand, the GEM-2 achizves the bucking by
adding a second transmitter ol wnd, therelore, is considered
a transiter-hucked sensor.

Moenestatic Sensor and High Spatial Resolution

A bistatic sensar tends 10 strecch or distort i solited
anomaly along the line connecting the source and recciver.
For instance, a spherical ohjec: may appear o be oval=shaped,
stretched along the source-receiver line on & contour magp.
Liecause of this direction-dependent anomaly pattem, the sams
abject may look different on a contoured map depending on
the sensor arientation; this can be an annoying feature for
interpretation.  The stretching tvpically increases with the
AQUICE-FECEIVEr SEPArAtion.

I current |

Figure 4. Geomedry Tor conputing magnetic near-Tield fora
single current-carrying circular losp.
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Figure 5. Moroalived ragnetic feld strength ws a Tunction of
radial distance en the plane of a circular curvent logp, Actual
mragnetic feld may be compoted by multiplying tethe nor-
mulized anplitude,

A tamiliar textbook example is how a normal faolt ap-
pears under & Wenner resistivity profile; the faalt is stresched
over the entire distance invalving the four-clectirode amay
Paini-measurement sensors (such as a gravimeter or a magne-
tometer for the potential ficld methods)y as well as most
monestatic sensors o nel maniles such 2 sensor-dependent
stretchimg, miinly because their sensing footprint is iseiropic
and has a circular symmetry,

Ananomaly stretched or distorted by the source-re-
ceiver goomerry degrades the spatial or lateral resolution in
panpeinling iselated tareets such as buried wwenches, under-
ground storage mnks, or land mines.  Zero source-receiver
separation, L, a monestatic sensor, climinates siretching and,
therefore, provides the highest spaal resolution, 1n refle:-
tiean seisiaes, Lhe sholpoint-geophonse separation is artificially
reduced to zero during the processing through the “nomal
el operatan.

Arnonastatic sensor is the most desirable geophoesical
senson for achieving hgh spatial resolution. However, there
are many practical design difficalties in prodecing such a @en-
s, The GEM-S 15 one of the fow sensors of this kind that
hive overcome the design difficaliies

Design of a Magnetic Cavity Using Two Concentric Coils

I'his section describes the GEM-3 design principls in-
volving two concentric ieansmiller coils, The consept is fur-
Uer deseribed in the ULS. Patent 5,557,200 (Wan, 1996). A
agnetic cavity 1s delined as a region where a directional sen-
sor, placed in a specified orientation, prodeces zero signal
induced from the magnetic ficld. We show that such a cavity
can be ereated anthe center ol two concentne, cirealar, current
lonps that are elestrically connccted inscrics into ane circuit.
The cavitw, once cremed, can be wsed for placing a highly
sensitive magnetic sensor in the neighborhood of a large ac-
live, dipelar magnetic field. The concept is schematically
‘jl W I :I_la._'_. T

Mear Macenetic Field of & Circular Corrent Loop

s the magnelic cavity 15 o be greated a0 the center
of a cerrent-carryving loop, we tirst analy e the nsar-1eld char-
acteristics of the magnanic held generated by a single loop.
Let us consider the magnetic ficld at an arbifrary point P, o
off the axis of a circular logp as shown in Nig, <, The leop has
it ridies 2 wmd carries iocurrent J. Oowing to the obvious azi-
mthal symimelny, we can express the scalar magnetic poten-
tial function ¥ as

g,
¥orn) = A B 00w A Pleer 0 4.4 i
m ;

i
c Pieas Q0

.

(L

where V_satisfies Laplace equation ¥V =0 and £ _isthe s-th
order Legendre [unction. Om the axis along =0, ¥ can be
analytically shown o be

Flr= 2z @=0)= 'R:JP - == ]l 4]

which is troe for any valie 2 along 1he axiz, Magnetic perme-
ibility of free space p, has a value of 43107 henry/m. Eq.{2)
Ay b expanded into & Tayloer series intenms of either () for
=z or izl Tor a=z, depending on wheather the point Prr, o0 0s
within or eutside the loop. By comparing the coctficients of
the power series with thoss of Eq. (1), we can derive the fol-
lawing two equations:

; W) e i
V(i ih = "T-n ~[&)Picos &) +

iy "’
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Figure &, Relative magnetic feld sorength as a function of
radial distanee for a three-coil system given BRI = 13,29 cm,
nl =7 B2=24cm,n2 =14, and ks=75cm. Total ficld (thick
line} is the sum of the ficlds from the suter coil (Ehin line ) and
Ehee inner coil fdotted linel. Notce that the effect of the oppos-
ing innercoil is negligible to the far-Ticld strength.
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Folr =

It 35 sy 1o prove that at F = @, Eqs. {3a) and (3b) pro-
duse an wdentical value, Vector magnetic Geld By, & can be
derived from the potential Tlunction through

Bir0) = — VI {». 0} i)
for which B . the feld perpendicular to the planc of the laop,
my b computed by

. &inf Bl

B= 5
: r a0 (5

TS
cos L ;r n
ér

Taking dervatives as required in g, (3)and ketting @-90¢
(i, component perpendicelar o the loop plane), we abtain
the magnetic field as a function of radial distance » on the
plims of the loap:

(8] ta (3R] ) -
(a) bor r = ag inside the leop;
el
y=_ Modtayl
BLr) 2a [_] ii

CHRUREHEDRS

(b for r 2 ontside the leop.

It is casy @ shosw that 2= ¢ becomes much greater than
e, the Tar-Nield approximation yields

i fa? A
Bir)=— }‘:; LB f
! dqs
whore M (magneiic moment) = laa’ 7l

wihich 1= the classical expreszion for g dipelar magnetic feld,
Figure 5, s an example, shows 8 () computed from Egs, {Ga)
and (6B}, as a function of normalized distance () on the
plane of a circular current loop. The ampliteds is alse normal-
ized o p ATy at e=0, the loop center. Natice that the mag-
netic field at the center of the loop is flan, having a vanishing
gradiznt. Far-lield strength. as the distance increases, casen-
tally follows Eq. {71 MNotice that the Niald a1 the center i
siromg vel spatially stable as indicated b its flainess. This
spatial stability is (he major assel thal enables us fo create a

magnetis cavity by means of superimposing wn opposiic, vet
alse stable, magnetic field generated by a small concentrc
[

Creation of 3 Central Magnetis Cavity Using Two Opposins
Current Loaps

Figure 3 shows the basic concept of creating a magnetic
cavity using two loops; a serics circuit of twa connectad Toops
carrving he same currgnt in opposing direstions, Let us as-
surme that the two loops have the following parametors:

A0 radius af the inner loap,

.l.':: i ber of teens of the ner loop,
Ao radiuz of the cuter loap, and

ry o number of wens of the outer loop.

Aran arbitrary distance of r from the center bul inside
the nner loop, the magnetic field due 1o the inner loop is then

5_.'{J-:.—i"—’"r1 BER]
5

forr= i (8a)

and, stmilarly, the magnetic fAeld due to the outer leop s

forr=< £, ($b)

W are interested in deriving a mathematical relation-
ship among, the coil pammeters o as 0 creale o magnells
cavaly at the cemter af the coil pair. et us place & third, con-
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Figure 7. GEM-3 interpretation chart for converting inplhase
and quad rature ppes data to carth conductivity,
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centric, circular loop having a radies r that is less than R,
This thard loep 15 constdered to Be the receiver coil that is, in
the absence of the prinvary Deld dug o the magnetc cavity,
designad to measure small variations in magnetic field induced
from outside the conl svatem. The veltage oulput (el of the
receiver coll would Be proporional to the surface integral of
the twa opposing magnatie Nelds exprazsed by Egs (8a) amd
(&b

et J‘ [Br) - ."5'_.'{1"]1 “durd i

For the magnele cavity, we desine to have a vanishing
cmf. Therefore:

[ Blonrdar={ s ra. (10}

Intezraing Eos. (Sa) and 2k and substititing them into
Ea (100, we abiain the fellowing Tunctonal comdition undsr
which the output voltage of the receiver coil having a radins »
i il b e

i)

Fquation || provides the basic relation among the radun
ofthe neceiver oadl and two concentric transminer coils as well
as the momiber of wrms, which would result in zero sensor
output valiage in frec space.

While the outer coil, having a lerger radivs and morne
Liarmrs, 15 0o b Lhe prncipal fransmitier of an active maznetic
ficld, the inner eoil due o s opposing magnenis polariy does
shightly redece tee amplinede of the principal dipole ficld. The
degree of the amplituds loss can be readily pradiciad Trom Eq.
{7 1sush tht:

i =1 il EI. -':|

Avnplitude loss an far feld - I, ol {12}

Figure & slows an example magnans cavity, The ease is
R =12 emn, =7, B =2bam, n,= 14, and #= 7.5 cm, the
valees of the first protetype GEM-3. The graph shows the
relative magnetic ficld strenzth as a function of radial dis-
Grnee, Total field Qlack Tne) s de sum of the Gelds from the
auter cail (ithin linc} and the apposing inner coil {datted ling).

W nete Uit the magmetic Geld wathan the area encarclad
b e receiver cml = amall and vacies gently, slarling positive

al the center and slowly changing o negative toward the pe-
rimeter of the receiver coil. Arzal integral of the magnetic feld
within the receiver coil, however, vanishes precisely accord-
ing to Eg. 0107 50 a5 o produce zero voliage cutput by the
recelver eoll, Loss on the dipole strength of the outer coil Tor
this case is 15.3% according to Eq. (12}, a small amount as
shown by the nearly unnoticeable changes in the far-Tizld
strength.

(EM-2 Basic Meazurement Unit

The inphase and quadraiere data derived through the
convoluton (see Mg 2 for explanation) are converted into a
part-per-million, or ppeon, wnit detined as;

secowdary magneric feld o receiver coll
privwgry magaelic fefd ar receiver colf

{13)

por =100

These e values are the raw data logacd by GEM-2
Wi note that the sem unit defined by Eq. (13715 sensor-sps-
cific and has linle physical meaning, The GEM-3 allows up to
0,000 data points before down leading oo PO through an BS-
E32 hink, Al parameters required Tor the ppes computation,
such as the sensor output in frec space (simulated by hanging
GEM-3 from the opola mll ree), and amplifier characieristics
of the o receiving channels are stored e GLERM-3 (or real-time
155

In mast shallow geophysical surveys, the e dati gen-
erfed by GEM-3, often ploted inte 2 contour map at cach
frequency, are sutficient o locate buried obpects without go-
ing throwgh elaborate data processing or interpretation. One
van also estimate the targel depth from te data obaaned ar
multipls ffequencies,

Conversion to Apparent Condoctivity

The inphase and quadsitture g dita can b Lhe oy
il for any inversion soltware, Traditionally, however, EMI
data is displayed in “apparent conductivily”™ by imagining that
the garth Below the sensor is represemtad by a homogencous
and isorropic halfspace.  While the carth s heterogeneous
with regard fo gealogic variations, it can be represented by an
cqguivalent homogencous halfspace that would result in the
s observed daty,

The toral magnetic field measured at the center of, and
perpendicular to, the GEM-3 disk can be wrillen

M P O Pt St e ST E s
4 + A3 o e L i T - ad
T D o {14y

where the Arst term represents the scurce ficld Trom Uhe trans-
mitter ¢ail having a radius a and a dipole moment M, and the
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GEM-3 Test Survey over a Small UST (15 Aug 96)

Survey File al: Geophex Backyard; Sensor Height 1 fi

12,270 Hz In-Phase Cuadrature
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Figure 8. G EM-3 respense over 51 225-gal undergrownd storage fank buried at & feetin clay soil.
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GEM-3 Test Survey over Al Targets (6 Aug 96)
Survey File 26: Sensor Height | f

12,270 Hz In-Phase Quadrature
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Figure % GEM-3 response of alumnomn disks on the sarface, The four seeall targets are X inch diameter cireles. Chuter targets
are 4 1o 8 inches in diameter. All disks are 20-mil thick.
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GEM-3 Test over 4 5-fi by 5-t Plot (Geophex Front Yard; 960827) xR
4 putside targets: 2"-dia 20-mil thick aluminem Jisks
The center target: 2375 -din, 1/32" thick steel disk

Figure 10, GEM-3 response of a civenlar steel disk (at the center; 2375 inch in diameter and L/32-inch thick) and fowr circular
aluminum disks (at four corners; 2 inch in diameter and 20-mil thick), The test area is 500 by 310 size. The top row response
of the gest site without any Girgets. The next four rows show the targets buried at inereasing depths.
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Fimure 11,4 EM-3 data (4,050 Hegquadrature) over a 200 £ by
2040 fe plot in the Jefferson Proving Ground, Indiana, where
unexpleded erdnance ibems are presumably buried. Notice
(e color variations (hlue o red, corresponding to bow to high)
indicating phase reversals depending on metal fypes, Be-
canse of this phase rotatien, a target may be detected anly
within veriain frequency wincdovws,

second term is the feld resulting from the indoced corrent in
the carth, Here, & =faee whers @i angulor frequency, orthe
miaznctic susceptibility, and the areonductivity, The GEM-3
bnzht above the earth s denoted by Jan B, (14), Unfortu-
nately, we have net ver been able 1o derive a glosed form
intezral of Eg. (L4 and, thus, have relied on a numericil inte-
araticn method.

Motice Uit the famaliar Bessel function ubiguitous ozt
bistatic EMI sensors (Blomilin, 19635 Frischknecht, 1967) i
sone 1 B (14, The argument of Bessel functions n this
case containg the source-receiver separation; for a monostatic
serisor with a sere separation, J 1001 and J {00 for all n
other than | This banishment of Bessel functions agplies to
both he halfspace and lavered carth models. This 15 ong of
meaey mathematical beauties of a monostatic M1 sensor,

IHviding Eq. L4 b the first term on the right-hand side
(e sewrce Geld), and mulliplying by one million, we can ob-
tain the GEM-3 response over a halfspace inoa gpst unit as
il lovs:

noodr 1 - P =k 34
FiN IIZI'-‘—’—J[ il i ' T O Dt D (15}
[

VR EE

W notice from Eq. (133 that conduetivity and frequency

appear a5 a single product in &7 For molitfrequency dia.
theretore, Eg. {151 provides the relationship between the peas
it and the conductivity-frequency product.

Fizure 7 shows the computed inphase and quadrature
responses over halfspace for the GEM-3 horizentul corls, We
assumed, for this example, a sensor heightof | meter, the 1ypi-
cal waist level for a surveyor, In essence, the observed ppm
witlue (veaxisi determines the conductivity-frequency product
[x-axis), which is then divided by the Known ransmiiler fre-
quency o ablan the halfapace conductivity.

GEMW-3 Field Data Exanples

Simee a0 delwred inmid-19%906, the GEM-3 has beon uscd
at many canvironmental sites. In this section, we presen] se
lected examples, Figare 8 shows GEM-3 inphase and quadra-
ture responses al two frequencies over i 225-gal, underground
storage 1ank buried an & feet in clay soil. The tank, buried on
the side, has a 2-ftdiameter and o 3-10lenath, The amplhiigde is
ned calibeated in this plot and is relative only in scale.

The capability of GEM-3 in detecting small 1argets is
shown im fig, 9, Inoan area of 20 6 by 20 ft, we placed four 2-
inch dizmeter, circular aluminwm disks on the swerface in e
central arga, Ourertargars are also aluminum disks on surface
having 4 1o & inches in diameter, Allalwminum disks wers cul
froam 20-mil-thick sheet metal. Al targets are clearly detectaed
by the GEM-3.

[1n a much smaller test area of only 5 ft by 5 f (fig. 10), we
placed similar small tarzets: a circular steel disk (2,37 5-inch
diamerer and 1/32-inch thick) at the center and four circular
aluminurn disks Csaanch dineeter and 20=mal sick) at fowr cor-
ners. We show both the inphase and quadrature responses al
two frequencies. The top row shows the response of the test
site without any targets. The next four rows show Lhe tirgets
buricd af increasing depths, 10 s obvious thar the anomaly
pattern is dependant on frequency, the burial depth, and -
phase or guadrature, Figure 10 demonstrates that the broad-
band data in both inphase and quadraturs mamitest diflerent
information for detecting and interpreting the targets.

In fig. 11, we show GEM-3 data (only al 4050 He
quadrature) over a 200 11 by 200 ft plot in Jefferson Proving
Ground, Indiana, where wnexploded ondpance dems prasum-
ibly are buried, Motice the color variations (blue 1o red, corne-
sponding 1o low o high) indicating phase rotations, which we
found occur commonly depending on the target metal types
(Ferrous of non-ferrous).  Because of this phase rotalion, 3
tareet may be detected only within certan Trequency windows,
Merther supportng the need for multiffequency measurements,

Finally, fig. 12 shows the GEM-3 response a1 12270 Hoat
Turkey Creck Test Site in Fornt Carson, Colorado. The site
includes five “registration largels” denoted by oval-shaped
areas thal contain buried objects o simulate unexploded ord-
nance. Each registration area containg an S=inch alumingm
square sheet (top) and a 16-lb steel shotput (botiom}. W
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Figure 12, GEM-3 respanse at 12,270 Mz quadrature at Turkey Creek Test Site in Fort Carson, Colorado, The site includes
“rogistration targets” buried in five oval-chaped areas, Each registration arca contains an Sinch aluminum sepuaAre (Lopand
it Lh-lb stecl shotput {bottom ). Black dots in cach ovalare, in fact, made of many closely-spaced contours eentered over the
buried targets, We noted that the aluminum target is scen over a broadband while the shatput is wod seen af certuin Trequency

particular!y in the inphase com pomeni.

novted that the alumimeam Lirrzel ps seen over @ broadband while
the shotput is nol seen at certain frequencies, paicularly for
the tnphase companent

Conelusions

GERM-3 is 2 new, wnigque, monostatic, broadband, eles-
tromagnetic sensor for subsurface geophyaical investigation.
I'he GEM-3 s able 1o detect small tareets such as huried cod-
mnce and land mines with highest spatial resolution. The
sensor is bised on a well-founded physical principle of creat-
ing aprecise magnels civily using two Conceniic iransmiller
wertls. Acreceiver ondl is placed within this magnetic cavity so
That it ¢ sense the weak, sccondary field retoened from the
warth and buried targers

This moenostitic configuration has many advinliges
ingluding compact sénsor head, a large transmitter moment,
high spatial resolution, no spatial distortion of an anomaly {as

is commen with bistatic sensors). circular symmetry that
greatly simplifics mathematical deseription, and . therefore, sim-
plified forward and inverse modeling processes. Three proto-
tvpe GEM-3 units thar have baen bl and tested a1 various
enviconmental sites, including those containing unexploded
ordnance and land mingz, proved te sdvantages of the de-
S1En concept,

The remaining hardware chisllengs For the further devel-
opment of GEM-3 is increasing its operating bandwidth from
the present 24 KFHz 1o several hundred kilohertz. Onee we can
cover a few decades in frequency band emploving an aclive
EMI source, we should be able to measure a continuous spec-
tral response of a given buried object. For GEM-3 (s well as
for GEM-2), thiz can be achicved by either (1) sweeping
through the entire band width one frequency at a time (Won.
LREZY, or {2 employing a fasi Fouwrier trransform technioguee dur-
g the data acquisition using a broadband source such as
pseude-random sequence pulses. Such a concept may be
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callod “EMI apectroscopy,” or EMIS, that may cover from ELF
i B spectmal bands, Like any other spectroscapic technol-
gy, the EMIE, once fully developed. s an enormouos poten-
bl for target wdentification and discrimination, an uliimate sen-
sor reguirement for many delection applications myolving land
mines, alrpon sccurity, and numerous other object wdennfca-
Ticy meeiedls
he challenge onthe software front s equally excinng

Arthistime, we have noomegans ol examining a largs amount of
data in o broad tand, particularly for an arzal geaphysical
srvey, A parallel effort 1s given 1o the inversion of broad-
band data to produce the subsurface image of the eartl, In
cooperaion with several scientists in the U5, sovernment
and universities, we hape 0 advanee this ambitons theoret-
cal from i the nesr Tuture,
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