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ABSTRACT

The prospect of using sensor technology for the detection and location of
surface and subsurface Ordnance and Explosive Waste (OEW) is assessed to
determine its suitability for operations on formerly used defense sites (FUDS).
The U.S. Army Corps of Engineers, Huntsville Division, has identified over 900
potential OEW sites, of which as many as 300 may be classified as an imminent
hazard. Cleanup of the OEW sites is estimated to cost several billion dollars.
However, this cost will increase since the Army is still in the process of
identifying contaminated OEW sites. In addition, Department of Defense (DoD)
ordnance test ranges, such as the Yuma Proving Ground, contain many types of
unexploded ordnance, making the cleanup task more complex. Today, several
types of electromagnetic sensors have successfully been used for site
characterization. In this report, we have assessed over 30 state-of-the-art and
emerging technologies for their applicability to site characterization. This
assessment will enable the U.S. Army Corps of Engineers and others to better
address the ever-increasing site cleanup problem. Information required to select
the appropriate sensors is provided within this document. Over one-hundred
sensor technology products and services are surveyed, providing an in-depth
summary of technology that can be brought to bear on the OEW problem. In
the future, sensor suites and data processing utilizing data fusion should be
utilized in less labor-intensive approaches to enhance productivity and increase
quality of OEW detection and location. The study team concluded that,
although no one sensor type can solve all problems in all FUDS, the U.S. Army
Corps of Engineers can use state-of-the-art sensor technologies and adapt
already developed DoD sensor data fusion concepts and models to greatly
enhance productivity. The probability of success for this approach would be
high while the adaptation risk would be quite low because sensor data fusion
has traditionally been exploited by the military for similar types of challenging
applications. Meanwhile, emerging sensor technologies can be adapted to
support sensor data fusion as they evolve.
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EXECUTIVE SUMMARY

At the present time there are over 10,000 suspected contaminated sites at more
than 2,500 installations currently under Army control and 7,600 former defense
installations that have been turned over for civic or private use. The Army has
cleanup responsibility at those former sites, regardless of which service used
them. A suspected contaminated site can be anything from a motor pool,
laundry or landfill, to an abandoned ordnance test site and/or depot facility.

The U.S. Army Corps of Engineers, Huntsville Division, has responsibility for the
Ordnance and Explosive Waste (OEW) site cleanup. Potential OEW sites could
involve more than 1,000 installations that have already been turned over to the -
civic or private sector. The OEW contamination presents an imminent hazard to
exposed individuals, and therefore the OEW items must be detected and
located. OEW examples are bombs, warheads, guided missiles, mortars, small
arms, mines, demolition charges, pyrotechnics, propellants, chemical agents,
fuzes, boosters, and rocket motors.

The issue of OEW detection and location has been investigated for the U.S.
Army Corps of Engineers and Yuma Proving Ground by a study team at the Jet
Propulsion Laboratory in Pasadena, California. The objectives of the study
were to (1) develop technical tutorials of all relevant sensor technologies; (2)
conduct an assessment of current state-of-the-art and emerging sensor
technologies for the detection and location of surface and subsurface OEW on
hazardous sites; (3) survey sensor technology products and services and
provide an indication of technologies that could be brought to bear on the
OEW problem.

The vast diversity of ordnance and explosive waste, coupled with the very
nature of its designed use in training exercises (e.g., artillery firing, bombing
practice), renders the detection and location of OEW a very difficult task. 'In
concentrated target areas such as firing ranges, the scope of the task is less
formidable, as the approximate perimeter is relatively well defined. However, in
regions of live-fire exercises designed to expose personnel to the experience of
live rounds, the impact regions are more diffuse. In addition, a falling artillery
round does not always detonate, and it can penetrate the ground by as much as
two to three meters. Other OEW concentrations are burial sites, where
intentional disposal of obsolete munitions occurred. For example, it was not
uncommon for unused munitions nearing expiration of their useful life to be
buried in close proximity of the firing range. The disposal of chemical waste by
burial is another example. The mustard gas burial site in Manchester, GA, and
the Spring Valley burial site near Washington, D.C., are typical cases.
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A site that has not been used for some time is subject to vegetation overgrowth.
especially in the warmer, wetter climates. The obvious impact on sensor
selection is to make the initial detection more difficult by obscuring evidence of
ground disturbance, as well as making it difficult to utilize some ground-towed
sensors. The influence of the regional geology is a distinctively important
factor. Not only will the differences in soil density affect a munition’s
penetration depth, but the different soil groups will also affect the sensors. Soil
with high clay content and a high saline water table will impede the
performance of ground-penetrating radar (GPR). Soils of high volcanic content,
dark igneous rocks, or large concentrations of iron will impact the performance
of magnetometers. The effect of the local climate on the geology can be quite
dramatic. Impact scars can remain obvious for years in a dry climate, whereas
they are readily and quickly obscured where it is wet.

All of the above factors are further exacerbated by the recent base closures and
the resulting urgencies to transfer ownership to the civilian sector. To make
matters worse, many of the hazardous sites are in urban areas or are surrounded
by population centers. This is the case, for example, with Camp Elliot in San
Diego and Johns Hopkins University in Baltimore.

The terrain features of the 31 hazardous sites (listed in Table 3.2.1) evaluated in
this study are geologically and environmentally varied: flat, rocky,
mountainous, and hills with eroded gullies and other unleveled features. The
ground cover varies from none at all to brush and large trees. The soil
conditions vary from dry sand to damp gravel and mud; in some areas clay or
marl is mixed with dissimilar rock that is often comparable in size and shape to
the target ordnance. In order to get a better feel of the 31 hazardous site
conditions considered, the representative site characteristics have been
summarized in Table E.1. This table illustrates the number of times a site
characteristic occurs over the 31 RAC-1 sites listed in Table 3.2.1 (Section 3).

All sensors assessed in this study have both their advantages and
disadvantages. For ideal conditions, each sensor would be expected to deliver
its ideal performance. Because of the nature of the task of detecting and
locating OEW in a real-world environment, there will naturally be impediments
to this ideal operation. Some of these impediments will merely result in a loss of
performance to a greater or lesser degree, while others are “binary”, where the
issue is whether the sensor is even capable of performing the function. An
example of a binary impediment is a magnetometer’s inability to detect non-

ferrous objects.

A sensor technology assessment summary is displayed in Table E.2. The table
provides the number of sensor types (reviewed within this document) in each of
two categories (State-of-the-Art, and Emerging) and the average applicability
rating of each sensor type. The results from more detailed sensor classifications
(Sections 3.5.1 through 3.5.3) have been averaged and show how well the
sensors may perform on the 31 hazardous sites. (Refer to Sections 3.5.1

Xil



Uitivog

Executive Summary -

through 3.5.3 for explanations and caveats regarding using these results for
sensor selection. These recommendations are made based upon theoretical
strengths of the sensor technologies, not upon individual vendor’s
implementation of that technology.)

Table E.1.. Summary of Representative Site
Characteristics
Characteristic Occurrences

Urban/nearly urban 13
Forested 13
Grassy/chaparral 10
Cleared/sparse 9
Thin clay 18
Thick clay 10
Sandy/loamy 7
Volcanic 3
Flat to gently sloping 23
Hilly/mountainous 9
High saline water table i
Saltwater coastline 6
Freshwater coastline 4
Wet/marshy 2
Semiand i
Soil attenuation 0.7 - 1.3 14
Soil attenuation 1.3 - 3.0 6

~ Soil attenuation 3.0 - 5.0 9

The term “state-of-the-art” refers to sensor technology solutions that are
mature, well-understood, and available off-the-shelf. Technologies that show
promise but are still in the research stage are listed as “emerging technologies”.
A definition of the ranking symbols appears below:

@ Most Applicable - under the given conditions, these technologies will
provide the best performance in their respective areas.

@ Average - this technology will work adequately under the stated
conditions, although there are other technologies reviewed herein that will
perform the job faster, with greater sensitivity, from greater distances, or
with fewer false alarms.

O Poor - under the stated conditions, this technology is not recommended
to be used for the detection and location of OEW.

Although each OEW site is different, the technology assessment process iS an
indication of how universally effective any given sensor might be. As can be
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seen in the Summary table E.2 (and substantiated throughout Sections 2 and 3),
the three highest-ranking classes of technologies for the detection and location
of OEW are: highly sensitive or multi-axis magnetometers, airborne ground-
penetrating radar, and nuclear activation technology. While other evolving
technologies are promising, there is considerable development yet remaining.
The most important observation, however, is that no single technology can
accomplish this task unambiguously. For all their merits, neither magnetometers.
GPR, nor nuclear activation technology applied alone can assure more than a
modicum of success probability. While each is a powerful technology with
distinct advantages, none has the breadth of capability to interpret all the
phenomena that are typically encountered in the search for OEW. This includes
the capability to discriminate OEW from background artifacts, the ability to
resolve individual entities below ground, and the ablhty to determine depth
below the surface independent of 0eology

The study team found that the successful accomplishment of OEW detection
and location is dependent upon accurate data collection, sound signal
processing methods, and high-level data fusion approaches whereby a discrete
suite of sensors is selected and specialized to the requirements of a specific site.
Such a suite most likely would consist of at least two of the dominant
technologies plus one or two others. The information gleaned from sensor
fusion and signal processing would complement each other sufficiently that the
vast majority of the OEW at a site can be readily identified for disposal”
Implementation of the sensor suite should be motivated by optimizing the
sensor characteristics to the site needs, whereas only negligible loss in accuracy
would be experienced by using fewer sensors. Any information loss would
almost certainly be justified in terms of the savings in cost and logistical
expense. This approach must be quantified by assessing the trade-offs based on
test site evaluations. The approach must answer questions such as, “If I fly two
additional sensors, effectively increasing the cost of the survey, how much will
my detection confidence increase?”

In conclusion, to overcome the problems identified in the previous paragraph,
the study team strongly recommends the application of sensor data fusion
technology-be applied to the OEW detection problem. Prior to applying sensor
data fusion technology, the techniques should be quantified first by assessing
the. individual sensor capabilities and performance trade-offs based on actual
test site data. This would require the expansion and adaptation of already
developed Department of Defense (DoD) sensor data fusion concepts and
models. This approach should greatly enhance productivity and increase the
quality of OEW detection and location.

* Source: Gulati, Sandeep and Peterson, John, “Intelligent Electromagnetic Imagery Fusion Server for

Unexploded Ordnance Detection and Location”, Proceedings of the Seventh Joint Service Data Fusion

Symposium, Johns Hopkins University, Laurel, MD, October 25-28, 1994
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Table E.2. Sensor Technology Assessment
Summary

Average Applicability

@| ©|Ratings from Tables 3.5.1
through 3.5.3

Sensor Type

Proton Precession Magnetometer

— |© |# Emerging Vendors

Optically Pumped Magnetometer (*)

Single-Axis Fluxgate Magnetometer (*)

3.Axis Fluxgate Magnetometer
Fiber-Optic Magnetometer

Overhauser Effect Magnetometer
SQUID Magnetometer

Electron Tunneling Magnetometer

~N Ol lw IO

wlo| o] ~]olo |4 |o | |# State-of-the-Art Vendors

Electromagnetic Induction Sensor (*)
GPR (land-borne) (*)

GPR (Airborne)

UWB Synthetic-Aperture GPR (airbome
| Stepped FM GPR

Harmonic GPR

Interferometric Impulse Radar

o
[= 08 [= 0 P~ ERVSN B

Cone Penetrometer

— W O O 1O 10 |\

Transient Acoustic Sensor

Seismic

Ultrasonic

Acoustic Imaging
Visible Imaging (*)
Infrared Radiometry (*) 13

Infrared Imaging Spectrometry

[ SN (=l =N (=)

Ol iclocojc 1=~ |- -

(=]

O {—

Millimeter Wave Radiometry
2-D LIDAR (*)

3-D LIDAR (LADAR)

Line Spectra LIDAR

Nuclear Technology (non-metailic only)

()OOOOOOO@@OO@OOOI)()OOQ.‘()QQO

(=3 [l [y (5]

Multi-sensor platform 1
Other Related Technologies 3

Scale: © o e > o
Poor Average  Most Applicable

w W O |— o |—

(*) This technology currently in use by the Corps of Engineers
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This sensor fusion capability is now available to support a broad variety of
public and private sector purposes in such areas as law enforcement, banking,
office automation, traffic control, environmental monitoring, and most certainly
OEW recovery. Sensor data fusion has the potential to provide the technology
necessary for solving the OEW recovery problem. Data fusion techniques can
effectively ‘deal with data errors, data uncertainties, and incomplete data
problems often associated with using single sensors.

It is proposed that sensors be evaluated using a known and calibrated test site.
After test site calibration and trade-offs have been performed and the results
finalized, a specific sensor suite could then be developed and rapidly deployed
to real OEW sites for application. The trade-offs involve optimizing the
following sensor integration issues based on the needs of each site: 1)
Complementary Sensor Integration - integration of sensor data from more than
one sensor type to get a global picture; 2) Temporal Sensor Integration -
integration over a given time (temporal inferencing); and 3) Spatial Sensor
Integration - integration of data over a given space (spatial inferencing).

The study team believes the adaptation of DoD sensor fusion technology would
lead to a more definitive and less labor-intensive characterization of the
problem. This approach would enhance site characterization productivity and
significantly increase the probability of successful detection and location of
OEW. Furthermore, because sensor fusion has traditionally been exploited by
the military for similar types of challenging applications, the probability of
success would be high while the adaptation risk would be quite low.

XVi



D11367

Section 1

INTRODUCTION

The U.S. Army Corps of Engineers has extensive Ordnance and Explosive
Waste (OEW) site characterizations and cleanup experience. Site cleanup
activities include the removal of bombs, warheads, guided missiles, mortars, small
arms, mines, demolition charges, pyrotechnics, propellants, chemical agents,
fuzes, boosters, and rocket motors. Since 1985, cleanup at about one hundred
such sites has been completed or is ongoing. The sites include a former OEW
depot at the Spring Valley suburb, Washington D.C.; a former firing range at
Martha’s Vineyard, Massachusetts; a former impact area at Tierrasanta,
California; a former Army Depot at Black Hills, South Dakota, and a former firing
range at the shore line of Lake Erie, around Port Clinton, Ohio.

The mandatory center of expertise (MCX) at the Explosive Ordnance
Engineering and Design Center, the U.S. Army Corps of Engineers, Huntsville
Division, has utilized several types of OEW sensors including magnetometers,
electromagnetic (EM) sensors, and ground-penetratmg radar (GPR) in these site
cleanup operations.

The magnetometers used by the U.S. Army Corps of Engineers are primarily
handheld magnetometers and/or gradiometers. For example, the Schonstedt
GA-52C handheld magnetometer is a lightweight sensor using fluxgate
technology. In operation, this magnetometer is swept across the surface, and an
audio signal sounds when ferrous material is proximate. A similar magnetometer,
the Mark 26 by Foerster, has also been extensively used for field operations.
This unit is larger and heavier than the Schonstedt model, but is also more
adaptable to different types of site conditions.

Although these handheld magnetometers are very effective in locating magnetic
sources (which may or may not be ordnance), they do have difficulty in some
sites. For example, it is very hard to locate metallic objects in a landfill site that
is cluttered with metals. In a large area with shrapnel, the extra clutter is so
confusing that these handheld magnetometers are not able to positively identify
any ordnance.

Electromagnetic sensors such as the Geonics EM31 have been extremely useful
in certain sites where most of the ordnance is composed of non-ferrous metals.
- The EM sensor is an active probe that will induce voltage responses from all
types of buried metallic objects.

When using a ground-towed GPR for OEW detection, the penetration depth of
the GPR is strongly dependent upon the conductivity of various types of soils,
hence the performance of the GPR varies with every site. It generally works
well with sandy and dry soil. It has poor penetration depth in clay soil or over
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sites with a saline high water table. Ample site vegetation not only can

attenuate the return signal, but also. provide physical impedances to a ground-

towed sensor’s mobility. Moreover, the lack of advanced processing algorithms
" to process the GPR data also limits its success rate.

In the future it may be possible for sensor technology to be utilized in less labor-
intensive approaches to enhance productivity and increase quality of OEW
detection and location. To address this question, we have assessed over 30
state-of-the-art and emerging technologies for their applicabilities to site
characterizations to enable the Corps of Engineers and others to better address
the ever-increasing site cleanup problem. Information to select the appropriate
sensors is provided within this document. Over one hundred sensor technology
products and services are surveyed, providing an in-depth summary of
technology that can be brought to bear upon the OEW problem.

The following information is provided to assist individuals who are not familiar
with the general types of UXO that can be expected to be encountered during a
remediation process. The items® and their descriptions are not all inclusive and
are not intended to provide a complete inventory of all possible items to be
encountered in a FUD site, but rather is intended to provide only a broad
overview of potential items to be found in a FUD site. There are actually
thousands of different kinds of ordnance that have been used for training on
these sites, but when selecting sensor types for detecting UXO, the major factors
in general are size, casing material, explosive composition, depth of burial and
soil type. The physical characteristics of UXO are illustrated below for those
who are unfamiliar with the ordnance types.

Small Arms Ammunition

The projectile is the part of a complete round of gun ammunition that is expelled
at high velocity from the gun bore. Samples of complete rounds appear in
Figure 1.1. Typical materials are brass and steel. Lengths of their projectiles are
on the order of tens of centimeters.

* .. .
Sources for this information:

Jane’s Armour and Artillery 3rd Edition 1982-83 Pg. 720-730
Principles of Naval Ordnance and Gunpery, Naval Educauon And Training Command, NAVEDTRA

10783-C, 1974

Preliminary Warhead Terminal Ballistic Handbook (Pt. 2 - Warhead Terminal Ballistic Performance),
Armed Services Technical Information Agency, AD 332 700, 1962 Declassified 1974 '
Jane’s Infantry Weapons 1992-93, 18th Edition, 515-719.

International Defense Equipment Catalogue, 1992-93 Vol. 2
Mine/Countermine Operations, Document FM20-32, Headquarters, Department of the Army Sept. 1992
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Figure 1.1. Examples of small ammunition.

Rockets

Airborne rockets, consisting of fuzes, warheads, and motors, are combined and
assembled in various configurations to meet specific tactical requirements. They
are generally 2 to 5 inches in diameter, and about 50 inches in length, including
explosive warhead. Explosives within the warhead can be TNT, “Composition
B” (a mixture of RDX (cyclonite), TNT (trinitrotoluene), and wax), or
“Explosive D” (a phenolic compound). Other warheads deliverable by rockets
or howitzers include mines smoke, and nuclear payloads.

FIRING CONTACT
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WARHEAD

Figure 1.2, Example Drawing of a Rocket
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Mortar Ammunition

Mortar ammunition are similar to rockets, except there is no internal propulsion
mechanism beyond the initial charge mounted on the tail end. Such ammunition
is typically launched by dropping them into a firing tube, called a mortar. When
the explosive charge at the tail end hits the tube bottom, the ammunition is
propelled in the direction the tube is pointing. From there, inertia takes it to its
target, where a second internal charge converts the thick metal casing into
flying shrapnel.

81 mm M43A1 HE bomb

Figure 1.3. Example of Mortar Ammunition.
Top illustration shows cut-away of
detonating mechanism and cavity
for explosive.
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Mines

Buried mines come in two general categories: anti-personnel mines (Figure 1.4),
which are typically one to three inches in diameter and weigh 1/2 a pound, and
anti-tank mines (Figure 1.5), which range from six to twelve inches in diameter,
about 3 1/2” thick and a density of 1.5 grams per cubic centimeter. Older mines
had an external iron casing and contained TNT as the explosive; newer ones
(typically manufactured after 1980) are encased in plastic and employ
Composition B as the explosive. These mines are typically buried by hand or
via a specialized ground vehicle.

Indicating N

o Cafrying cord

Mine, AP, fragmentation M16A2

Ming, AP, nonmetallic, biast M14

Figure 1.4 Examples Of Anti-Personnel Mines

Mine, AT, HE. heavy, M15 © Mine, AT, HE, heavy, M21

Figure 1.5 Examples Of Anti-Tank Mines
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Bombs

Bombs are weapons designed to be dropped upon enemy targets to reduce and
neutralize their war potential. A bomb usually consists of a body, stabilizer, and
means of detonation. Refer to Figure 1.6 for an illustration of a typical bomb.
Bombs can range from 250 1b to 2000 Ib in weight, and from 70 inches to 100
inches in length. Explosives used include TNT, Tritonal, HBX (RDX, TNT, plus a
stabilizer), and H-6. Fire bombs use a mixture of napalm powder and aviation

fuel.
LCA‘"[. AU NSON
831576 o IS /iln.:t's“. Ry
£xPLat. ! / sstmmr
FERLOL
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Figure 1.6. Sample Drawing of a Bomb
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Family of Scatterable Mines (FASCAM)

Scatterable mines are designed to be delivered or dispensed remotely by aircraft
artillery, missile, or ground dispenser. Typically, a 155 mm ammunition round is
filled with 36 small anti-personnel mines, (or about 9 anti-tank mines). The
ammunition disperses the mines while still tens or hundreds of feet in the air, and
the mines remain on the surface. Typical sizes are five inches in diameter or less
for both antipersonnel and antitank mines, (See Figure 1.7 for typical
dimensions.) All scatterable mines have a limited active life and self-destruct
after their active life has expired, a time period ranging from four hours to 15
days.

Trip wire Sating and arming

Cover port mechanism
Main charge
4
Booster
o peliet
Fragmenting
body
Power R Trip wire
supply pot
47500 Safing and arming

mechanism

Booster
ghu“ Clemn;
charge

N

Figure 1.7. Examples of Scatterable Anti-
Personnel Mines (top) and
Scatterable Anti-Tank Mines
(bottom).

Summary of Document

This report is designed to provide the reader with very easy access to-
information on a specific sensor or combination of sensors whose performance
characteristics are well matched to that of the characterization requirements of
specific sites. Identifying these sensors and their operational trade-offs is the
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first step in constructing custom sensor combinations whose data can be fused
(combined or merged) to yield enhanced discrimination of the materials of
interest. Periodically, as new information becomes available, this document will
be updated.

The first-time reader may wish to read this document in its entirety, first
absorbing the technical tutorials, which give enough background so as to give
meaning to the sensor technology assessment, then moving on to the detailed
description of the sensor products survey. The experienced user wishing to
obtain information about a particular company, a particular product, a general
category, or a general background on any of these may wish to first consuit the
summary information in Sections 2.4, 4.3, the table of contents, and/or the index.

This document is organized as follows:

Section 1 (this section)'provides an introduction and a description of how the
document is to be used.

Section 2 contains tutorials on each sensor category, for both state-of-the-art
and emerging technologies. They are designed to introduce the reader to these
sensor domains, as well as the common industry terminology. The tutorials are
presented in increasing level of detail:

Section 2.1: Overview of Ordnance Sensor Technologies
Section 2.2 - State-Of-The-Art Sensor Technologies
Section 2.3 - Emerging Sensor Technologies

Section 2.4 - Summary Of Sensor Technologies

Section 3 strives to assess the sensor technology and demonstrate the sensor
selection process for the environmental constraints dictated by a selection of
the most urgent RAC 1 (Risk Assessment Code - Priority 1) sites. It also
provides descriptions of the hazardous sites considered, including their soil
compositions, and provides suggestions as to which sensor technology might
best fit the conditions at the site to be cleaned up. Tables summarizing the
sensor technology assessment appear at the end of the section.

Section 4 provides detailed descriptions of the currently available sensors using
the technologies described in Section 2. Each product description describes
capabilities, performance parameters, known limitations, company name, and
price. As in the Tutorials section (Section 2), the products described herein are
divided into two categories: “State-of-the-Art” that refers to technologies
currently available off-the-shelf, and “Emerging Technologies” which are
promising technologies that exist in the laboratory or are in the field-proving
stage and have not yet been commercially deployed.
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Section 4.1 - State-ot-the-Art Sensor Technology Products
Section 4.2 - Emerging Sensor Technology Products
Section 4.3 - Sensor Product Summary Tables

Section 3 contains an alphabetical list of vendors mentioned in Section 4, along
with a key contact, a telephone number, and the page number where the
product is described.

The Appendices consist of a list of acronyms and a glossary (Appendix A), a
bibliography (Appendix B), and a detailed definition and breakdown of all soil
types throughout the world (Appendix C). Appendix C is used to assist the
authors in developing the assessment values for each of the RAC-1 sites
considered.

At the end of the document is a form for readers wishing to add or clarify
information within this report, and for ordering additional copies.
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Section 2

TUTORIALS

In this section, the basic concepts behind several sensor technologies capable of
finding buried. unexploded ordnance are reviewed. Section 2.1 provides an
overview of the technologies; Section 2.2 goes into each of these technologies
in greater detail, providing necessary details and discussing the characteristic
strengths and weaknesses of each sensor category. Section 2.3 discusses
emerging technologies, and compares current performance levels with those
that are anticipated with these new technologies. Section 2.4 summarizes the
information covered in Sections 2.1 - 2.3 in tabular form, showing how the
performance of the sensor categories compare against each other. In this
document, the discovery of objects is emphasized. Other wastes such as
chemical contaminants, while not the primary focus of the document, are
addressed in the nuclear techniques and biological sensors sections.

The tutorials are designed to give the reader an understanding of the general
approaches, differences, and areas of effectiveness for each of the sensor types -
outlined in this document. It should not be solely depended upon for sensor
selection at a project site; many additional factors need to be considered such as
known site activity, available manpower, cost, and a detailed site survey.

OVERVIEW OF ORDNANCE SENSOR TECHNOLOGIES

This section provides an overview of the 11 classes of over 30 sensor
technologies (state-of-the-art and emerging) that are discussed in the remainder
of the document. These classes are:

Magnetometers/Gradiometers
Electromagnetic Induction
Ground-Penetrating Radar (GPR)
Visible Imaging

Infrared (IR) Radiometry and Spectrometry
Millimeter Wave (MMW) Radiometry
LIDAR (2- and 3-dimensional)
Nuclear Technology

Cone Penetrometers

Acoustic Sensors

Biological Sensors

11
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* Magnetometers/Gradiometers

A magnetometer is a device for measuring magnetic fields by utilizing the
nonlinear magnetic characteristics of ferromagnetic core material in its sensing
element. The terms “saturable-core”, “saturable-inductor”, “saturated-core
reactor”, and “peaking strip” have also been used in describing this class of
magnetic sensors. It is a directional device, measuring the component of the field
parallel to the axis of the sensing coil.

For the detection of OEW, magnetometers are widely used for measuring
magnetic fields because of their exceptional price/performance ratio. They have
been used in airborne, marine and ground systems in the search for submarines,
sunken vessels, archaeological artifacts, unexploded ferrous ordnance, and mines
since World War II. Their successful use depends upon several factors, including
the nature of the target, the general environment in the target area, the amount of
local magnetic disturbance around the target, and the experience level of the

operator.

Magnetometers function on the principle that metallic casings of bombs or gun
shells contain a ferrous metal such as iron. Ferrous objects cause a perturbation in
the natural geomagnetic field (as illustrated in Figure 2.1.1.1) which can be
sensed. As buried shells are illuminated by the Earth’s uniform primary magnetic
field, a secondary magnetic field is induced.

Since buried ferrous metallic ordnance can be detected via this secondary
magnetic field it is important to compare the magnitude of the Earth’s maguetic
field and this secondary magnetic field. By long-standing tradition the unit used

~ to measure the Earth’s magnetic fleld is the gamma, sometimes notated as 7y (1

gamma = 10-9 Tesla = 10-9 Weber/m2). The Earth’s field magnitude ranges from
35,000 gamma at the equator to about 60,000 gamma at the poles. The
secondary magnetic field generated by the buried ordnance is proportional to its
mass as well as the magnitude of the Earth’s magnetic field, and is non-linearly
proportional to the inverse of the distance between the ordnance and the
measurement instrument. The magnitude of the buried ordnance’s secondary
magnetic field could vary from a fraction of one gamma to tens of gamma.

To detect ordnance, a magnetometer must be sensitive enough to measure the
small secondary magnetic field (e.g., 0.1 gamma) superimposed on a steady
background of up to 60,000 gamma. Figure 2.1.1.2 illustrates the measured signal
pattern of a buried artillery shell as measured by a ground-towed magnetometer.

* This technology currently employed by the Corps of Engineers

12
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/—-——— JE— Primar).' Ea‘rth
Magnetic Field

/Secondary magnetic
field generated by shell

\

Buried
Shells

Figure 2.1.1.1 Secondary Magnetic Field
Generated by Buried Ferromagnetic
Shells

The drawback of a magnetometer is that it requires both a large dynamic range
(being able to accurately measure small changes from 60,000 gamma to less than
one gamma of ambient field strength) and a high measurement sensitivity such
that it can detect the small secondary field in the presence of the Earth’s larger
magnetic field. Gradiometers have been designed in response to this problem;
they have an increased measurement sensitivity in the presence of a large
background signal. (See Gradiometers section that follows.)

OUTPUT SIGNAL OUTPUT SIGNAL
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Figure 2.1.1.2 Magnetic Field Signal Pattern of a
Buried Ferrous Ordnance

There are six types of state-of-the-art magnetometers and gradiometers: the
proton precession magnetometer, fluxgate magnetometer, optically pumped
magnetometer, fiber-optic magnetometer, the superconducting quantum

13
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interference device (SQUID) magnetometer, and the electron tunneling
magnetometer. Details of these magnetometers will be covered in Sections 2.2.1

and 2.3.1.

The choice of sensor for detecting buried ordnance is determined by the size of
the anticipated OEW (Ordnance and Explosive Waste), the environment in which

1t will be sensing, and the strength of the background magnetic field. For
example, a soil rich in magnetic material would generate low-level magnetic field
perturbations similar to the field perturbations generated from the buried
ordnance, making distinction of the sought-after ferrous shell casings difficult.
The ratio of the signal strength from the ordnance to that of the ambient fields
(Earth’s magnetic field plus the field from the clay content of the soil) is referred
to as the signal-to-noise ratio (SNR), and is a common quality parameter in the
signal measurement world. A low SNR means it is more difficult to discern the
secondary magnetic field from the large background field.

Gradiometers

A gradiometer is comprised of a pair of any type of magnetic sensors separated by
a distance (typically measured in meters). They can measure the difference or
gradient variations of the magnetic moments (i.e., the product of magnetic field
volume and magnetic field intensity) caused by the low-intensity secondary
magnetic field. Their sensitivities are much higher than that of any single
magnetometer, resulting in more than a four times increase in sensing range.
State-of-the-art gradiometers usually can measure three axes, making it possible to
measure vector magnetic fields in the x, y, and z directions.

The basic structure of a gradiometer is illustrated in Figure 2.1.1.3. A handheld
gradiometer contains two magnetometers, A and B, separated by a distance d.
Since the secondary magnetic field generated by a buried ordnance varies with
the distance between the object and the sensor, the magnetic fields measured by
sensors A and B are different. A signal proportional to the ratio between the
different magnetic field intensities between sensor A and B could thus be
measured wherever a buried ferrous object is present.

Sales representatives often refer to the terms “continuous wave”, “total field”,
and “transient wave” when discussing their magnetic sensing products, even
though these terms are not commonly used in scientific circles. (The word
“wave” 1S also inappropriate when discussing magnetism.) Below is a synopsis
of what is probably meant by these terms: | :

14
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Ferrous Object

Figure 2.1.1.3 Simple Hand-Held Gradiometer

Continuous Field

Transient Field

Total Field

This refers to the primary and secondary magnetic
fields that can be sensed by a standard fluxgate
magnetometer. In most cases the Earth’s ambient
magnetic field (primary field) is significantly
stronger than the field from the local object
(secondary field); most standard magnetometers
have neither the dynamic range, sensitivity, nor
stability necessary to strongly identify the local
object. '

This refers to the rapidly-changing field
differences that can be sensed by gradiometers. A
background magnetic field common to both
sensors is rejected, leaving only the (transient)
difference as generated by the local object.

This term means a combination of both
continuous field and transient field; sensors adept
at sensing total fields have a wide dynamic range
and are sensitive and stable enough to positively

15
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sense the effects of a local object (1 gamma) in the
presence of a large ambient field (50,000 gamma).
Optically pumped magnetometers are a good
example of a total field sensor.

‘Although magnetometers and gradiometers are extremely useful in buried
ordnance detection, they are limited to detecting only ferrous objects. Their
effective working distances are different as well; where the measurable field
strength (F) for a magnetometer decreases by the equation F=1/r3, for a
gradiometer the strength decreases more rapidly, by the equation F=1/r r being
the distance between the sensors and the object.  This is why gradiometers are
not considered ideal for detecting deeper targets.

* Electromagnetic Induction

Electromagnetic induction sensors can be used for both ferrous and non-ferrous
metallic ordnance detection. A common example of such a sensor is the inductive
metal detectors used to locate buried metallic pipes or coins buried in beach sand.
This detector works on the principle that the presence of a nearby metal causes a
change in the inductance of a coil. The change in inductance causes a
corresponding change in the resonance frequency of a tuned circuit. This change
in frequency, indicating the presence of the object, can be detected by an

operator.

A vehicle-towed detector system utilizing this technology was recently designed,
built, and tested for the detection of unexploded ordnance. The detector
component of the system consisted of two adjacent electromagnetic induction
sensors, each of which received input from a coaxial, co-planar pair of square
transmit and receive coils. In a sensor of this type, a pulse current is passed.
through the transmitter coil, generating a magnetic field, which penetrates the soil
and illuminates the buried metal object. This magnetic field generates eddy
currents in the metal object, which in turn induces a voltage in the receiver coil.

Figure 2.1.2.1 depicts the general arrangement of the transmit and two receive
coils for measurement of object depth and signal profiles. The detected voltage
waveform illustrated in Figure 2.1.2.2 indicates the presence of a metallic object.
This electromagnetic induction is more versatile than the magnetometer and
gradiometer because it is able to detect all types of buried metallic objects.

The electromagnetic induction system can be used for the detection of individual
ordnance pieces buried in shallow soil, although in the real world these ideal
conditions do not always exist. Using ground-towed EM sensors to locate
shallow ordnance on some sites may be unsafe, as the EM waves may detonate

* This technology currently.employed by the Corps of Engineers
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the UXO. For more deeply buried ordnance, this system lacks the spatial
resolution necessary for shape and size identification. :
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Figure 2.1.2.1 Electromagnetic inductor sensor
geometry
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To detect deeply bufied ordnance with better 3-dimensional shape and size
resolution, radar technology needs to be explored.
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Figure 2.1.2.2 Idealized transmitter current and
receiver voltage sensor signal
waveforms

2.1.3.  * Ground-Penetrating Radar (GPR)

Radar (radio detection and ranging), as well as the electromagnetic sensors
described in the previous section, is an active remote sensing system because it

* This technology currently employed by the Corps of Engineers
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provides its own source of energy. The system “illuminates” the terrain with
electromagnetic energy, detects the energy returning from the terrain (called
radar return), and then records it as an image. (Passive remote sensing systems
such as photography and thermal infrared sensing detect the available energy
reflected or radiated from the terrain, whereas radar systems operate
independently of lighting conditions and largely independent of weather.)

Radar operates in the radio and microwave bands, typically ranging from a
meter to a few millimeters in wavelength (about 100 MHz to over three
gigahertz in frequency). In ground-towed systems, the transmit and receive
sensors generally point downward; this configuration is known as “vertical
profiling mode”. Airborne radar can use vertical profiling as well as side-
looking mode (which means aiming the transmitting and receiving antenna(s)
toward the port or starboard of the airborne craft).

Two basic radar systems have been widely used for various applications: real-
aperture radar and synthetic-aperture radar (SAR). The difference between
these two systems is that synthetic-aperture radar uses extensive processing to
increase the effective size of the antenna. This results in higher resolution in the
azimuth (or the along-track) direction. Since the resolution of the radar image is
proportional to the radar antenna aperture size, the real-aperture system uses an
antenna of the maximum practical length to produce a narrow angular beam
width in the azimuth direction. The synthetic-aperture radar employs a small
antenna that transmits a relatively broad beam. The Doppler principle and
special data-processing techniques are employed to synthesize the azimuth
resolution of a very narrow beam, the same as that produced by a very large
aperture antenna, resulting in very-high-resolution radar images. The SAR data
requires very sophisticated post-processing algorithms to obtain the final image.

Although the majority of radar applications involve propagation through the
atmosphere, such as those in various air- and spaceborne image radars, it has
been known for some time that radar can also be used to detect subterranean
objects. By using appropriate waveforms, antennas, and signal processing, one
can obtain remarkably informative data regarding buried objects and
geophysical features.

The ground-penetrating radar technique is similar in principle to acoustic and
seismic techniques. (See Sections 2.1.10, 2.2.8, and 2.3.9 for details on acoustic
and seismic technologies.) The radar produces a short pulse of high-frequency
electromagnetic energy (100 - 3000 MHz), which is transmitted into the ground.
This transmitted signal travels in the ground with the reflected signals traveling
back to the antenna and then to the receiver. The propagation of the radar
signal depends on the high-frequency electrical properties of the ground.

In the design of a ground-penetrating radar, the radar operating frequency is the
most critical factor. In general, a low-frequency radar is more desirable for its
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better penetrating capability® . But, a lower frequency radar has inherently
lower resolution, since it is bounded by one quarter the wavelength® . For a
resolution of 2 meters, the lowest frequency one can use is about 37.5 MHz. At
GPR frequencies, radar waves are able to penetrate both water and soil and
therefore could be utilized for both land and water ordnance and explosive
waste (OEW) detection. New GPR technologies such as frequency modulated
continuous wave (FM-CW) sweep through a range of frequencies in order to
obtain the best of both worlds: greater depth penetratlon and higher resolution
of the near-surface objects.

The second most critical factor is the radar bandwidth. In general, the wider the
bandwidth, the better the range resolution. However, this may not be true for a
ground-penetrating radar since the higher frequency component may not be
able to reach the underground object to obtain its backscatter (reflection).
Typical a wideband GPR unit has a bandwidth-to-center-frequency ratio of
one; that is, a 100 MHz impulse radar would have a bandwidth of 100 MHz
stretching from 50 to 150 MHz typically. In addition, within the commonly
used frequency range of 10 MHz to 2000 MHz, some of the bandwidth falls
within the television and FM radio transmission bands. Therefore, interference
with or from TV and FM signals can be a significant problem.

The equipment used in all GPR systems consists of four main elements: the
transmitter unit, the receiving unit, the control unit, and the display/recorder
unit. Figure 2.1.3.1 shows a simple block diagram of a GPR system. A number
of variations to this system are possible that make it more practical for different
applications. Many systems, for example, employ two separate antennas rather
than multiplexing a single antenna as shown in Figure 2.1.3.1. Also, when
airborne, the electronics must compensate for the displacement of the reflected
signal caused by aircraft motion.

The depth of penetration of a GPR is determined primarily by the attenuation
produced by the sum of electrical conductivity, dielectric relaxation, and
geometric scattering losses of the ground. Depth of penetration can range from
hundreds of meters in low electrical conductivity soils to tens of meters in
granite to a fraction of a meter in high-clay-content soil. The center frequency
of the radar system dictates the amount of clutter and scatter which may inhibit
detection of targets at deeper depths while the conductivity controls the
exponential attenuation of the signals as they propagate through the ground.
Fresh water attenuates substantially less than salt water, which makes GPR
better suited for rivers and fresh-water lakes than oceans. Temperature of the
soil matters as well; in theory a GPR can penetrate frozen ground as easily as it

t In many circles, the term “low-frequency radar” and “GPR" are synonymous.
* Many estimate the resolution to be one third the wavelength in the ground for raw data, and one eighth
the wavelength in the ground for processed data.
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can dry sand. (The ground must be thoroughly frozen for this benefit, however.
See Section 2.2.3.1 for more details.)

There is also a derivative of GPR called harmonic radar. Harmonic radar
operates on the principle that, when probed by a standard radar pulse, only
manmade objects with sharp edges will respond with a reflection of roughly
three times the probing frequency (also called the third harmonic). This inherent
selectivity reportedly makes it very easy to differentiate between buried rocks
and ordnance and explosive waste (OEW). See Section 2.3.3.1 for more detail
on harmonic radar.
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Figure 2.1.3.1 Block diagram of a typical GPR
system

* Visible Imaging

Visible imaging, as the name implies, refers to the capturing of visible light using
a camera. The technique is useful for detecting surface OEW on flat, empty
land, but not very useful in areas with an excessive amount of visual clutter
such as foliage and rocks. Visible imaging tools are valuable when combined
with other sensor types (such as ground-penetrating radar or infrared sensors)

* This technology currently employed by the Corps of Engineers
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to help identify and de-clutter extraneous findings collected from the other
Sensors.

Conventional photographic film could be used for a site survey, but capturing
the image in electronic form lends itself better to automated data fusion and
reduction. The best device for electronic photography is the charge-coupled
device or CCD, which can also be found in all of today’s consumer video
cameras. CCDs are small, lightweight, and require little power relative to their
electronic imaging predecessors. Specialized versions exist possessing both
high resolution and wide spectral sensitivity.

Visible imaging has the same limitations as human vision for detecting surface
OEW: It is less effective in poor lighting conditions, cannot easily distinguish
objects when surrounded by objects of similar texture and color, and is useless

in fog or cloudy situations.
* Infrared (IR) Radiometry and Spectrometry

Infrared (IR) Radiometry is the technique of identifying objects by measﬁring
their thermal energy signature in the IR spectrum as shown in Figure 2.1.5.1.
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Figure 2.1.5.1. Electromagnetic Spectrum

Ordnance, weather exposed on the surface or buried underground, possesses a
different heat capacity as compared to its surrounding soil. (Metallic OEW is
heated to a higher temperature than its surrounding soil when the ordnance is
illuminated by the sun.) The temperature difference will result in different
photon emittance by the soil and the ordnance. These photons are detected
and differentiated by an imaging IR detector array. Thus, the approach of using
infrared sensors will enable the detection and identification of the location of
the OEW.

* This technology currently employed by the Coi’ps of Engineers

21




D113¢67

2.1.6.

Section 2.1 - An Overview Of Ordnance Sensor Technologies

However, successful ordnance detection using this approach depends on
adequate OEW-to-background contrast. Therefore, weather conditions, time of
day, background environment, size and composition of the ordnance are major
factors in achieving a good ordnance-to-background contrast.

The OEW-'to-background contrast can be improved by‘using IR spectrometry,
which will be described in detail in Section 2.3.5. IR Spectrometry adds high
spectral resolution to the process, thus, allowing finer discrimination of

substances.

In Section 2.2.5, the physical principle of IR radiometry will be introduced, and
available IR sensing technologies described. Also, examples of OEW detection

using the IR technologies are provided.

Millimeter Wave (MMW) Radiometry

Millimeter wave radiometry (MMW) works on the same principle as infrared
(IR) imaging: a foreign object in an otherwise homogeneous surrounding will
exhibit a difference of temperature from its surrounding, detectable by
monitoring either the infrared or millimeter wave regions of the electromagnetic
spectrum (refer to Figure 2.1.5.1 to find where this band occurs. The MMW
region is roughly three orders of magnitude lower in frequency than the IR

band).

MMW emissions are in a lower frequency band than IR and are generally

weaker than the IR emissions for a given object. Although weaker, they can be
used in damp weather, which normally absorbs infrared radiation but does not
attenuate MMW frequencies. One disadvantage of MMW technology is its

long data collection and processing time; in most cases it can take over a minute

to construct a single image, although new technology is continually reducing
this value.

* LIDAR-

LIDAR is the acronym for LIght Detection And Ranging, which is the analog of
RADAR (RAdio Detection And Ranging) operating generally in the visible and
infrared bands of electromagneuc radiation. The prmcxples are identical: a pulse
of coherent radiation is transmitted and at the same time a timer is started. When
the pulse strikes anything that reflects or backscatters energy, the signal is
returned to a receiver at the same location as the transmitter (monostatic) or at
another location (bistatic) and the timer is stopped. Since both light and radio
waves travel at the speed of propagation of electromagnetic radiation (¢ =3 x

* This technology currently employed by the Corps of fingineers

22

|
:'
5




T N .

2.18.

D11387

Section 2.1 - An Overview Of Ordnance Sensor Technologies

10® meters / second), the elapsed time, ¢, between the transmitted pulse and the
return is proportional to the distance or range (R) to the target.

R =2c/t

An alternative implementation of the receiving technique 1S to turn the receiver
on at the time when a return from a known object is expected. This is known as
range gating and can improve the signal-to-noise ratio (SNR) by preventmg the
receiver from integrating noise until the signal arrives. If the receiving
equipment is comprised of an array of detectors (a required configuration for
imaging), the received signal can be angularly resolved as an image of the object
from which the return 51gna1 was reflected. Again, time or range gating can be
used to enhance SNR. This technique is referred to as imaging (2-D) LIDAR. If

the receiving imager is gated on at discrete intervals after transmission of the -
initial pulse, then the image received at each interval is a “picture” of the view
of the LIDAR at the equivalent distance. The resulting colilection of images can
be reconstructed to represent a three-dimensional (3-D) picture of the space
examined out to a range limit determined by the attenuation of the transmitting
medium (atmosphere) and the detection threshold or sensitivity of the receiver.

LIDAR sensors are generally used on airborne platforms, although some systems

.are adaptable to surface ships and submerged vehicles as'well. Ranging limits

are determined by sensitivity of the receiver and by the signal's ability to
transmit through the medium. The medium is generally water or the atmosphere,
as LIDAR does not perform ground penetration. Examples of poor transmission
abilities affecting image quality include heavy rain, fog, and highly turbld lake
or surf zones.

Nuclear Technology

Nuclear technology is a technique currently employed in airports for close-
proximity explosive detection. This technique exploits the fact that certain
chemicals found in explosive compounds (such as nitrogen , hydrogen , and
oxygen) respond in a unique way when exposed to radiation. .For example,
nitrogen gives off gamma radiation with a unique energy when exposed to low-
energy neutrons. '

There are four types of nuclear technology employed for explosive detection: 1)
electron-beam X-ray activation, 2) thermal neutron -analysis, 3) neutron
thermalization gauge and 4) fast neutron activation. The biggest difference
between the first and the second and third is the source of the radiation.
Thermal neutron analysis and neutron thermalization gauge excites the nitrogen

~in an explosive by generating neutrons from radioisotopes such as Californium-

252, rather than using X-rays. The fourth technique, fast neutron analysis,
reduces the incidence of false positive results by also looking for telling
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amounts of oxygen and carbon, two additional elements commonly found in
explosives. All techniques make distinctions between the slower-traveling
neutrons (which almost all materials absorb), and the higher-speed neutrons,
which interact with nitrogen, hydrogen and oxygen.

' Non-metallic land mines are difficult to detect using magnetometers, but thermal

neutron analysis can be employed to address this problem.

Cone Penetrometers

Cone penetrometers are long rods, with a hardened cone tip, that are pushed
deep into the ground via a mechanism on a heavy truck. Electronic sensors in
the cone tip relay data back to the surface. This information is collected and
viewed onboard the truck, or held for later processing. Cone penetrometers
have not been deployed for the purpose of detecting buried ordnance due to
the possible danger of setting off the OEW during cone insertion thrusts into
the ground, Wthh typically measure 10,000 pounds.

Sensors contained in the cone tip can obtain data on subsurface pressure,
resistivity, or water/soil analysis. Other tip devices generate and receive
electromagnetic waves, or measure seismic waves. Timing and intensity of these
received or reflected waves indicate the density (and vector directions of) the
surrounding soil. Older, entirely mechanical penetrometers exist, but most cone
penetrometers today are electronic.

Equipment usually consists of a standard rod to which various probe tips are
attached, depending on the desired measurement. Data may be processed to
provide limited geologic horizontal or vertical profiling of an area. Cone
penetrometers are presently being used for subsurface environmental or
geological site characterization and sampling, particularly in relatively hard or
soft soils. A combination of probing techniques may be used one day to locate
subsurface ordnance.

Cone penetrometers are available as either transportable or portable devices.
The transportable version requires a large truck to carry the cone penetrometer.
Figure 2.1.9.1 shows an example cone penetrometer truck in operation. These
trucks utilize a removable ballast as a main part of the reaction mass to permit
efficient relocation, operation on soft sites, and high push capacity when
needed. A truck's push capacity may range from 36,000 pounds (18 tons) to
66,000 pounds (33 tons) depending upon the ballast.

A portable high capacity penetrometer (as shown in Figure 2.1.9.2) is highly
versatile. When properly secured by a clamping system, it has the structural
capacity to push the probe into cemented soils and soft rocks with over
100,000 pounds of thrust. Impenetrable layers are cored with a drill which is
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attached directly to the penetrometer frame. The frame width is less than four
feet wide so that the system can be used in most places. The entire
transportable cone penetrometer unit can be moved from one location to
another via a trailer as shown in Figure 2.1.9.3.

Specialty probes which incorporate other technologies such as a gamma
radiation probe for radiation contaminant identification are now available.
Current research includes magnetometer, LIDAR and other ground penetrating
radar capabilities housed within a probe itself. However, as products of this
nature are still under development, no data is available regarding their
applicability to locating OEW.

The cone penetrometer is not recommended for the location of buried ordnance,
since the penetrometer probe might accidentally detonate the UXO it is trying -
to detect (while pushing the rod into the earth). They are not better at
detecting OEW than other sensors described in this document; they cannot
distinguish between a rock and UXO, and their probing range from each
penetrometer hole is limited.

Source: Earth Technology Corp.

Figure 2.1.9.1 Example of Cone Penetrometer
Operation : '
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The cone penetrometer’s poor match for OEW detection was not discovered by
the study team until research into method and vendors was well under way.
Rather than remove the information already collected, the section describing
cone penetrometer vendors (Section 4.1.4) was left as-is and no attempt to
complete the exhaustive list was made.

Source: Applied Reseafch Associates

Figure 2192 A Portable High Capacity
Penetrometer.

Source: Applied Research Associates

Figure 2.1.9.3 Trailer-Mounted High Capacity
Penetrometer for ease of Relocation.
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2.1.10. Acoustic Sensors

Acoustic energy or sound propagates as waves. In contrast to light, which can
travel through empty space, sound waves require some kind of elastic matter for
their propagation. The propagation medium can be a gas, such as air; a liquid,
such as water; or a solid, such as soil.

The speed of sound is determined by the pressure, temperature, and other
properties of the material through which it travels. The speed of sound in air, at
a temperature of 20° C and at normal atmospheric pressure, is 1,125 feet (343
meters) per second as shown in Table 2.1.10.1. Thus, a sound wave requires
almost one second to traverse a distance of 1,000 feet (305 meters). A light
wave travels the same distance in less than a millionth of a second. It is because
of this large difference between the velocities of sound and light that we hear
thunder after we see the lightning.

Table 2.1.10.1. Velocity of Sound Through Various

Media

Medium Velocity of Velocity of
(20 °C) Sound Sound
(m/sec) (ft/sec)
Air 343 1,125
Water 1,498 4,915
Sea water 1,531 5.023
Lucite plastic 2.680 8,793
- Steel 5,060 16,600
Aluminum 5,100 . 16,700
Pyrex glass __ 5,640 _ 18,500

The velocity of sound in liquids and solids usually is considerably greater than
in gases. . This is so because the atoms and molecules in liquids and solids are
much closer to each other than in gases, and the forces between them are much
greater. At 20° C, the velocity of sound in pure water is 4,915 feet (1,498
meters) per second.

2.1.10.1. Basic Acoustic Systems

In order to detect and locate an object, the basic acoustic system will generate
the proper acoustic frequency which propagates through a medium. These
acoustic signals will bounce off or echo back from any object. The amount of
reflection is the same regardless of whether it is a rock or ordnance because a
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reflection is caused by a sudden change in the density of the medium in which
the acoustic wave is traveling. Based on the reflection of the returning waves,
the object is mapped as an odd-shaped object using imaging which is the
optimal scheme to distinguish between a rock or ordnance.

2.1.10.2. Various Types of Sound Ranging

There are three types of sound ranging techniques: seismic waves, ultrasonic
waves, and transient wave. Seismic and ultrasonic waves, which can be applied
to the detection and location of OEW, will be discussed in detail in section 2.3.
Transient wave will not be examined further because it cannot be considered as
a viable solution for the detection and location of ordnance. The following

example explains why:

If an impulsive sound wave from a distant source like a gun is received by at
least three microphones placed at precisely known intervals along a line (more
than three are used in practice), knowledge of the sound velocity in air and the
differences in time of arrival of the sound signal at the various microphones is
sufficient to yield the bearing of the source and its distance from the
microphone range. This is the basis for sound ranging in air, known as transient
wave. There are, to be sure, many complicating factors, such as the variation of
sound velocity due to temperature gradients and wind velocity. Meteorological
measurements are always important in sound ranging in air. The object in
question must also be the noise source (uncharacteristic of OEW) and it must be
airborne, hence, the use of transient wave to detect and locate OEW is not

possible.

Biological Sensors

Animals have long been employed for military purposes. Dogs. noted for their
acute sense of smell, provide a quick and effective method for OEW detection.
Explosive munitions in or out of shell cases (including plastic explosives)
continuously give off vapors. Trained dogs may be used to locate mines by
smell. In fact, their ability to do so exceeds that of electronic detectors,
including those based on odor sensing. :

The dogs undergo a six-month training period. They are routinely trained to
detect mines buried up to six inches below ground, while remaining ten feet
away. Under ideal circumstances, detections can be made from a distance of
200 feet; under worst circumstances, within two feet.

Dogs may be used on or off-leash. However, when equipped with a transmitter

the dog may work up to 300 feet in front of the handler, frequently out of visual
contact. This provides an advantage in forested or rough terrain, or in urban
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areas. Another advantage exists in the dog's ability to combine visual cues with
sense of smell to respond to metal or plastic casings, and other components, as
well as to the trip wires used to set off some mines. An advantage over metal
detectors is in their ability to detect explosive filler, regardless of casing material.

A disadvantage is a short time period for which this method remains effective.
As placed explosives age, they give off decreasing amounts of odor. In testing,
OEW aged up to sixteen months seriously impaired the dog's ability to detect it,
as it would the ability of electronic odor detectors.

Because the scope of this report is to evaluate manmade sensor technologies,

the use of canines (and other pheromone-sensitive animals such as pigs and
rats) will not be included in the product summaries or comparisons.
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2.2.1.

STATE-OF-THE-ART SENSOR TECHNOLOGIES

The term “state-of-the-art” refers to mature, well-understood technologies that
are currently available off-the-shelf and can be readily deployed. Section 2.3
describes “emerging sensor technologies™ that are promising technologies still
in the development or research (or paper study) stages.

This section presents a more detailed explanation of the general introductions
provided in Section 2.1. Some of the mathematics behind the main sensor
technologies and specific trade-offs of the techniques are provided.

* Magnetometers

Magnetic sensors comprise an important class of scientific instruments with
areas of investigation and use ranging from commercial to basic research to
military deployment. For the measurement of low-frequency magnetic fields at
levels below 10-9 Tesla (1 gamma), several distinct technologies have been
developed:

(1) proton precession devices

(2) optically pumped devices

(3) fluxgates

(4) superconducting quantum interference devices (SQUIDs)

2.2.1.1.  Proton Precession Magnetometer.

A proton precession magnetometer is based on the principle that magnetic fields
could be inferred by measuring the movement of free precession of protons in a
liquid sample that contains an unbalanced polar molecule (such as water,
kerosene, or other hydrocarbon fluids). Normally these protons freely oscillate at
a natural frequency, called the Larmor frequency. When polarized and subjected
to an ambient magnetic field, however, the frequency of precession will deviate
from the Larmor frequency in proportion to the strength of the ambient field. This
type of magnetometer provides a new, absolute standard for magnetic field
measurements that is more reliable than other conventional devices, such as the
single-axis fluxgate magnetometer (described in Section 2.2.1.3.)

In operation, a strong direct current (DC) magnetic field pulse is applied to the
liquid sample, causing the dipole-like protons to align themselves with this field,
as illustrated in Figures 2.2.1.1 and 2.2.1.2. When the pulse is switched off, the
protons—along with neighboring molecules—oscillate or “precess” like a
miniature gyroscope about the ambient magnetic field (such as the Earth’s

* This technology currently employed by the Corps of Engineers
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magnetic field). The deviance from the natural Larmor frequency of this
precession is precisely proportional to the strength of the ambient magnetic field.
The protons’ precessions generate a small voltage that can be detected in the
same coil that was used to apply the pulsed magnetic field. Magnetic fields are
typically measured in nano-Teslas (nT), which is also referred to as gamma ().
One nT = 1 gamma = 10-9 Webers/m2.

The advantage of this method is it measures absolute magnetic field intensity and
does not suffer any form of drift. It is also immune to external variables such as
orientation, temperature, or lack of a reference field of known strength.

The two major disadvantages of the proton precession magnetometer are:
(1) susceptibility to noise, particularly from nearby AC power sources or
transmission lines and electric storm activity; and (2) susceptibility to a field
gradient in the sample volume.

The sensitivity of this magnetometer is dependent upon the sampling rate.
Usually longer sampling time (i.e., integration time) will result in higher sensitivity.
A state-of-the-art system can achieve a sensitivity of 0.05 gamma in a 1-second
sampling time. A sensitivity of 0.5 gamma can be achieved with a 0.1-second
sampling time.

External Magnenc F'e'd Precession (oscillations)

000,
0007 100

Figure 2.2.1.1. Protons in a liquid sample Figure 2.2.1.2. Protons precess after extern-
align along an external g field is r%moved producing
magnetic field. : a measurable voltage in pro-
portion to the ambient mag-
netic field.

Protons
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2.2.1.2.  * Optically Pumped Atomic Magnetometer.

The principle of operation of an optically pumped atomic magnetometer is similar
to that of the proton precession magnetometer. In the atomic magnetometer, the
proton is replaced by an atom of a specific gas vapor. An external circularity-
polarized illumination (pumping) light source excites the atom from its ground
state to multiple levels of excited states. This process of optical alignment
corresponds to the polarized condition of the proton precession magnetometer.
Having been aligned in this way, atoms precess about an ambient magnetic field
at the appropriate Larmor frequency; the natural resonance frequency determined
by the atomic structure. For example, in a potassium-based optically pumped
magnetometer, the output of the sensor is a Larmor frequency of the potassium
valence electron proportional to the measured magnetic field, at about 7 Hz per
nT. If the measured field increases by 1 nT, the observed oscillations increase by

7 Hz.

A schematic diagram of an optically pumped magnetometer is shown in
Figure 2.2.1.3. Light emitted from a source lamp is collimated and passed through
an optical filter and a circular polarizer. The polarized light is then used to
illuminate a gas cell filled with alkali metal vapors such as rubidium, cesium or
helium gas. The resonance of the atom between the various energy states about
an ambient magnetic field will induce absorption variation of the throughput light
that is similar to the process that takes place in the resonant cavity inside a laser.
A photocell detector is used to detect the phase and frequency of the exit light.
The output resonance signal measured by the photodetector cell is fed back into
a coil wound around the gas cell. This feedback mechanism provides fine tuning
of the atomic resonance frequency of gas vapor so that it is proportional to the .
external magnetic field under measurement. Thus, the ambient magnetic field can
be obtained by measuring the atomic resonance frequency of the gas vapor.

Gas cell
L W R S Photocel
. UV VR T B
Lens-——-/ M| coif N
/N

Optical fiiter
Circular Polarizer 90 degree _ .
. phase shift

Figure 2.2.1.3 Schematic diagram of an optically:
pumped gas vapor magnetometer.

* This technology currently employed by the Corps of Eﬂgineers
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The optically pumped magnetometer requires proper orientation in the magnetic
field. The ideal angle between the sensor axis and the magnetic field is 45 or 135
degrees, plus or minus 35 degrees. Beyond those limits the Larmor signal will
decrease and/or fade away.

A considerable advantage of optical pumping is that atom gyromagnetic ratios are
100 to 1000 times the proton gyromagnetic ratio, resulting in roughly ten times
the sensitivity as compared to a proton precession magnetometer. Also, the
pumping process is sufficiently rapid to allow continuous maintenance of the
polarized condition. Both features result in higher resolution and faster sampling
rates than those obtained by proton precession.

The optically pumped atomic magnetometer is also considered a “total field”
sensor, due to its very dynamic ranges as well as high sensitivity. It is capable of
measuring the total magnetic- field intensity, which is the sum of the strong
primary Earth’s magnetic field (35,000 - 60,000 gammas) and the weak secondary
magnetic field generated from the buried ferrous ordnance (as low as 0.001
gamma).

2.2.1.3. * Single-Axis Fluxgate Magnetometer

A fluxgate sensor is a solid-state device for measuring the magnitude and
direction of the direct current (DC) or low-frequency alternating current (AC)
magnetic field in the range of 0.01 to 50,000 nT (1 nT = | gamma). Fluxgate
sensors are solid-state devices without any moving parts. They are reliable -and
rugged and they have low energy consumption. While the sensitivity of a
fluxgate magnetometer can reach 0.01 gamma resolution and 1 gamma long range
stability, 0.1 gamma resolution is standard in commercially produced devices.

The basic fluxgate sensor schematic is illustrated in Figure 2.2.1.4. In operation,
the soft magnetic material of the sensor core is periodically saturated by the
excitation field, which is produced by the excitation current Iexc. Hence the core
permeability change and the DC flux caused by the external DC magnetic field
B, is modulated. A voltage Ving proportional to the measured field intensity is
induced in the sensing (pick-up) coil at the second and higher harmonics of the
excitation frequency. An electronic tuning circuit is used to detect this
frequency.

The stability of fluxgates as magnetometers depends on the magnetic and
mechanical stability of the sensor itseif. For example, a change in magnetization
of the core can occur due to thermally produced strain and thermal dependence
of the coil characteristics. (The electronic detection system is also susceptible to
thermal stability problems.) :

* This technology currently employed by the Corps of Engineers
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Figure 2.2.1.4 Basic fluxgate magnetorheter sensor
configuration

2.2.1.4. Superconducting Quantum Interference Device (SQUID)
Magnetometer

Magnetometers based on SQUIDs are the most sensitive devices for measuring
weak magnetic fields. Due to the use of a superconducting coil that is operated
at liquid helium temperature (4.2 K), the signal-to-noise ratio is the highest among
all the magnetometers existing to date. The extremely low noise level, and hence
the sensitivity of a SQUID magnetometer, enables it to be used for extremely
remote applications, such as underwater mine detection. It could also be a very
effective tool for buried ferrous metal ordnance detection, operated from either
the ground or from the air.

The direct current (DC) SQUID is the most sensitive type compared with radio
frequency (RF) and microwave SQUIDs. One example of a DC SQUID’s
sensitivity is that it has been widely used in biomagnetism such as for brain wave

measurement.

A standard DC SQUID system that operates with liquid helium is shown within
the dotted line border of Figure 2.2.1.5. It consists of three components; from left
to right ‘they are: the pick-up circuit, the SQUID, and the feedback electronics.
The pick-up circuit in Figure 2.2.1.5 is a wire-wound axial first-order gradiometer
with a low coil acting as the field detection element and an upper coil as a
reference. The pick-up coils are connected to the input coil of the DC SQUID,
which consists of a superconducting loop interrupted by two resistively shunted
Josephson junctions. The SQUID is operated in a flux-locked loop (FLL) in order
to provide a linear relation between the magnetic flux in the pick-up coils and the
output voltage of the system. An AC flux is applied to the SQUID at the bias
current input in Figure 2.2.1.5, having a peak-to-peak amplitude of half of the

flux quantum (flux density) and a frequency of 100 KHz. The resulting AC -

voltage is stepped up by a cooled impedance matching circuit, amplified further at
room temperature, lock-in detected, integrated, and fed back as a current into the

34

“H“!‘ L e T A



D11367

Section 2.2 - Tutorial on State-of-the-Art Sensor Technologies

feedback coil in order to null the flux in the SQUID. Alternatively, the feedback
current may be inserted into an “external” feedback coil, nullifying the current in
the pick-up coils and thereby eliminating crosstalk in multichannel systems.

.......................................

= Bias Current

{

Preampifier

Integrator
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I l > Detector ' Output
P —
@ b3

Figure 2.2.1.5 Standard DC SQUID magnetometer
system with flux modulation and
impedance-matching circuit

2.2.1.5 Introduction to Magnetic Field Intensity Measurements Around Buried
Ferrous Metal Ordnance

The response to a buried steel object may be approximated by that from a
spherical source whose mass approximates that of the buried metallic object of
interest. The peak total field anomaly from this sphere in a vertical magnetic
field is given by

T= 2kljv
0

where
T  is the peak total field anomaly measured in vy
k 1is the volume magnetic susceptibility of steel (a unitless characteristic)
F is the magnetic field strength, in nT
V  is the volume of the sphere in cubic meters, and
r is the distance between the source and sensor in meters.

Note: 1 nT (or nanoTesla) is equivalent to 1 Y (gamma); it is the basic unit of
measuring magnetic field intensity.

The gradient peak vertical magnetic field intensity (“Vertical Gradient,” or
“VG”) is given by the first derivative of T, which is
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vG = KV

1
r

Thus, the magnetic field strength and the vertical gradient could also be
computed from the known ordnance of mass m by using VG =m x D.

For example, a 10 kg steel sphere has a volume of 2x10-3 m3. and the density. of
iron is 5 x 103 kg/m3 ‘k’ is given as 0.1, and the magnetic field strength is
60,000 nT. By applying the equations shown above, the total field and vertical
gradient peak amplitudes with various source-sensor separations can be
calculated, some examples of which appear in Table 2.2.1.5.1:

Table 2.2.1.5.1 Total Field and Vertical Gradient
Peak Amplitudes for a Steel Sphere
With Various Source-Sensor
Separations

Measurement |Source-Sensor Separation (m)

| 5 10 20 40
Total Field (T, 2400 19.2 2.4 0.30 0.038
‘given in nT) _
Vertical Gradient | 7200 11.5 0.72 0.045 0.0028
(VG, given in
nT/m)

These magnetic field intensities are proportional to the mass of the sphere and
may therefore be scaled for larger or smaller objects.

Modern airborne magnetometers have a resolution of 0.001 nT but in use, noise
levels are in the order of +0.01 nT at a 0.1 second sampling rate, exceeding the

sensitivity of the instrument. With noise as the limiting factor, we conclude from

Table 2.2.1.5.1 that a buried 10-kg steel object may be detected with source-

sensor separation of about 20 meters. If this ordnance is 5 m under the surface,

it might be detected by a helicopter-borne geophysical survey, where the sensor

terrain clearance is maintained at 15 m.

Total field anomalies that form a spherical source in a vertical magnetic field
have a full width at half maximum amplitude which is about equal to the source-
sensor separation. The overlap between successive strip samples during an
airborne survey should therefore be matched to the specified terrain clearance.
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* Electromagnetic Induction

Detectors operating on the principle of pulsed electromagnetic induction are

routinely used to detect metallic objects buried near the ground surface. These
sensors exploit the characteristic that when a metallic object is subjected to a
pulsed magnetic field, eddy currents are induced within the object. A basic
sensor consists of a pair of separated coils: one for transmission of a low-
frequency electromagnetic pulse wave into the ground, and the other for
reception of these eddy currents. Figure 2.2.2.1 illustrates this two-step process.
Step one (the left half of Figure 2.2.2.1) involves generating a magnetic field
pulse, whose duration is typically measured in milliseconds. After the pulse ends,
the presence of an object can then be inferred by detecting the secondary
magnetic field produced by the decaying eddy currents (right half of Figure

-2.2.2.1).

Transmitter Receiver

Step 1: Electric field induced in Step 2: Magnetic
ordnance by electromagnetic signature of ordnance
induction sensor's transmitter . ’ received by sensor.

Figure 2.2.2.1 Operation of an electromagnetic
induction sensor

For the detection of buried unexploded artillery shells, the capability to determine
depth, size, and other parameters of the detected objects is desirable. For this
application, one must be able to detect small metallic objects at shallow depths (0-
2 m). (“Small metallic objects” typically have dimensions of 2-15 c¢m. in diameter,
5-70 cm. in length, 0.1-43 kg. in mass, metallic conductivity ¢ = 107 ohmemeter!.)

State-of-the-art. electromagnetic induction sensor systems offer multiple coil
configurations (with different orientations) operating at different frequencies.
Simuitaneous operation of these coplanar and coaxial transmit and receive coil

* This technology currently employed by the Corps of Engineers
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pairs will produce relatively characteristic and unambiguously shaped signatures
that correspond to the physical shape of the ordnance.

An example of a multifrequency, multicoil electromagnetic induction sensor is
illustrated in Figure 2.2.2.2. The elongated shape within the figure represents a
bird’s-eye-view of a seven-meter-long sensor platform, with both horizontal and
vertical transmit coils on the left side, and similarly oriented receive coils on the
right.

Transmit Receive
Coils ‘ Coils

/

‘ Coaxial
Coplanar \
Coils Coils
Figure 2.2.2.2 System geometry of a multicoil,

multifrequency electromagnetic
inductor sensor system

For any given buried metallic object, its conductivity can be inferred by
measuring the phase shift between the primary and secondary fields. In most
survey environments, the in-phase signal (which occurs when the transmitted and
received signals are of the same amplitude without phase shift) and quadrature
signals (when the transmitted and received signals have a second-order or
quadratic phase shift) are positive and the phase shift is restricted to within 90
degrees. As a result, a high ratio of in-phase to quadrature response corresponds
to a small phase shift and therefore a higher conductance of the buried object.

The primary advantage of electromagnetic induction sensors for buried ordnance
detection is that these sensors are sensitive to all types of metals, ferrous or
nonferrous (e.g., aluminum, copper, iron, steel). The electromagnetic induction
sensor could also be used in conjunction with a magnetometer sensor for
enhanced buried metallic ordnance detection. ‘

An airborne electromagnetic inductor sensor system could be used to measure the
conductance of the ground terrain. Although the airborne sensor’s resolution
would be lower than that of a ground-towed EM sensor, the airborne system
would be able to quickly detect very large collections of deeply buried ordnance
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by noting a change of conductance in a general region. A map showing contours
of equal conductance (i.e., terrain pixels having the same conductance are
connected together into a contour; this map contains multiple contours of various
conductance values) could be generated from such an airborne survey. Over an
area where large amounts of metallic ordnance are buried underneath, the

conductance will be lower than its surroundings. - Thus, clusters of sites

containing buried ordnance could be identified from the conductance map.

Many such airborne survey systems have been built and used for various
detection applications. For example, as illustrated in Figure 2.2.2.3, an airborne
electromagnetic inductor system can be used for nuclear-waste disposal-site

measurement. In this figure, an electromagnetic induction sensor consisting of a

~ coaxial coil pair emitting 935 Hz and 4600 Hz signals and a coplanar coil pair

emitting 4175 Hz and 32000 Hz signals, is towed underneath a helicopter.

- COIL_PAIRS

O O Coaxial

935 Hz, 4600HzZ

S O Coplanar
4175Hz, 32000Hz

Granitic sand
50 to 3000m
{average 130 Qm)

+ + 4
L.+, Solid granite + =+ + +_

*4»
,*3,,*,,1‘00 te 3000 am*,*,TL,

Figure 2.2.2.3 An airborne electromagnetic system for
the detection of nuclear waste disposal
via the measurement of granite rock
conductance. (Illustration not to scale.)
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In practice, the primary field is transmitted from the left set of coils into the soil,
which could have a penetrating depth of up to 100 meters due to the low
frequencies chosen. The ground, due to its low conductivity, emits a secondary
magnetic field back into the receiving coils on the right side of the system. The
received magnetic field’s in-phase and quadrature components are measured.
From these parameters, the conductance of the soil and rock can be inferred.
Since solid granite has a higher resistance than granite sand, it is easy to
distinguish between these two substances. If there are areas containing buried
metallic ordnance, then these will show up as areas of lower conductance in the

airborne survey.

* Ground-Penetrating Radar (GPR)

Ground-penetrating radar has been widely perceived as one of the most powerful
remote sensing instruments capable of locating buried objects beneath the
ground. Typically, GPR is the only instrument that is able to collect images of
buried objects, as compared to magnetometers and electromagnetic induction
sensors, which usually only detect the presence of objects. Moreover, due to its
unique capability of detecting both metallic and nonmetallic sub-surface and
buried objects, it could be used to detect buried ordnance possessing either a
metallic or plastic shell; it could also be used to detect buried toxic chemical waste

stored in glass containers.

There are, in general, two broad categories of ground-penetrating radar (GPR):
ground-based and airborne. The term ‘ground-based’ refers to sensor systems
that are operated at a distance within a tenth of a wavelength of the ground in
order to minimize surface reflections and to maximize the transfer of energy into
the ground. In the past, GPRs have been so large and bulky that ground-based
systems almost exclusively had to be ground-towed, as handheld implementations
were difficult to achieve. (Although today, man-portable units are becoming
available.) Airborne sensors are defined as anything that operates above this
threshold, including helicopters, airplanes, and satellites. With airborne GPR the
transmission through the air-ground boundary has to be addressed, hence the
need for the distinction.

There are also two major categories of radar signal processing: time-domain and
frequency- domain. Time-domain radars use short impulses of energy to actively
illuminate the are being surveyed; frequency domain radars use a continuous
transmission where the frequency of the signal is varied either stepwise or
continuously over a range of spectral content. Signal processing then processes
and converts this data back to a time-domain format. Finally, time-domain GPRs

~can be broken down into narrow-band and ultra-wideband, as discussed in the

* This technology currently employed by the Corps of Engineers
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next two sections. None of the above-mentioned categories are necessarily
mutually exclusive; for example it is possible to have an airborne ultra wide band
synthetic-aperture radar which employs impulses.

The rest of Section 2.3 discusses technical issues relating to the principle of radar
imaging, resolution (range and azimuth), factors affecting the ground-penetrating
depth and resolution, and image-forming post-processing algorithms as they
apply to both ground-based and airborne GPR.

2.2.3.1. * Narrow-Band Radar

Figure 2.2.3.1.1 is a diagram of the components of a typical single-antenna radar
system. The pulse-generating device in the upper-left-hand corner produces
pulses of electromagnetic energy that serve two purposes: (1) they control the
bursts of energy from the transmitter, and (2) they trigger the sweep of the CRT
(cathode-ray tube) and/or film-recording device. (Modern systems display and
record the information digitally, but the principles remain the same.) The bursts of
electromagnetic energy from the transmitter are of a specific wavelength and
duration, or pulse length. The same antenna transmits the radar pulse and
receives the return from the terrain. An electronic switch or duplexer prevents
- interference between transmitted and received pulses by blocking the receiver
circuit during transmission and the transmitter circuit during reception. The
antenna is a reflector that focuses the pulse of energy into the desired form for
transmission and also collects the energy returning from the terrain. A receiver
amplifies the weak energy waves collected by the antenna. At the same time it
preserves the variations in intensity of the returning pulse. The receiver also
records the timing of the return pulse, which determines the position of the terrain
features on the image. The return pulse may be displayed as a line sweep on a
CRT and/or simultaneously recorded on a digital recorder for later computer
processing.

Figure 2.2.3.1.2 shows an example of a GPR’s output. This example is a scan of
Sutherland Pond near Cornwall, New York. The data were taken as the radar was
floated over a 20 meter length of the pond’s surface. Several features are easily
recognizable, e.g., the surface of the water and the bottom of the pond. Other
targets appear as hyperbolas in the radar scan. These arcs represent an object; the
curvature is caused by the change in distance of the objects as the GPR passes
over them. The two prominent arcs appearing in the right half of the illustration

are caused by tree trunks beneath the pond’s bottom. Multiple hyperbolas
- appear due to the multiple bounces or ringing between the mud surface and tiic
tree trunk.

* This technology currently employed by the Corps of Engineers
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PULSE-
GENERATING —» TRANSMITTER | DUPLEXER
DEVICE

.| RECEIVER lecccaa---2
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CAMERA

Figure 2.2.3.1.1.  Block diagram of a radar imaging
‘ system
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Figure 2.2.3.1.2. An example of GPR output of
Sutherland Pond*

* Source: J. S. Mallett, “Bathymetric Studies of Ponds and Lakes Using Ground-Penetrating Radar,”,
Proceedings of the Second Government Workshop on GPR, ed. U.S. Environmental Protection Agency,
Region V, and the Ohio State University, (1993) pp. 257-266.
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The performance of a ground-penetrating radar in terms of resolution and ground
penetration depth is the result of trade-offs between the frequency, type of radar
mode (ground profiler or SAR; see Section 2.2.3.3 for explanations), and
polarizations. For example, as the radar frequency is reduced, the depth of
penetration increases and the resolution decreases. In the case of vertical profiles,
both the vertical and horizontal resolutions are improved by the fact that the
wavelength in soil is much shorter than in the air. Higher resolutions are possible
by increasing the radar bandwidth, a solution involving a higher price and
increased complexity.

The ground penetration depth achievable by using the ground penetrating radar
i1s also highly dependent upon the underground material, the vegetation
contained within it, and its permittivity, €. Vegetation can both attenuate the
return signal and provide physical obstacles to the ground-towed sensor.

The permittivity, €, is a complex number which measures how much a material or
substance slows down and attenuates an electromagnetic wave. It is defined as:

o.
E=¢€ +—i
0]
where:
€ = complex dielectric permittivity
g = dielectric permittivity (real component)
G = conductivity (Siemens/meter)
® = radian probing frequency (=2nf)

The conductivity, o, is the physical property which defines how well a material
conducts electric current.

Generally, GPR is most effective when the quotient (6/® ) is less than &, . When
this material condition is encountered, changes in €, primarily change the radar
wave velocity, while changes in © primarily affect the absorption of the radar
signal by the medium. The larger &, the slower waves travel; the larger o, the
greater, the signal attenuation. '

To provide more insight into the material-dependent ground-penetrating depth,
approximate penetration depths of various materials are listed in Table 2.2.3.1.
From this table, it can be seen that ice has the maximum penetration depth,
whereas clay soil and anything with a salt content (saline) has the minimum
penetration depth.

It is very interesting to note that ice (as well as other purely frozen soils) has a
greater penetration depth. This would suggest that GPR site surveys should be
conducted during winter when the soil is frozen, allowing greater ground
penetration. However, field experiences show that there is not much difference
between frozen and unfrozen soils in terms of depth of exploration with GPR.
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Generally, in fine-grain soils water in the pore space does not freeze totally and
the residual water content leads to a lower conductivity and therefore lower

penetration depth than would be expected.

In general, the benefits of frozen soil are probably greater for airborne radars than
they are for ground-based radars. With airborne radars the reflectivity of the air-
ground interface is reduced because the dielectric constant is reduced even if
only part of the water in the pore space freezes. In contrast, on the ground the
surface reflection is not the issue but rather the attenuation in the material. If the
attenuation is high when the material is unfrozen, it is unlikely to drop
significantly even when the material is frozen unless the soil temperature can be
reduced to -50 or -60 °C.

Table 2.2.3.1 Typical GPR Properties of Various
Geologic Materials
Material Typical Maximum
Penetration Probing
Depth, m Frequency,
MHz
Cold pure freshwater 10,000 10
ice
Temperate pure ice 1,000 2
Saline ice 10 50
Fresh water 100 100
Sand (desert) -5 1,000
Sandy soil 3 1,000
Loam soil 3 500
Clay soil 2 100
Salt flats (dry) 1 250
Coal 20 500
Rocks 20 50
Walls 0.3 10,000

Notice that, in Table 2.2.3.1, saline ice impedes’ GPR penetration at low
frequencies more than pure freshwater ice by a factor of 1,000. Similarly, saline
water impedes GPR more than does fresh water. Soil containing a high
groundwater and high levels of saline, therefore, would not be ideal for GPR. At
frequencies of 500 MHz and above, one starts to approach the absorption
associated with the natural relaxation of the water molecule, and as a result
attenuation in fresh water tends to increase. Normally, GPRs operate at lower |
frequencies and therefore this effect does not dominate.
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Figure 2.2.3.1.3 is another illustration of soil attenuation properties. This graph
shows the one-way attenuation of various soil types as a function of their
conductivity, taken at several probing frequencies.

Figure 2.2.3.1.4 contains a map showing the estimated ground conductivity in
the United States, measured in conductance. This map is derived from data
collected in the 1950s, and shows only general averages. Actual soil
conductivity will vary every few feet, and is sensitive to seasonal changes. But it
gives enough information to generally determine which sensor technologies
would be most favorable for a given region. This chart is for information only;
individual sites should be fully characterized before selecting sensor types.
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‘Figure 2.2.3.1.3.  Conductivity vs. One-Way Attenuation
Graph of Various Soils. Horizontal lines
show the range of conductivity of
different materials.

The polarization of radar waves also affects the performance of airborne GPR
target detection. Vertical polarization (VV) will give much brighter returns from
buried targets than horizontal polarization (HH), provided that the incident angle
is sufficiently close to the Brewster angle. Therefore, a GPR equipped with a VV
polarization would have much stronger return and better detection capabilities.
Horizontal polarization (HH) is often employed when only the surface of the
ground needs to .be examined. '
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Figure 2.2.3.14.

‘Estimated ground conductivity in the
United States. The variations reflect
varying soil composition. (Source:
USGS Conductivity Map.)
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2.2.3.2. Ultra-Wide-Band (UWB) Radar

As stated in the previous section (Narrow-Band Radar, Section 2.2.3.1), the range
resolution of a radar system is determined by its radar transmitter pulse width; the
shorter the pulse width ,the higher the range resolution and the wider the
bandwidth. The relationship between a radar pulse and the system bandwidth
requirement is illustrated in Figure 2.2.3.2. Assuming the transmitted pulse width
of a radar signal is At, the corresponding frequency bandwidth Af, as observed in
the Fourier transform domain, is the half-width of the main lobe as shown in this
figure. The mathematical relationship of the time-domain pulse width At and the
frequency-domain bandwidth Af is Af = 1/ At.

(v

Radar Puise Width At

Figure 2.2.3.2. Transmitted radar pulse width and
system bandwidth.

For example, a radar emitting a pulse of 10 ns duration would require a bandwidth
of 100 MHz. Accordmgly, a bandwidth of 200 MHz is required to achieve a 5 ns-
pulse width.

Thus, to acquire high range resolution (ground penetration depth resolution in
the case of vertical profiler GPR), a very short radar pulse width is required (this
often is called an “impulse”). To achieve optimum performance, a large
bandwidth radar system has to be developed. A radar system using an impulse
radar source and possessing a matching wide bandwidth receiver is sometimes
called ultrawide band radar (UWB).

2.2.3.3. * Synthetic-Aperture Radar (SAR)

- Radar systems generally provide a degree of resolution (detail) in an image
relative to the antenna's width. The greater the antenna size (aperture), the more
detail may be discerned from the obtained image. “Real” aperture radar refers to
a stationary antenna with a fixed width. “Synthetic” aperture radar physically

* This technology currently employed by the Corps of Engineers
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moves the antenna in straight lines over the terrain. This image has the same
resolution as would a much larger antenna possessing the width of the distance
traveled. Each of the reflected signals is stored onboard the aircraft or ground
vehicle. If desired, the information may be further processed, displayed, printed or
digitized for storage and later playback.

When the radiated signal encounters contrasts in the subsurface features, part of
the signal is reflected back up to the receiving antenna, while the remaining signal
continues downward to deeper material. Specifically, a portion of the signal is
reflected at each change in permittivity of the subsurface terrain. It is these
changes in dielectric properties which are being detected. Each reflected signal is
stored. To obtain a final image, extensive processing is performed, either within
the system itself or held for later processing. Post-processing reveals the locations
of buried objects, be they metallic or nonmetallic, as items are identified by shape,

not by presence alone.

As the distance traveled corresponds to the effective size of the antenna, aerial
SARs are used for their ability to obtain quick, detailed surveys of a large area.
Sizes and shapes of subsurface objects are enhanced by obtammg views of the
object from parallel and/or perpendicular perspectives.

Figure 2.2.3.3.1 illustrates how the SAR works. It employs a small antenna that
- transmits a relatively broad beam. The extensive post-processing, however, can
produce the effect of a large antenna with a very narrow, collimated beam in the
azimuth direction (shown by the shaded area). For both real-aperture and
synthetic-aperture systems. resolution in the range direction is determined by

pulse length and depression angle.

While a GPR has reasonable range resolution, its azimuth resolution is rather
limited due to the small physical aperture size that could be carried by either an
aircraft or a ground-towed vehicle. Thus the azimuth resolution of a real-aperture
system will be limited by its aperture size.

/ &
L2 ~
” " «Q\ N H
e ormal beam width
P & of a small antenna

Figure 2.2.3.3.1. Synthetic-aperturé radar system
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Graphic descriptions of the 3-D resolution cells of both a normal vertical protiler
and SAR GPR are shown in Figures 2.2.3.3.2 and 2.2.3.3.3, respectively.

Along-track Resolution
>

uonnjosay uonenauad-punoin

Figure 2.2.3.3.2.  3-D resolution cells of a vertical profiler
ground-penetrating radar. The
resolutions are 1m in the along-track
direction, >30m in the cross-track
direction, and 1m in the ground
penetration direction
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Figure 2.2.3.3.3.  3-D resolution cells of a SAR ground-
penetrating radar. The resolutions are
Im in the along-track direction, 1m in
the cross-track direction, and 1m in the
ground penetration direction
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The primary difference between the 3-D resolution charts between a vertical
profiler and a SAR GPR, shown in Figures 2.2.3.3.2 and 2.2.3.3.3 respectively, is
as follows:

* The vertical profiler GPR has good along-track resolution, but the cross-track
resolution is much poorer, resulting in a 1-D scan of the depth information of

underground terrain.

* The SAR GPR has good along-track as well as cross-track resolution.
However, it lacks good resolution along the ground-penetration direction.
Thus, a SAR could be used for high-resolution large-area subsurface
surveillance to identify possible OEW burial sites.

2.2.3.4. Frequency Modulated Continuous Wave (FM-CW) Radar)

FM-CW radars have been used for ground penetration to holographically image
subsurface targets. These transceivers record the phase difference between the
transmit and receive signals across an aperture. The data are processed to
prcduce a vertical profile or horizontal image. FM-CW is used for radar
applications where the targets of interest are buried near the surface (less than
2m) and a wide transmitted bandwidth is required. There are typically two types:
1) stepped frequency (where impulses of fixed, ascending and descending
frequencies are sequentially stepped through) and 2) continuous frequency,
where the frequency sweeps occur while radar return is being read. Both types
penetrate the ground at frequencies throughout the full sweep band, allowing it
to adapt to a wide variety of soil types and locate different sized ordnance buried

at varying depths.

The transmitted signal of a FM-CW radar is continuously swept in frequency
(full-band) back and forth about a center frequency. The currently transmitted
frequency is also sampled and fed into the radar receiver. This sample frequency
is then compared with the returned radar signal in a radar mixer to provided the
time delay, and hence range, of the buried objects.

Although the time-domain waveform of an FM-CW radar signal is different from
that generated by an impulse radar, the Fourier transforms of both the FM-CW
and the impulse radar source are very similar. Therefore, the performance of a
FM-CW radar could be similar to that of an impulse radar. By using a large
frequency bandwidth, an FM-CW radar could also be made into an ultra-wide-
“band (UWB) radar system. The main advantages of the FM-CW radar are
simplified control of transmitted spectral shape, and a higher signal-to-noise ratio
in the processed radar image.
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Implementation of FM-CW systems requires careful control of the frequency
sweep and of the mixing process. These control steps include:

a) linearity of frequency sweep with time to minimize degradation of
~ resolution due to spectral broadening;

b) purity of spectral output to avoid the generation of in-band
intermodulation products in the output of the mixer which will
degrade the clutter pertormance of the radar; and

c) stability of the frequency output.

The theoretical shortcoming of an FM-CW system is its inherent need for
sophisticated signal processing to recover the time waveform required for
interpretation and display of the results. There is also a potentially greater risk of
producing electromagnetic interference unless a very large number of frequencies,
each at a very low power level, is used.

2.2.3.5. Airborne GPR

There are several drawbacks that limit the applicability of the land-based ground-
penetrating radar: 1) it is restricted to use in areas without thick vegetation which
would impede the ground-towed platform’s path, 2) it is operated at low-speed
which extends site survey times, and 3) it is basically restricted to the vertical
profiling mode. which means no surface imaging can be performed.

Airborne GPR can alleviate these drawbacks. Moreover, the side-looking
synthetic-aperture radar (SAR) GPR enables fine resolution in both the along-
track (azimuthal) resolution and the cross-track (range) resolution (defined
below).

Airborne GPR is defined as those radars whose antennas are more than one tenth
of a wavelength above the ground, where transmission through the air-ground
boundary has to be addressed. Airborne GPRs also require much higher
transmitter power and receiver sensitivity. The high-moving speed of the aircraft
(fixed-wing or helicopter) also results in a higher data rate. Complex on-board
processing hardware is therefore required to enable the real-time processing
capability for in-flight image display. All of these special characteristics warrant
this section on the special problems of airborne GPR.

The two important criteria for measuring performance of airborne-GPR are
azimuth resolution and range resolution. Azimuth resolution. R;, is determined by
the width of the terrain strip illuminated by the radar beam. To be resolved,
targets must be separated in the azimuth direction by a distance greater than the
beam width as measured on the ground. As shown in Figure 2.2.3.5.1, the fan-
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shaped beam is narrower in the near range than in the far range, meaning higher
resolution measurements are possible in the near-range portion of the image. The
width of the beam is directly proportional to the wavelength of the transmitted
energy; therefore azimuth resolution is higher for shorter wavelengths, but the
short wavelengths lack the desirable ground penetration capability. Angular
beam width is also inversely proportional to antenna diameter; therefore,
resolution improves with longer antennas, but there are practical limitations to the
maximum antenna length. ‘

ANTENNA

Figure 2.2.3.5.1 Radar beam width and resolution in the
azimuth (forward flight) direction

The equation for azimuth resolution (R,) is

where

S is the slant-range distance,

D is the antenna length, and

A is the wavelength,
all the above units being in meters. For a typical 'GPR:
frequency f = 250 MHz

c_ 3x10: m/s

= = 1.2 m.
f 250 Mhz

wavelength A =

For D = 1 meter at the near-range position, and for a slant range of 150 m,
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(0.7 AS) _ (0.7)1.2 m)(150 m)
D I m

then R, = = 126 meters.

Resolution in the range direction (the direction in which the antenna is pointing)
and azimuth (flight) direction is determined by the engineering characteristics of
the radar system. Range resolution Ry, is theoretically equal to one-half the pulse
length, 1. It is converted from time into distance by multiplying by the speed of
electromagnetic radiation (the speed of light, “c”, or 3 x 108 m/sec). It is then
divided by 2sin(y) to compensate for return path and probing angle.

LT
7
ANTENNA
7 DEPRESSION ANGLE

.
~

B

Horizon

RANGE - Tc
RESOLUTION = —
2siny)

Figure 2.2.3.5.2 Radar resolution in the range direction
(the direction in which the antenna is
pointing)

Figure 2.2.3.5.2 shows the vertical range resolution between two buried
underground points, A and B. For example, if the depression angle is 45 degrees
and the pulse length is 10 ns. the range resolution is

w© _ (10x10°)3x 109

= — = - = 2.12 meters
2sin(y) 2 sin(45)

r

For a vertically down-looking GPR (also called a vertical profiler GPR), the
depression angle is 90 degrees and the range resolution, Ry, would be 1.5 meters.

2.2;3.6 Polarized Radar Waves

The principle of operations for HH and VV modes are illustrated in this section.
By appropriately configuring the transmission and receiving antennas of an
imaging radar (real-aperture or SAR), the radar can be tuned to four possible
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polarization modes: HH (horizontal transmission, horizontal reception), HV, VH,
and V'V (vertical transmission, vertical reception).

For conventional surface imaging, HH polarization mode is most frequently
utilized due to its optimum surface reflection. For ground-penetration
applications, the VV polarization mode is preferred for its optimum ground
penetration.

The definition of horizontal and vertical polarization of an EM wave is shown in
Figure 2.3.3.6 (a) and (b), respectively. In Figure 2.3.3.6 (a), the incident
electromagnetic wave whose electrical field is parallel to the plane of interface
between the two dielectric materials (in this case, air and ground), is defined as a
horizontally-polarized beam. Upon hitting the ground, part of the beam is
reflected back into the air, and part penetrates into the ground soil. According to

Snell’s Law, the reflectivity is defined as:

_cosB, —n,cosb,
cos 8, +n,, cos b,

R,

where 61 and 6; are the incidence and reflection angles respectively, and np3 is
the relative refraction index between the air and the ground soil..

The reflectivity, Rp, of this horizontally polarized wave is greater than zero at any
incident angle, thus it is highly desirable to use an HH-polarized beam for surface
imaging in which maximum surface return is desired.

o B WExg
Hortzontally (H) Polarized EM wave " Vertically (V) Polarized EM wave
Mdi-lwhumlx)pomﬁllm Reflectivity of verticaily polarized EM Wave
( . (B)

Figure 2.2.3.6. VV Polarized Radar Wave for Better
Ground Penetration.

As shown in Figure 2.2.3.6 (b), the incident EM wave whose magnetic field is
parallel to the plane of interface between the two dielectric materials (in this case,
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the air and ground), is defined as a vertically-polarized beam. Reflect1V1tv of a
vertically-polarized incident beam is defined as:

_ n,co088, —cos b,
" n,cos0, +cosb,

It is interesting to note that when the incident angle reaches the Brewster angle,
Le. tan 8= ny2, the surface reflectivity R, is equal to zero. Thus, by appropriately
tuning the radar depression angle, most of the radar wave could be transmitted
into the ground, resulting in a maximum penetration depth. Therefore, a VV mode
radar wave is required for use in ground-penetration applications.

* Visible Imaging
Imaging can be defined as the reproduction of an object produced by
electromagnetic rays. Visual imaging is that reproduction formed by 1ight rays
falling W1th1n the wavelength range of 380 to 760 nm, as illustrated in Figure

2241,
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Figure 2.2.4.1 Electromagnetic Spectrum

An imager (e.g., a camera) is an image-forming optical system that gathers a beam
of light from an object point and transforms it into a beam that converges toward
or diverges from another point, thus producing an image. A visual imager is the
obvious first choice for conducting surface scanning or area mapping of an OEW
site. As an example, the application of a film-loaded camera for aerial
reconnaissance is as old as the airplane itself. Newer, state-of-the-art imagers
capable of resolution to a few centimeters are readily available and universally
applied. For these electronic imagers, the image is captured by a detector which
sits on the focal plane where the film is normally located in a conventional
camera. These detectors are transducers that convert the photon energy received

* This technology curtently employed by the Corps of Engineers
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into an electrical output where the signal is electronically processed and
displayed.

One of the most dramatic detector innovations in recent years has been the
introduction of the charge-coupled device (CCD). The CCD is simply a means of
controlling the movement of signal electrons by the application of electric fields.
It shifts a group of signal electrons from input to output without distorting the

signal itself.

Present silicon CCDs have a bandwidth covering 0.4 to 1.1 micrometers. The
limits have been extended to below 0.2 micrometers for specially coated silicon
devices. A CCD detector with a depiction of its principle of operation is
presented as Figure 2.2.4.2.

PRINCIPLES OF OPERATION

sm ,
CONDUCTIVE  SHICE

FLECTRODES g

DEPTH OF MINIMUM
ELECTRON POTENTIAL

PROCESSING

IMPLANTED
POTENTIAL
BARRIERS

SILICON DIOXIDE
INSULATING LAYER

POTENTIAL PROFILE

. Figure 2.2.4.2 CCD Principles of Operation

* Infrared (IR) Radiometry

Infrared (IR) radiometry applies to the wavelengths between 0.76 pm (7.6 X 10-7
m) and 100 pm (1 X 10-4 m), as illustrated in Figure 2.2.4.1. Radiometry is the
measurement of energy (emitted or reflected) from an object or a surface in a

quantitative manner.

* This technology currently employed by the Corps of Engineers
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[t is important to recognize the differences between reflected and radiated energy,
particularly in the infrared region. When viewing an object such as the Earth
during daytime, reflected solar energy (approximately 6000 K) predominates
through the near, short wave, and mid-wave IR bands. The subdivisions of the
infrared range are shown in Table 2.2.5.1. The emission of the Earth
(approximately 300 K) becomes stronger in the mid-wave band and exceeds the
reflected fraction at about 7 um. At night, nearly all the radiation appears in the
thermal infrared bands, comprised of re-radiation of absorbed solar energy shifted
down in frequency, and internal heat from the Earth’s center.

Table 2.2.5.1 Subdivisions of the Infrared Range
Designation Abbreviation | Wavelength
Range in
Microns (um)
Near IR NIR 0.7¢ to 1
Short-Wave IR SWIR 1103
Mid-Wave IR MWIR 37
Thermal IR - TIR 7t 15
Far IR FIR 15 to 100

Due to atmospheric absorption effects, IR imaging systems for terrestrial
applications are confined to the range of mid-wave-infrared (MWIR) and thermal-
infrared (TIR) bands where the earth's atmosphere is relatively transparent. In the
far-infrared range, the atmosphere is essentially opaque for paths more than ¢ few
meters long.

There are two basic types of infrared radiometer systems available for terrestrial
applications:

1. Single-wavelength thermal system (MWIR or TIR)
2. Double-wavelength thermal system (MWIR and TIR)

*2.2.5.1. Single-Wavelength Thermal Systems

Selection of an infrared system for the OEW task depends on particular site

“circumstances: is there predominantly emitted or reflected radiance; what is the

target temperature and what is its contrast with the background; what is the
typical signal-to-noise ratio; how will the system be deployed, and what financial
constraints exist? Hotter objects radiate more energy and are thus more easily
detected by their emitted signal (see Figure 2.2.5.1). TIR detectors are the most

* This technology currently employed by the Corps of Engineers
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sensitive to this radiation, but MWIR systems have been used successfully as
well.

Signal-to-noise ratio (Figure 2.2.5.2) is a function of contrast ratio (Figure 2.2.5.3)
for objects at differing temperatures as a function of wavelength. The decision to
choose between MWIR and TIR sensors (or both) should be based on the
sensors’ optimizing signal, SNR and contrast for the specific application.
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Figure 2.2.5.1. Radiant Emittance vs. Wavelength for
Selected Temperatures
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Figure 2.2.5.2. SNR vs. Wavelength for Selected
Temperatures '
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Figure 2.2.5.3. Contrast vs. Wavelength for Selected
Temperatures

There are many potential uses of IR instrumentation for OEW remediation.
Explosive casings, ferrous or otherwise, usually have much higher thermal
conductivity than their dirt surroundings. When illuminated by sunlight, they
reach a much higher equilibrium temperature and stand out trom the thermal
background if not deeply buried or otherwise obscured. Likewise, since these
items lose heat only by conduction to the atmosphere and the ground, they will
remain as hot spots in the late afternoon or evening after the surrounding surface
has cooled.

Buried munitions have, by the process of becoming buried, disturbed the. ground
locally, resulting in local variations in the thermal signature. These characteristics
remain even after the surface indications of the impact have been removed by
weathering.

A more powerful approach examines the resulting variation in thermal lapse rate
during evening cooling. This can be discerned by viewing the same area at two
sequential times with a calibrated thermal imager and noting the difference in rate
of change of temperature. Similarly, the textural changes caused by impacting
ordnance are readily seen in comparison with undisturbed surroundings by near

-infrared (NIR) and single-wavelength infrared (SWIR) imagers, particularly those

having the additional capability to determine the degree of polarization of the
reflected radiation compared with undisturbed terrain.

The capability to detect buried ordnance using IR technology has been
demonstrated on many occasions in the past. The Army has used the technique
successfully to detect minefields from airborne platforms in a single pass over a
field. Images are collected using an 8-12 um IR detector mounted in a helicopter.
The buried mines show up as light, circular images in the scene, and were
identified as mines. The WES images clearly show that detection of the buried
mines is possible based upon the thermal signature emitted from the overlaying
soils. S :
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2.2.5.2. Double-wavelength Thermal Detector

A two-wavelength thermal detector (both 3 to 5 um and 8 to 12 pm) is currently
being developed to replace the standard thermal detector. Using this technique
has successfully detected ordnance buried at depths of 1" to 4". This two-
channel IR scheme has no problems with the following terrain:

1. Cleared, level surfaces which include parking lots and grassy
fields.

2. Vegetation-free terrain

2.2.53. Disadvantagesiof the IR Systems

Intense rain, snow or fog can render most IR sensors nearly useless at long ranges
as illustrated Figure 2.2.5.4 with the ‘fog’ and ‘drizzle’ curves.

Limitations to the application of thermal IR sensors include range reduction
during inclement weather. Furthermore, the following conditions may cause false
detection due to "clutter” ( i.e. confusing interpretation of data received from the
IR radiometer): (1) variations in the soil composition, (2) variations in the
‘temperature due to windy conditions and sources of shade, (3) variations in
vegetation, (4) variations in the terrain (especially rough terrain), (5) subsurface
water, and (6) buried rocks. '
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* LIDAR - 2D Imaging

There are several distinct laser remote sensing techniques. All are some form of
laser radar known as LIDAR. Advantages of LIDAR include the ability to
measure distant or inaccessible locations, negligible disturbance to the region by
the measurement, near-real-time data availability, high spatial resolution, and rapid
spatial survey in three dimensions. LIDAR has been used to obtain data such as
gas composition. temperature, pressure, and wind velocity. Such measurements
have been made for applications such as locating and identifying industrial
smokestack emissions. Various types of LIDAR systems may be used to locate

surface or underwater ordnance.

Two types of LIDAR measurement geometry can be used. Known as column and
range-resolved measurement, the major distinction between the two is the target
(see Figure 2.2.6.1.). In a column measurement, some type of hard reflective
target, such as the ground or ocean surface, is used. Because all of the laser
energy goes to the target and back. there is no direct range resolution; only the
total column density along the measurement path can be measured. As a result,
column measurements do not require a short laser pulse length. Because any hard
target has a relatively high reflectance, efficiency is high and required laser

energy is low.

Helicopter-Borne Lidar

range-gated

incremental volume
of aerosol or

olecular target

hard terrestrial
object

Figure 2.2.6.1 Column Measurement (left) versus

Range-Resolved Measurement (right)

* This technology currently employed by the Corps of Engineers
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In a range resolved measurement, the target is distributed, such as the atmosphere
or ocean. Light is scattered volumetrically by the target itself. Measurements can
be made by studying either the backscatter process or the effects of absorption
along the route to and from the target. The delay time from laser pulse to receiver
signal can be directly related to the range. Range resolution down to the laser-
pulse length is possible.

Various methods may be used to obtain 2-D images of targets. Both polarimetric
and underwater imaging LIDAR systems have demonstrated success in location
of OEW. '

2.2.6.1. Polarimetric LIDAR

Polarimetric LIDAR systems contain sensors that detect polarization changes in
the backscattered energy obtained after illuminating the target with linearly
polarized light. The vast majority of land mines have surfaces that are
considerably smoother than naturally occurring backgrounds such as sand, soils,
and short vegetation. This property is used to enhance separation from the
background, which may provide an effective source of information for target
detection. The U.S. Army has successfully demonstrated the REmote MInefield
Detection System (REMIDS), which incorporates polarization and reflection data
with thermal IR detector information to perform surface ordnance detection.

2.2.6.2. Underwater Imaging LIDAR

Underwater imaging LIDARs may be used for remote detection and imaging of
underwater objects from an airborne platform. A system of this type is equipped
with a green laser (Nd:YAG at 532 nm) which generates short pulses of light with
pulse widths on the order of nanoseconds. Only lasers in the green to blue
wavelength region provide water penetration. Other wavelengths are not used
for imaging due to absorption of the laser light by water.

The laser beam is expanded by optics and projected down toward the surface of
the water to an object or target. Intensified CCD (charge coupled device)
cameras- are electronically shuttered (range gated) after a time delay
corresponding to the round trip propagation time to and from the target. This
timing eliminates light scattered by the water from around the target. As a result,
the veiling luminance of the water is greatly attenuated and faint target signatures
can be seen. The resulting gated images (displayed on a CRT) have sufflcxent
spatial resolution to cla551fy and/or identify the target.

Targets may exist on the water bottom or be suspended above the bottom.
"Floating" mines of this type were successfully detected using this technology
during the Persian Gulf War. Although targets may be imaged in shallow, coastal
and deep water, optimal conditions include calm, clear, or shallow waters. Water.
salinity does not affect image quality.
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Biological Sensors

Trained canine/handler teams are extremely effective in their ability to detect
explosive munitions via their olfactory sense. Explosive filler gives off an odor,
which the dog detects through its acute sense of smell. They are also trained to
detect and respond to visual clues such as metal or plastic casings, or trip wires to
provide a more comprehensive search than with electronic odor detectors alone.

Dogs have demonstrated effectiveness in mine detection. During wartime, a dog
platoon was used by US armed forces in South Vietnam with successful results.
The dogs were used in a number of ways. Patrol missions were performed using
the dogs to indicate both mines and booby traps. They were also used to perform
a first sweep for mine detection over road areas.

The effectiveness of a dog handler team depends on terrain and weather
conditions. Favorable conditions allow a dog to work a total of 5-6 hours per
day, with resting periods every 1-2 hours. Overall forward speed may average 1
mile per hour. The distance a dog can be from an object in order to make a
detection also varies with wind and terrain. Ideally, a dog placed downwind in a
steady breeze may detect from distances of 300 feet. Conversely, upwind or

~ cross-breeze conditions may require a distance of one foot. To avoid this, the

animals may be repositioned and approach the site from a different direction.
They may also detect items suspended up to 5 feet above ground, or almost 10
feet to the side of their constrained path.

To clear a strip area, the dog will typically move out at a trot, zig-zagging along
the pathway. When presence of an explosive item is detected, they will stop
about 2 feet away and sit. Although dogs may work on- or off-leash, they are
most efficient when used off the leash. In this manner they can work up to 300
feet in front of their handler, even out of visual contact. Under such conditions,
the dog may be equipped with a radio transmitter to allow the handler to
recognize a sitting response by the dog.

The initial trammg of a dog takes approx1mately six months. Dog/handler teams
must be kept in training in order to maintain skills.

Advantages to using dogs is that they can find a non-metallic mine which the
metal detector overlooks and will ignore.the metallic scrap that the metal detector
senses. Also, dogs may be trained to incorporate visual clues to perform a more
comprehensive search than by odor alone.

As explosives age, they emit decreasing amounts of odor. In an experiment
where the explosives were buried 16 months prior, the dogs’ ability to detect
explosives was seriously impaired. Thus, as time passes these methods become
less efficient at detecting OEW.
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Once trained, dogs provide a quick and effective method for OEW detection.
Rapid deployment of the dogs is essential to its effectiveness, as well as terrain
and weather conditions.

Because the scope of this report is to evaluate manmade sensor technologies, the
use of canines (and other scent-sensing animals such as pigs and rats) will not be
included in the product summaries or comparisons.

Cone Penetrometer

Cone penetrometers are long rods, with a hardened cone tip, that are pushed up
to 100 feet or more into the ground via a mechanism on a heavy truck that is
capable of producing at least 10,000 pounds of thrust. Electronics in the cone tip
relay data back to the surface. This information is collected and viewed onboard
the truck, or held for later processing. Cone penetrometers have not been
deployed for the purpose of detecting buried ordnance due to the possible
danger of setting off the OEW during cone insertion into the ground.

Electronic measuring devices contained in the cone tip obtain data on subsurface
pressure, resistivity, or water/soil analysis. Other available tip devices generate
and receive electromagnetic waves, or measure seismic waves. Timing and
intensity of these received or reflected waves indicate the density (and vector
directions of) the surrounding soil. Older, entirely mechanical penetrometers exist,
but most cone penetrometers today are electric.

Equipment usually consists of a penetration rod to which one of various probe
tips are attached, depending on the type of measurement to be obtained. Some
probes collect data in its final stationary position, and others collect continuously
as it sinks into the ground. In this manner, vertical and/or horizontal profiling of
an area may be performed. Currently, this technology is used to conduct
geologic, water or soil sampling of an region. Probing techniques may be
combined to one day locate subsurface ordnance. Various cone penetrometer
capabilities are described below.

2.2.8.1. Test for Seismic Ground Waves

This consists of three-axis cones which can be used as a measurement device for
surveys of the surrounding soil. Only a receiver is contained in the cone tip.
Once the probe is stationary, a shock wave is hammered at the surface and the
resulting waves received at the probe are evaluated (measured, recorded, etc.).
The three-axis seismic cones or three-component motion sensor conducts seismic
shear and compression wave surveys. These surveys may locate a buried object
in the soil by examining the behavior of seismic/sound waves in an area. Seismic
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cone penetrometers may be used for measurements as deep as 270 feet in sandy
soils.

2.2.8.2.  Test for Resistivity

Resistivity, one of the oldest geophysical exploration techniques, was originally
developed to locate minerals, oil deposits and ground water supplies. However, it
may be of interest in the location of ordnance in the future. The measurement
principle exploited by resistivity surveying is that an electrical contrast exists
between different materials. The resistivity cone penetrometer has been used for
contaminated site investigations to delineate the extent and degree of
contamination at a site. These surveys rely on the resistivity contrasts that
typically exist between contaminated soils and uncontaminated soils. Leachate
from a landfill will contain a higher concentration of dissolved solids, which
decreases the resistivity. Hydrocarbon-contaminated soils will have higher
resistivity. As a result of the above findings, ordnance may be located by the
difference in the resistivity measurements of the soil.

Figure 2.2.8.1 shows a resistivity cone penetrometer probe. The resistivity cone
penetrometer probe is in intimate contact with the soil and core fluid which
allows direct resistivity measurement of the media. The probe consists of four
electrodes separated by five thicker plastic insulators. The outer two electrodes
induce an electric current into the soil and the inner two electrodes measure the
potential drop, which is proportional to the resistivity of the soil.

Source: Applied Research Associates

Flomens §

Figure 2.2.8.1 Resistivity Cone Penetrometer Probe
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2.2.8.3.  Other Types of Cone Penetrometer Probes

Several different kinds of probes are available for a cone penetrometer: Various
probes are shown in the following three figures. Figure 2.2.8.2 illustrates
groundwater and strata identification probes. Figure 2.2.8.3 shows the type of
rrobe which takes soil, water or gas samples for chemical analysis.

Figure 2.2.8.2 Exploration Probes for the Cone
Penetrometer

Figure 2.2.8.3 Sampling Probes for the Cone
Penetrometer

A gamma radiation probe, shown in Figure 2.2.8,4, may be used to measure total
radiation present and provide a spectrum of radiation that can be analyzed to
determine the species and concentration of a contaminant. The Department of
Energy (DoE) and Department of Defense (DoD) have a number of sites where
radioactive materials have been accidentally leaked or buried underground and
are in need of remediation. A system incorporating this technology has been
used at the DoE’s Hanford site to determine if a crib in which radioactive material
had been deposited was leaking. In these situations it is important to find the
leaks without exposing workers to the radioactive materials. Such a system can
be used to determine the location of a waste canister or to determine the natural
gamma radiation background.

66




D11367

Section 2.2 - Tutorial on State-of-the-Art Sensor Technologies

Figure 2.2.8.4 Gamma Radiation Probe for the Cone
Penetrometer

2.2.8.4. Data Processing, Database Management, and Graphical Representation

For on-site characterization or ordnance location, assessment of probe data in
real time is available. Most cone penetrometers that are available today have on-
board data processing and graphics hardware to map out the site or location of
ordnance. Alternatively, data may be stored on-board for later processing. Data
systems are available providing horizontal or vertical profiling of an area, or even

3-dimensional rendering of a region.

2.2.8.5. Suitability for OEW Detection

The cone penetrometer is not recommended for the location of buried ordnance,
since the penetrometer probe might accidentally detonate the UXO it is trying to
detect (while pushing the rod into the earth). They are not better at detecting
OEW than other sensors described in this document; they cannot distinguish
between a rock and UXO, and their probing range from each penetrometer hole is

limited. :

The cone penetrometer’s poor match for OEW detection was not discovered until
research into method and vendors had already begun. Rather than remove the
information already collected, the section describing cone penetrometer vendors
(Section 4.1.4) was left as-is and no attempt to prepare an exhaustive list was

made.
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EMERGING SENSOR TECHNOLOGIES

Recent developments in sensor technologies promise a new generation of
detectors that are more sensitive and can survey large sites using fewer resources
and in less time than the current techniques. The term “emerging technologies”
refers to technology that is not currently available off-the-shelf; it is a promising
technology that exists in the laboratory or field-proven stage and has not yet
been commercially deployed.

This section provides a summary of promising technologies that could improve
the process of OEW detection. These technologies along with their developers
and/or manufacturers where available appear in Sectlon 4.2, Emerging Sensor

Technology Products.

Magnetometers

Three promising improvements to conventional magnetometers are presented
below. Three-axis fluxgate magnetometers provide improvements over the
single-axis fluxgates described in Section 2.2.1.3; and the Overhauser Effect is an
improvement to the Proton Precession Magnetometer described in Section
2.2.1.1. The electron tunneling magnetometer (Section 2.3.1.3) is a new
microsensor that can be manufactured using integrated circuit processes.

2.3.1.1. Three-Axis Fluxgates

The primary advantage of using a 3-axis magnetometer 1s its unique capability of
locating ferrous metallic objects by measuring both the direction and the distance

(range) to the metallic object.

The directional component can be obtained directly, since a 3-axis magnetometer
measures the magnetic field in three orthogonal directions. The magnetic field
vector intensity pinpoints the direction from the source to the measured ferrous

metallic object.

The distance information can be inferred by combining measurements from both a
magnetometer and a gradiometer. The magnetic field strength as measured by the

magnetometer is defined as

r

where
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is the peak total tield anomaly measured iny

is the volume magnetic susceptibility of steel (a unitless
characteristic)

F is the magnetic field strength, in nT

\' is the volume of the sphere in cubic meters, and

r is the distance between the source and sensor in meters.

~ -

The gradient peak vertical magnetic field intensity (“Vertical Gradient”, or “VG”)
measured by the gradiometer is given by the first derivative of T, which is

6kFV

r4

VG =

Dividing the magnetometer results by the‘gradiometer results yields the distance
- directly:

2kFV r
._T_. — 3 = -
VG " 6kFV 3
4
r

Thus, the distance r can be inferred by dividing the magnetometer reading by the
gradiometer reading. Since a gradiometer is simply a pair of sensors separated by
a known distance,.all one needs is a 3-axis sensor plus a one axis sensor at a fixed
distance to obtain the vector pointing to the buried metallic substance.

2.3.1.2. Overhauser Effect

A new enhancement to proton precession magnetometers is called, “The
Overhauser Effect.” In this scheme, an electron-rich fluid (containing free
radicals) is added to a standard hydrogen-rich fluid. This mixture increases the
polarization by a factor of 5000 in comparison with standard liquids. In contrast
to conventional proton precession methods, Overhauser proton precession uses a
radio frequency (RF) magnetic field, and uses a fraction of a Watt of RF power,
rather than a high-power direct current (DC) field.

Overhauser magnetic systems maximize resolution and minimize power
consumption. Another advantage is that proton polarization and measurement
can occur simultaneously, so the system response time is much faster. (A proton-
precession magnetometer’s integration time can be on the order of seconds, as
opposed to fractions of a second for the Overhauser Effect.)
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2.3.1.3. Electron Tunneling Magnetometer

In 1982, a new surface microscopy was invented at [BM Zurich. This enabling
technology used quantum mechanical tunneling of electrons across a narrow
barrier to measure separation with unprecedented sensitivity. As shown in Figure
2.3.1.1, a microscopically small electrode tip is placed very close to the surface.
As bias voltage is applied between this tip and the surface, electrons will tunnel
across this barrier. This tunneling current is proportional to the distance between
the tip and the surface. This relationship is shown in the figure, where I is the
tunneling current, V is the biasing voltage, and S is the microscopically small
separation, measured in Angstroms (A). Thus, by closely monitoring the tunneling
current, extremely accurate measurement (as low as 10 g:) of the separatlon can be
measured.

Source: IBM Zurich

Deflection electrode Tip
Figure 2.3.1.1 Electron Tunneling Sensor
Tip
Y
+ e
L
v Surface of bar magnet
Ioc Ve"(l«ﬁﬁf
Figure 2.3.1.2 Electron Tunneling Sensor (schematic)
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The schematic diagram of an electron tunneling magnetometer is shown in
Figure 2.3.1.2. This magnetometer consists of a bar magnet placed in parallel with
a deflection electrode, which appears as the solid and dotted lines of the bar
magnet surface. A tunneling sensor tip is fabricated at the side of the deflection
electrode. When this magnetometer is placed in an external magnetic field, the
bar magnet will be moved by this field and therefore alter the fine spacing
between this bar magnet and the deflection electrode. This minute variation in
spacing will in turn vary the tunneling current. A feedback biasing voltage is
applied between the tunneling tip (connected together with the deflection
electrode) and the bar magnet. This feedback biasing circuitry is designed such
that when the bar magnet moves with the external magnetic field, a feedback
voltage is generated to inversely move the deflection electrode to maintain a
constant spacing. As a result, the variation in feedback biasing voltage is a
precise measurement of the external magnetic field. The sensitivity of this type of
electron tunneling magnetometer is as high as 0.001 gamma.

Many different sensors have been developed using this technology, including
magnetometers, accelerometers, uncooled IR sensors and seismometers.

23.14. FiBer-Optic Magnetometers

An important advantage of fiber-optic magnetometers is their ability to provide
passive sensing of a wide range of physical fields. This not only means that the
sensor head operates without the need for electrical power, but also that the
overall system (including the input-output fibers that serve as the telemetry links)
is electrically passive, and thus the whole system exhibits a low intrinsic
susceptibility to the effects of electromagnetic interference (EMI) and
electromagnetic pulse (EMP). These issues are important when a sensor is
required for use in explosively hazardous or electrically noisy environments. By
servicing a number of fiber sensors using common input and output fiber links, an
all-fiber sensor network can be formed that has additional advantages to those
outlined above. Moreover, due to the extremely light weight and flexibility in
system design of this fiber-optic magnetometer, it can be integrated into a hand-
held portable system for site characterization use.

A magnetostrictive fiber-optic magnetometer employs a fiber Mach-Zehnder
interferometer to measure the magnetic-field-dependent strain (magnetostriction)
in a transducing material. A basic fiber-optic Mach-Zehnder interferometer is
illustrated in Figure 2.3.1.3. In this figure, a coherent single-mode laser source on
the left is launched into the single-mode fiber. . The light is then split into two
beams of equal intensity by a fiber-optic beamsplitter (called a “coupler” in the
diagram), splitting the beam into the sensing fiber coil (L1) and the fiber reference
coil (L2). After passing through the sensing and reference fiber coils, these two
signals are recombined by the second fiber beamsplitter (“coupler”) on the right.
An interference signal between the two beams appears at the coupler’s outputs
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which, after propagating the length of the output fiber, is detected by the
photodetectors. It should be noted that this form of sensor may be operated with
a large length of fiber (> 10 km) between the detector module and the sensing
interferometer while still maintaining high performance.

Coupler Scpsing
iber
Laser Coil Ll
Detcctor
Fiber
) \ 32—
Refe Detectar
epi ;::cc L Coupler
Col 2 .

Figure 2.3.1.3 Schematic of a fiber-optic Mach-
Zehnder interferometer

A basic schematic diagram of a fiber-optic magnetometer is shown in Figure
2.3.1.4. In this figure, a magnetostrictive material is bounded to one arm of the
interferometer. When an external magnetic field exists, this field will generate a
strain to the sensing arm of the fiber interferometer. A field-dependent phase shift
will be induced in this interferometer and could be detected by the output
detector. This phase shift is proportional to the intensity of the external magnetlc
field and can be effectively measured.

Coupler

Detector

AL L \
/ Single mode fiber

B 4

External
Magnetifc Field

Figure 2.3.1.4 System schematic diagram of a
magnetostrictive fiber-optic magnet-
-ometer employing a Mach- Zehnder
interferometer
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Two basic types of optic magnetostrictive transducers are shown in Figure
2.3.1.5.. In the first type, the fiber is jacketed with a magnetostrictive material,
either over bare fiber or over fiber already jacketed with a nonmagnetic polymer,
yielding a continuous length of magnetically “sensitive” fiber. In transducers of
the second type, the geometry of the magnetostrictive material is fixed and a
length of fiber is bonded to the material. Flat rectangular strips and cylinders are
the most common geometries.

(a)
Magnetostrictive
Jacket

(b)
Magnetostrictive
~~ Strip
Figure 2.3.1.5 Two types of magnetostrictive

transducer: (a) magnetostrictive jacket
on fiber; (b) fiber bonded to
magnetostrictive element

By using three Mach-Zehnder interferometers, a 3-axis fiber-optic magnetometer
or gradiometer could easily be built which could be used to simultaneously
measure the magnetic fields in the x, y, and z directions. Furthermore, the entire
system could be powered by a single laser source. The typical sensitivity of this
fiber-optic sensor is 0.1 gamma.

Fiber-optic magnetometers are completely immune to electromagnetic
interference, since there are no conductive wires that might induce a current in
the presence of electromagnetic (EM) noise. If one were to also employ fiber
optic cables between the sensor and the processing electronics, extremely remote
sensing can occur while still maintaining high data quality. (When remote sensors
are connected using long wires, the same EM susceptibility exists and the signal
quality will be degraded, usually in proportion to the length of the wire. Fiber
optic cables are immune to such interference and have negligible signal loss
compared to metal wires.) Thus, an all-fiber-optic sensor, such as a fiber-optic
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magnetometer connected using fiber-optic cables, is ideal for remote sensing
applications where the long wires would otherwise degrade the signal, such as in

underwater applications.

Electromagnetic Induction - AC Susceptibility

Alternating current (AC) susceptibility works on the principle that most items will
become partially magnetized when exposed to a magnetic field. The amount of
magnetization retained varies for each substance, and therefore can be employed
as an identification signature.-

This technique shares the same limitations as proton precession magnetometers,
since they both work on the same principle. The only difference is that AC
susceptibility employs magnetic signature identification, telling the operator not
only that an object has been detected, but what the object most likely is.

Currently this technology remains a theory, and only one company has been
uncovered that thinks it can successfully implement one. (Refer to Section 4.2.2

for more information.)

Ground Penetrating Radar

This section describes the new, emerging GPR techniques which are currently in
the laboratory or prototype stage. For a tutorial on GPR foundations, refer to

Section 2.2.3.

2.3.3.1. Harmonic Radar

Harmonic radar, a type of ground-penetrating radar, combines favorable aspects
of synthetic-aperture radar (SAR) and metallic radiation characteristics to enable
metallic OEW detection. It is performed aerially over the area of interest.

It has been observed for many years that illuminating metallic objects with high-
power microwaves generates re-radiation at harmonic frequencies. The source of
the regeneration of these harmonic frequencies (usually at the third harmonic, or
three times the frequency of the illuminating signal) is the joints of the metal
surfaces; when these surfaces are in close proximity, they form semiconductor-like
junctions. These junctions radiate harmonics when illuminated by microwaves.

It has also been known that low frequency microwaves penetrate ground

relatively well (this forms the theoretical basis for ground-penetrating radar). The
harmonic regeneration phenomenology, when incorporated into a GPR, can allow
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easier detection of surface and buried metallic ordnance. acquiring a signal largely
devoid of clutter from rocks and non-metallic debris.

In use, the harmonic radar illuminates he ground with low-frequency waves
generated from a radar transmitter, and receives the back-scattered waves at the
third harmonic frequency. Since the third-harmonic returned waves are
generated only from metallic objects, the harmonic radar is capable of rejecting
strong surface reflection as well as reflection from other nonmetallic objects.

The primary disadvantages of harmonic radar include the requirement for high
ground incident power densities that leads to high transmitter power and/or short
operating ranges, limited to a tew kilometers. Plus, metallic joints must be plentiful
and large enough to be identified; a smooth metallic sphere buried in the ground
would not be detected using this technique. In general, this technique is best
used for finding clusters of large metallic objects such as tanks, jeeps, and
stationary aircraft. and does not appear applicable for detection of small objects
such as ordnance. |

2.3.3.2. Interferometric Impulse Radar

Interferometric impulse radar is a new generation of ground penetrating radar that
offers an alternative to standard GPR and the SAR. Unlike conventional SAR,
the interferometric radar takes a snapshot of the underlying terrain by observing
the interference pattern reflected by the targets. Using a process similar to image
reconstruction in optical holograms or medical ultrasound, the reconstructed 3-D
image shows the shape, size and depth of the buried objects. This process is
different from that of the SAR, which uses a continuous sweeping operation to
acquire the necessary information to plot a similar 3-D buried object map.

An interferometric radar consists of a transmitter (impulse source and antenna),
multiple receivers, control electronics, and data processing hardware/software.
The transmitter antenna generates a wide beam that is able to cover a large area.
Each of the multiple receivers (3 or more) are separated by a distance equivalent
to several pulse widths.

In operation, the transmitter antenna generates a narrow-width pulse train to
probe the ground. The reflection from the terrain surface returns first, and serves
as the reference signal. Buried objects (as well as surface objects) will also reflect
the probing beam and be received by the multiple receivers a few milliseconds
later. The time delay between the reference signals and the object signals
received by each of the multiple recetvers provides enough interferometric data to
reconstruct a 3-D image.
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The resolution of an interferometric radar is estimated to be at 1/3 of the
wavelength in the soil under measurement. Smaller objects could be detected
with this technique, but would not be identifiable.

2.3.3.3. Stepped FM

As the name implies, stepped FM is a rapid sequence of impulse radar pulses
generated at increasing (or decreasing) center frequencies. Since different
probing frequencies result in different penetration depths and resolutions, a
stepped FM system can be viewed as a miniature data fusion system combining
images from multiple radar frequencies into higher-quality output.

A stepped FM GPR is a computer-based instrument which relies heavily on digital
signal processing. The system measures the amplitude and phase angle at each
probing frequency, and performs a Fourier transform on it to translate the signal
from the frequency domain back into the time domain, resulting in an output
similar to that of an impulse-style radar.

(Stepped FM should not be confused with FM-CW radar (which is all analog),
although the benefits are similar.)

Visible Imaging
2.3.4.1. Charge-Coupled Devices (CCDs)

Charge-coupled devices (CCDs) are being used extensively in today's electronic
cameras and are considered to be state-of-the-art. However, a new technology,
the active pixel sensor (APS), might be a successor to CCD. This technology
potentially features the same sensitivity and performance of the CCD, but with
additional improvements. These improvements include random access capability,
easy window-of-interest readout, non-destructive readout for signal-to-noise
improvement, high radiation tolerance, simplified clocking voltages, and easy
integration with other on-chip signal processing circuitry.

A simple example of an active pixel is illustrated in Figure 2.3.4.1. In this example,
an active pixel sensor (APS) structure that resembles a short CCD is shown.
Charge is integrated under the photogate PG. To read out the signal, the pixel is
selected usmg transistor S. The output node is reset using transistor R. The
51gnal charge is then transferred from under PG into the output node. The change
in the source follower voltage between the reset level and final level is the output
signal from the pixel. The source follower might drive a column line terminated
with clamp and/or sample-hold circuits. These column-parallel circuits can then

. be scanned for serial readout of the sensor. Since the illustrated APS requires
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only a single intra-pixel charge transfer, many of the problems associated with
charge transfer with CCDs are eliminated.

W Y W e, W
ouzpat amyp.
Figure 2.34.1 Schematic of an active pixel sensor
(APS)

2.3.4.2. Spatial Resolution And Swath Width Evaluation Of An Airborne
Imaging Sensor

Airborne imaging sensors, including various infrared, visible systems and LIDAR
systems, consist of a telescopic imaging lens and a focal plane array image
detector. The spatial resolution of these type of sensors depend upon the
selection of focal length of the imaging lens, the pixel size of the focal plane array,
and the altitude of the airborne platform. A system diagram appears in
Figure 2.3.4.2.

According to Newton's lens law, when the terrain image is recorded at a distance
much longer than the lens’ focal length, the image is focused at the back focal.
- plane of the lens. When a focal plane array (IR or CCD) is placed at the back

focal plane to record the demagnified terrain image, the demagnification factor M
is: :

M = (focal length / platform altitude) = f/h

The ground pixel size L recorded by a corresponding pixel in the focal plane
array is therefore: ‘ :

L = (focal plane array pixel size / demagnification factor) =d /M = (dh) / f

Furthermore, the swath width SW covered within the field of view of this
airborne array is ‘

SW = ground pixel size x total number of pixels =L x N
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Example

An airborne imaging sensor, flown at an altitude of 10,000 meters, utilizes a 100
mm (10-1 meter) lens and a 128 x 128 focal plane array. The pixel size of this
array is 200 pm (2 x 10-4 meters). The ground pixel size is therefore:

L=(dh)/f=(2x 104 x 104/ (10-1) =20 meters

The corresponding swath width is
SW =20 x 128 = 2,560 meters

The terrain resolution could easily be altered by using different imaging lens focal
length and different size of focal plane array. The spatial resolution and swath
width are also linearly variable with the flight altitude.

Airborne Imaging
Sensor

Focal
.. Plane
Array

naging
Lens

Figure 2.3.4.2. System Schematic Diagram Illustrating
The Spatial Resolution And Swath
Width Seen By An Airborne Imaging
Sensor With A Focal Plane Array.
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Infrared (IR) Spectrometry

When the detection of infrared radiation is divided into more than three
subdivisions, the detection technique is known as infrared spectrometry. Infrared
spectrometry often combines the short-wave IR band (1-3 microns in
wavelength), mid-wave IR band (3-7 microns), and the thermal IR band (7-15
microns). This can be accomplished by using a number of narrow-band filters
having spectral transmittances at differing wavelengths within the band.
Alternately, spectral discriminators such as prisms and diffraction gratings can be
used to disperse the energy at the focal plane of the optical system such that
various wavelengths can be individually examined (see Figure 2.3.5.1). If only
selected wavelengths are measured, the spectrometry is referred to as “multi-

'spectral”; if wide-range contiguous samples are taken, the terminology “hyper-

spectral” is frequently used.
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Figure 2.3.5.1 The Spectrometric Data Cube

Infrared imagers (also known as imaging spectrometers) sensitive to two or more
infrared bands are being developed with the capabilities of multi- or hyper--
spectral radiometers and the additional capability of bemg able to provide
correlation of the radiance data with specific locations in the target scene.

Instrumentation with all of the diverse capabilities described above is being

~ developed or is in use utilizing detectors having sensitivities in the near-, short

‘wave-, mid-wave, and thermal infrared bands.

Unconfined explosives frequently outgas volatile constituents into the
atmosphere. If these chemical compounds lie on or near the surface, the gases can
be readily detected with infrared spectrometry in most of the IR bands by
detecting the unique absorption 31gnatures of the compounds (frequently
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ammonium nitrates). The effectiveness of this technique is limited to searches
made relatively soon after explosives are exposed.

Although the infrared sensors perform their tasks very well, they are not as well-
suited to detecting OEW as a sensor with ground-penetrating capability, such as
GPR or electromagnetic induction sensors.

A great advantage to the infrared detector is that they readily lend themselves to
fabrication in line and area array configurations. This has permitted the
implementation of compact and rugged imagers and imaging spectrometers. The
element-to-element uniformity achievable when all elements are fabricated
simultaneously, plus the elimination of scanning mechanisms has led to the
acceptance of this type of equipment throughout the IR industry.

The currently available imaging spectrometers are intended for air- and space-
borne applications. The data acquisition involves transiting the area under
survey to develop an extended spatial image. Area array detectors "push broom"
the projection of one detector line down the vehicle track, generating a swath of
ground coverage. (For an explanation of swath width calculations, refer to
Section 2.3.4.2.) Line array detectors require an additional "whisk-broom"
provided by a cross-track scanning mirror. '

Imaging spectrometers available today cover the visible, NIR (near infra-red) and
SWIR (short-wave infrared) spectral bands. New spectral discriminator
developments coupled with detector improvements are approaching
marketability. Fast Fourier Transform (FFT) spectrometers have emerged from the
laboratory and are being marketed.

Imaging spectropolarimeters are being developed using acoustic-optical tunable
filters (AOTF's). This form of instrumentation does not require instrument motion
or mechanical scanners and can be made to operate in the SWIR and MWIR
bands as well as the visible. New diffractive (binary) optics and variable filters
(circular and linear) will also be able to provide the full-frame form of spectral
imaging. A valuable feature of these techniques is "spectral agility", allowing
users to restrict operation and data acquisition to only those wavelengths known
to be of interest. High-speed FFT spectrometers are being implemented operating
in imaging mode. While still quite slow at acquiring a broad-coverage image. in
comparison to grating and particularly full-frame, FFT spectrometers can provide
extremely high (better than 1.0 nanometer) spectral resolution.

Millimeter-Wave (MMW) Radiometry

Millimeter Wave (MMW) radiometry uses the same principles as infrared (IR)

radiometry. A temperature map is created by measuring the thermal emittance of
the terrain. The difference is the thermal emittance is measured in the millimeter
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frequency range for MMW radiometry, as opposed to the infrared frequency
range for IR radiometry. MMW radiometers operate at wavelengths below that
of the submillimeter band edge at 1000 um (1 x 10 -3 'm) as shown in Figure
2.36.1. '

Given the temperature map of the terrain, foreign objects, buried or otherwise, will
show up as temperature differences from the normal background temperature.
Like other thermal imaging techniques, MMW radiometry does not work well
when the background terrain conditions are not uniform. Thus, we will focus on
the differences between IR radiometry and MMW radiometry in the remainder of
this section.

Millimeter
Submillimeter
Infrared
Visible

L

!
i
|
ft

f ) T T )
33 x107 3x 10 3x10) 39x 10 "ok 10 Frequency, Hz
[x]O 1X10 leO 76X10 38)(10 Wavelength,m
Figure 2.3.6.1 - The Electromagnetic Spectrum.

Weather conditions that can seriously restrict IR radiometers have minimal effects
on MMW radiometers. MMW does not suffer from attenuation problems under
cloudy or drizzly conditions as shown in Figure 2.3.6.2. As shown in the figure,
MMW radiation will be attenuated by 0.1 dB/km in drizzly conditions, and 0.15
dB/km under foggy conditions. By comparison, IR radiation is strongly affected,
incurring attenuation of 0.16 dB/km under drizzly condmons and. 100 dB/km
during foggy conditions.

A disadvantage of MMW radiometry is that the target has a much lower thermal
emittance in the millimeter wave spectrum as opposed to the IR spectrum. This is
illustrated in Figure 2.3.6.3, where at 320K, the thermal emittance is 9 orders of
magnitude more in the infrared range compared to the millimeter range. Overall,
the net effect is that IR radiometry and MMW radiometry have very similar
thermal sensitivities.
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Figure 2.3.6.3 Thermal Emittance vs. Wavelengths

Figures 2.3.6.4 and 2.3.6.5 show some results of using MMW radiometry. Figure
2.3.6.4 shows the visible image and the corresponding MMW image on a clear
day. Figure 2.3.6.5 is the identical scene except under foggy conditions. Note
that performance of the MMW techmque is quite good even under poor weather
conditions. :
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‘Figure 2.3.64  Visible (top) and 94 GHz millimetric
(bottom) images on a clear day

Source: Optical Engineering Magazine

Figure 2.3.6.5 Visible (top) and 94 GHz millimetric
(bottom) images on a foggy day.

Difficulties encountered with MMW result from the considerably reduced (10-6)
radiant emittance of the Earth at these wavelengths, and the diffraction limit on
resolution requiring large apertures to achieve usable results similarly to those
needed for SAR imaging. Nonetheless, the ability to detect the temperature
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anomalies indicative of OEW through inclement weather can make this approach
attractive for certain specific applications.

Single-channel radiometry cannot image in real time. The solution is to have an
array of channels that are scanned, either mechanically or electronically. Such
imaging MMW radiometry techniques are being investigated. The present

. systems view a scene by scanning the antenna in a raster pattern. In a manner
similar to that used for the single element-detector IR imaging radiometer, the

image is built up over time as a collection of single point intensities corresponding
to pixels in the resulting picture. Integration times of 10 msec per position
establishes a "frame" time of approximately half an hour for a 400 X 400 element
picture. Additionally, the spatial resolution is a direct function of the aperture; a
1-meter diameter antenna will provide approximately a 3 millirad instantaneous
field-of-view (IFOV). To improve on this situation, multi-aperture, multi-channel
systems are being developed that will operate in a manner analogous to the IR

array detector.

LIDAR - 3D Imaging Systems

Various methods may be employed to obtain 3-D backscattered images of targets.
Although not previously used for detection of OEW, 3-D LIDAR may be a
candidate for further investigation. Subsurface OEW may be indirectly detected
by sensing for specific chemical vapors or liquids escaping from emplaced
munitions. Upon reaching surface terrain, these chemicals may be detected.

2.3.7.1 Laser-Induced Fluorescence LIDAR

Laser-induced fluorescence (LIF) LIDARs use the gas species being measured as
the target and are therefore intrinsically range resolved. Molecules absorb laser
radiation on an atomic or molecular resonance and re-emit (or fluoresce) generally
at a longer wavelength. The backscatter and the measurement processes are the
same. The fluorescence is selectively detected at the emission wavelength.

Line spectra LIDAR, a type of LIF, has been used to perform spectral
fingerprinting. Such systems sense chemical fluorescence from an airborne
platform to identify gas, crude oil, and fuel in a slick on the sea surface. These
systems have also been to 1dent1fy presence of subsurface pollutants in water
strata by measuring dissolved organic matter.

2.3.7.2 Raman LIDAR
Raman LIDARs are very similar to LIF LIDARs; however, the backscattering

mechanism is different. Because no actual molecular resonance is used for
absorption, a major advantage of Raman LIDAR is the possibility of using fixed-
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frequency lasers. Species are selected by tuning the receiver rather than tuning
the laser. Raman spectroscopy represents a particularly powerful tool for laser
remote sensing because it enables a trace constituent to be both identified and
quantified relative to the major constituents of a mixture. Because of the low
Raman-scattering cross sections. return-signal levels are generally low. This tends
to limit the range, sensitivity, and daylight operation of these LIDARSs.

2.3.7.3 Aerosol Measurement LIDAR

Aerosol measurement LIDARs detect atmospheric gases by simple backscatter
using fixed-frequency lasers. A single measurement, however, cannot distinguish
between aerosol density and aerosol size. The measurement can be enhanced by
using several widely spaced wavelengths, such as the multiple harmonics of a
Nd:YAG laser.

2.3.7.4 Differential Absorption LIDAR

DIfferential Absorption LIDAR (DIAL) may perform both column and range-
resolved measurements using hard or atmospheric aerosol targets, respectively.
Tunable lasers are required for most DIAL measurements, as the wavelengths must
be matched to specific molecular absorptions. Range-resolution measurements
relate directly to delay time between a laser pulse and the received signal. As
shown in Figure 2.3.7.2, the shaded portion under the curve corresponds to
signal differences due to absorption of the laser beam by gas existing between R
and AR. The boundary of the gas is the limit of the measurement. Column
measurements may be obtained by sending laser light at several wavelengths or
at a single scanned wavelength to a target.

The variation of round-trip absorption with wavelength is a measure of the
molecular absorption along the path, and hence the molecular density. For
example, two nearly equal wavelengths may be chosen that have a large
difference in absorption by the gas of interest (see Figure 2.3.7.3). Use of nearly
equal wavelengths minimizes other wavelength-related variations in the system.
From the ratio between the two measured absorptions, "on" and "off", the type
and density of the gas may be determined.

. DIAL systems have been developed for chemical vapor measurement. A carbon

dioxide laser with multi-spectral lines around 10.6 micrometers is the most suitable
DIAL system for such measurements, as most chemical vapors have rich
absorptions in the 9 - 11 micrometer spectral range. Such a DIAL system has been
developed by both the U.S. Army Chemical Research, Development and
Engineering Center and by SRI and U.S. Army Dugway Proving Ground. In
addition, the Army Research Laboratory is also engaged in carbon dioxide DIAL
system development.
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