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The United States Army Belvoir Reseﬁziﬁﬁné;a' Development 'Center

sponsored a workshop, held in July 1985, sto investigate the use of
jonizing radiation techniques for detecting land mines and, in
particular, to identify technological advancements that would alter

the assessment of the prior workshop held in March 1973 (Coleman et

al., 1974). A\
. The workshop participants were tasked with making specific
recommendations of techniques ithal merited study and to identify those

areas that required further investigation in order to clarify the
feasibility or practicality of the recommended tecnniques.

“ﬁﬂlthough emphasis was to beyplaced on thﬁapplication of developed
or emerging technology to the problem of the detection of buried land
mines, <%the) detection of conceaied explosives in the context of
security was also %0.--b2, considered. .In the latter category, tne
'igutomatic detection of explosives in Tuggage and hand-carried items
received tne greatest attention. Lesser attention was given to

detecting explosives concealed within a building's structure. - /7o

The question of the use of radiation tecnniques for the detection
of explosives concealed on a person was briefly considered and
dismissed as being infeasible within any reasonabiy practical
constraints of exposure.
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The workshop participants recognized that their considerations
could not be comprehensive either in coverage or technical depth of
the technology considered. In order to minimize the former
limitation, a major portion of the workshop was devoted to largely
uncritical exploration of technology within the limitations stated
earlier., In this way, many 1ideas were advanced, their possible
applicability explored, and 1ideas to enhance their potential
encouraged. Criticism was discouraged, although recognition of
technical limitations is inevitable whén improvements are being sought.

It was recognized that combinations of techniques offered the
possibility of achieving capabilities beyond those obtainable from any
single method. Such combinations actively were sought, particularly
combinations that could take advantage of components that would be
present for a different method.

Following a gereral agreement on a list of technigues that nerited
further examination, the chosen techniques were subjected to critical
examination that attempted to assess their practicality, what
jmprovement(s) could be expected over any earlier embodiments of tne
technique, and to what degree the technique might meet the general
requirements that had been set forth earlier in the workshop. In the
process of this examination, critical technical issues were raised and
practical problems were identified. To the extent possible, the panel
explored the c¢ritical technical issues, but, more importantly, the
need for and extent of additional feasibility studies were delineated.

Finally, the technigues that were identified as having promise
were considered one final time in order to develop a consensus on the
priorities that should be attached to the feasibility studies and the
general level of effort that was recommended as being likely to be
adequate to resolve the critical issues.
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OPERATIONAL EXPECTATIONS AND REQUIREMENTS

ML TS f 3
~) HC
T \) Three particu]ar explosives detection scenarios were considgred.

rtvav ef

and the requirements for each were explicitly discussed by,the -members
-gf ..the panel. - The first of these, the detection of buried,
nonmetallic, anti-vehicular QAV),-mines, was the area of greatest
concern and was given the greatest emphasis by the panel. The other
two, detection of anti-personnel -(AP) » mines and detection of
explosives in luggage and packages, were considered in -much/ less

detail.
N
‘I

Mine Detection Qperational Reguirements

For a mine detector to have any practical utility, it must be able
to carry out its function effectively. That is, it must meet tne
user's needs to a sufficient degrea that the device will be employed.
The 2above definition 1is intentionally vague pecause any effort to
provide strict quantification to the problem wusually leads to
requirements that are so stringent that they could not be met by any
technically feasible system.

The panel approached the problem of requirements by discussing
what they viewed as the minimal requirements of a system tnat would
result in a meaningftul accompiisnment. In particuiar, the approach
was to identify system limiting characteristics that would result in
an  impractical or unusable systiem, The following system
characteristics are the atthor's interpretation of these
considerations and judgments, and they do not necessarily represent
the consensus of the panel. The primary focus was the antivehicular
(AV) mine, and the system envisioned was a vehicular-mounted mine
detector. In addition, an anti-personnel (AP) mine detector was
discussed in the context of a vehicular-mounted unit, as well as a
portanle, hand-held unit. Not discussed was the possipility of a
walk-pehind, self-propelled, cart-mounted system or other conceivable
intermediate forms of both AV and AP mine detectors.
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Vehicular-Mounted AV Mine Detector

Forward Speed

Vi34 ms™h

1 0.23ms™)

Desired: 3 wph (4.4 fts~
Minimum Useful: 0.5 mph (0.73 fts~

Scanned Width

Desired: 10 ft (3.05 m)
Minimum Useful: 6 ft (1.83 m)

Power Requirements

Desired: 5 kilowatts
Maximum Practical: 100 kilowatts

AV Mine Detection Probability

Desired: 99 percent
Minimum Practical: 90 percent

False Response Rate

Desired: 1less than 1 per 0.25 wmile
Maximum Practical: 1 per 100 yards

Mine Burial Depth for 90-Percent Det~:z*ion

Desired: 8 inches
Minimum Useful: 2 inch »

Environmental Capabilities

Temperature Range: -20%F to 120°F

Humidity Range: 5 percent RH to 97 percent RH
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Soil Variations

Desired: arid, sandy soil to wet huinus
Acceptable: detector-specific to a soil type and
moisture content

Less emphasis was placed on the identification of the desired
characteristics of an anti-personnel mine detector. The scan rate and
other characteristics were considered only briefly, and then only to
note what had been accomplished in the past and the degree to which
such characteristics had been consideraed acceptable. It was noted
that AP mines, by their very nature, were shallowly buried and,
consequently, the need for soil penetration could de relaxed. Because
most AP mine detectors had been conceived as portanle units, the scan
rate, of necessity, would pe less than for a vehicular-mounted

no guantification was attemnted

In addition to these operational requirements for specific
detection methods, other expectations must be included. For example,
in the instance of the use of fast neutrons, considerations of
personnel safety, both during operation and when tne system is not
operating, play a significant role. For any system employing
radiation sources, the release of the material as a consequence of an
accident or an unavoidable hostile action requires attention.
Although of 1lesser concern, in the use of intense machine x-ray
sources, appropriate attention must be paid to the protection of the
operator and individuals who may be nearby.

Because of the nature of the problem being addressed, the use of a
hand-held system was not considered to have credibiiity, particularly
in view of the speed requirements. Consequently, most of the
considerations dealing with operational requirements are premised on a
vehicular-mounted system.
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The third scenario considered is that of detecting explosives
whose illegal introduction intu a building is being attempted. The
operational requirements are less well defined in this instance
because there is no single agency responsible for building security,
and, furthermore, the range of possible scenarios is quite large <o
that the operational requirements may be dependent on the details of a
particutar building. its use, and the perceived needs of the agency
responsible for the security of the building. The panel corsidered
that the most useful approach to this problem was to avoid specific
requirements and to consider only the potential applicapility of a
specific technology toc a general expectation. Tnis expectation was
that a detection system ought to be able to detect a modest quantity
of commercial or wilitary explosives (less tran a few pounds) in &
package or a hand-carried item (e.g., briefcase), and that such a
detection system should not impose a serious constraint on the traffic
into a building. In meeting these constraints, a lower assurance of
detocting explosives, compared to the AV mine situation, would likely

be acceptapble.
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General Characteristics of Explosives and AV Mines

Table 1 provides some 1information on the characteristics of
military explosives. Table 2 provides information on commercial
explosives. In the latter case, there are large differences among the
available materials; consequently, it is quite difficult to
generalize. Although nitrogen is an important component in most
commercial explosives, few other common characteristics are found.

Tne characteristics of naturally occurring materials play an
important role in the ability to detect ex,losives. Some techniques
are very sensitive to these parameters. Neutron techniques in general
are highly sensitive to the hydrogen content of the soil, while x-ray
methods are particularly sensitive to the soil density. Table 3
provides some general characteristics of some naturally occurring
materials.

The use of x-ray techniques is of great significance in explosives
and 2aine detection. Table 4 provides absorption coefficients for
intermediate energies for a number of military explosives and
expliosive mixtures. Data for x-ray energies below 300 keV would have
to be calculatea from the absorption coefficients of the individual
elements, weighted for their relative abundance 1in the particular

matarial
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Technological Advancements Potentially Applicable

Three recent technical advances potentially significant for AV
mine and explosives detection were identified Dy the panel., They
were: (1) a high-intensity, linear scanning x-ray source with a total
scan range of nearly 3 m; (2) miniature 14-MeV neutron generators with
relatively high output, capable of prolonged, continuous operation and
having pulsed operation capability; and (3) portable computer systems
capable of information and 1imaging processing that exceeds the
capability of large fixed computer systems of a decade ago.

Many of the x/v-ray based mine detectors considered in the past
relied on a single source, whether an isotopic source or an Xx-ray
generator. Even when imaging was considered, the constraints imposed
by available sources severely restricted the options that were
reasonable to consider. An x-ray source that could produce an intense
beam and that could scan in a linear fashion along a line ot a meter
or more in length would allow for consideration of a number of
promising approaches, particularly with respect to imaging.

These possibilities take on added significance when considered in
the light of the substantial advances that have been made in computer
technology, particularly in the areas of image processing and
artificial inteiligence. Advanced image processors, operating in real
time, presently are available, and they are sufficiently small and low
enough in power consumption that their successful application to the
problem of mine detection must be considered assured. Combined witn
image recognition and other improvements in software tnat appear to be
available in the near term, these systems provide an impetus to
consider in a new light detection methods designed to provide imaging
information. ’

Although neutron-based techniques have been extensively explored,
the limitations of available sources play a constraining role in a
number of instances. The development of high-intensity, sealed tuoe
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sources that have a substantial operating 1ife and that may be pulsed
at relatively high speed were thought to be a technologica: advance
with substantial implications for mine detection, particularly if
combined with same method of imaging and image processing.

13
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TECHNIQUES RECOMMENDED FOR FURTHER STUDY

Within this section are discussed techniques that were considered
by the panel to be worthy of further study and analysis. Each is
discussed in considerabie detail, particularly with respect to the
anticipatea limitations and the technical advances that would be
required in order to achieve a practical system, The techniques are
considered in order of the priority assigned to them by the panel, vis
a vis:

X-Ray Backscatter Imaging;

Thermal Neutron Capture Gamma Ray Analysis;
Neutron Thermalization; and

Differential Collimated Photon Scattering.

> 0 @
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gevelopment o (of muitipie) eneirgy
scanning x-ray source that would produce a real-time image suitable
for interpretation and the identification of a mine buried to a
moderate depth (less than 5 incher) was judged to be high., The
further dgevelopment of such a system into a field-worthy instrument

appeared to be a formidable undertaking but technically feasible.

The wuse of therwal neutron capture gamma ray analysis was
considered to have considerably less potential than the x-ray imaging
approach, but several technical advances suggested that it had a
moderate development potential. If it could be shown to achieve the
major mine detection goals, then its further development into a
fieldable instrument was viewed as substantially less risky than the
Xx-ray imaging system.

Neutron thermalization was judged to have very low potential for

meeting the goals for a general-purpose mine detector; however, it was
observed that there were certain circumstances in which it could

function effectively, particularly in desert regions. Because its

14
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development appeared routine compared to the two higher potential
instruments, a modest effort to define its capabilities and

limitations was recommended.

The technique described as Differential Collimated Photon
Scattering is, in many ways, the ultimate extension of
multiple-energy, x-ray backscattering techniques. Althougn this
technique has a significant technical potential, the inherent
technical risk was judged to be very high because no prior experiments
could be extrapolated with confidence to predict the advantages of the

technique,

15
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X-Ray Backscatter System

The use of x-ray backscatter has been studied, and several
prototype detectors have been developed for field study. Also, the
field has been reviewed extensively (Roder and Van Konynenberg,
1975). The available data indicate that backscattering is limited to
mines buried no more than a few inches. At greater depths, the nigher
en2rgy x-rays required for penetration produce scattered x-rays, which
are primarily a function of density; therefore, they provide little
information about the presence of the mine. For a surface mine, a
very low-energy x-ray source would be highly sensitive to the change
1n atomic number represented by a mine; but even a minimal soil
covering would hide the iine. Thus, a medium-energy source represents
the best compromise between depth of burial and detection capability.

The observed backscatter for the geometries of interest are
largely the result of multiple compton scattering, although there are
geometries in which single compton scattering is a major campgnent,
Because multiple scatter represents a majority of the information
relevant to the presence of a low-atomic-number inclusion of limited
size in a semi-infinite medium of nigher-atomic-number, a low-energy
source provides the greatest information content for surface-emplaced
or shallowly buried mines. However, at burial depths of 2 inches or
more, the penetration of the x-rays is low, absorption is high, and
few of the observed backscattered x-rays ace from the mine. A higher
X=-ray energy then beccmes important in order to permit greater depth
of penetration, a result that is Aachieved only at the expense of a
decrease in the ratio of mine-scattered x-rays to soil-scattered
x-rays. Consequently, the use 01 x-ray energies in excess of a few
hunared keV appears to lack any advantage. Furthermore, this
conclusion also has the consequence that mines buried deeper than
about 4 or 5 inches will be effectively undetectable by x-ray methods.

One of the most serious of the problems that has limited tne use
of backscattering has been the inability to develop a practical means
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to overcome height sensitivity. This problem arises because the
intensity of the detected x-ray is very sensitive to the distance
between the source and the surface. Irregqularities in the surface,
caused by depressions, clods, rocks, and/or other features, make
impractical the setting of a specific detector threshold to signal the
presence of a mine. A variety of schemes have been advanced for
solving the height sensitivity proolem. One approach used a
backscatter beta source. This scheme worked in the absence of
vegetation, but even a few leaves confounded the results. Operating
two identical detectors, separated vertically by a few centimeters,
would, in principle, provide height information over a limited height
range if both the detectors and source are collimated. The most
direct approach is to employ two different energy sources
sequentially. Because the x-rays from a higner energy source
penetrate further, they will exhibit a different dependence on height
than will x-rays from a lower energy source whose scattering is nearer
the surface.

The use of an ultrasonics device similar to that used in automatic
focusing cameras was suggested also, but it was observad that it
probably would suffer from the same problems as the beta backscatter
system. (NOTE: In the context of neutron backscatter, the workshop
panel had considered the ultrasonic technique without arriving at this
negative conclusion.)

Ancther means of providing height compensation is to operate two
detectors, one of which has an x-ray filter. Choosing an appropriate
combination of x-ray source and x-ray absorber results in the two
detectors having different responses to height variations. The
difference arises because of the change in the backscatter spectrum
that 1is, itself, a consequence of the change in the angle petween
source and detector.

Earlier embodiments of the backscattering idea used various
combinations of collimated sources and collimated detec ;ors. The most
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elaborate scnemes proposed the use of collimated sources and either
collimated detector arrays or collimated, position-sensitive
detectors, These approaches generally were limited to very slow
scanning oecause of the inability to acnieve the requirad source
intensity. None accomplished the task of raducing height sensitivity
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- to an acceptable level.

I

t The study completed by SAI as a consequence of the Mine Detection
l Workshop held in 1973 (Ginaven et al., 1973) indicated that an imaging
r: system might be capable of accomplishing most of the detection goals
N if the image were to be presented to an operator for analysis. This
t: possibility appeared worthy of further exploration in light of several
E recent developments.

R The primary requirements for an imaging photon scattering mine
; detector are adequate intensity and a geometry that produces an image
i that has a hign probability of being recognizanie as ¢ ouried
; anti-venicular mine. Also, the problem of neight sensitivity must pe
; overcome, although for visual detection the problam is not expected to
be as severe as it would be for a purely automatic alarm device.

The potential value of an imaging system was demonstrated in work
carried out by Jacobs et al. (1979). The system employed a well
collimated source and an uncollimated detector. Imaging was acnieved
by rastering the source/detector assembly. Because the source was
collimated, the backscatter signal prima~ily was a weasure of the
first scatter. In the absence of either geometry or density
variations, the presence of a lower-atomic-number inclusion in the
path of the primary beam wiil result 1in a reduction of the
photoelectric absorption part of the attenuation process and,

- - W —— e - w. .
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consequently, an inc¢rease in the numoer of multiple scattered pnotons
tnat escape from the surface and are potentially detectable.

This process is quite similar to the processes that occur in the
usual mine detection geometries, in which an uncollimated or partially
collimated source is used, because of the need to maximize the source
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flux. If detector collimation is employed, the geometry is highly
sensitive to height variation. By contrast, the collimated source
geometry will be less sensitive to height variations, particularly if
the detector area is large. Because of the increased attenuation path
at small angles with respect to the surface, the flux will decline
rapidly at large angles, and, consequently, a detector area that is
moderately large may exhibit a substantially reduced height
sensitivity.

If dincident intensity and efficient detection of backscattered
radiation were the only criteria, the system would be relatively
uncomplicated technically, although still representing a substantial
developmental challenge. However, as shown in several studies
(Coleman, 1971), an uncollimated detector will result in very poor
aiscrimination. This expectation was demonstrated by Jacobs et al.
(1979). The reason for this is that subsurface features whose
effective change in absorption and scatter are smaller than the vailue
of absorption and scatter resulting from variations in tne surface
from an ideal plane will be masked. In order to overcome this
difficulty, a means of imaging the surface is required. Jacobs et al.
(1979), achieveda this by using a second lower energy x-ray source to
form a second image. Tne essential procedure was to form two separate
images, one at the x-ray energy from a 50-kVp tube source and the
second at 100 kVp, Because the lower energy scatter is very dependent
on surface features, the surface features could be removed by a
weighted difference of the two signals. They suggest a generalization
of the procedure to form "tomographic" backscatter images as a
function of depth by employing multiple x-ray energies.

Obviously, the use of more than a single energy in the scan
greatly complicates the x-ray source and the image processing. It
also decreases the intensity available. The fact that a difference
signal is beiny produced puts added stress on the need for statistical
precision in the individual images and suggests the need for an
increase in intensity. Nevertheless, the potential for mine
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detection, particularly mines buried to no more tnan about two inches,
is great. The required image processing is already available in
compact form, and an appropriate x-ray source is a likely possibility
based on existing scanning Xx-ray sources.

The dual energy differential backscatter imaging has the adaed
advantage that it provides some additional height compensation at tne
same time that it compensates for scattering from an irregular
surface, thus making subsurface features detectable.

Although this procedure does provide some height compensation, the
change in intensity as a function of neight still represents a serious
problem because, if a difference signal 1is being recorded, tne
individual signals have a different geometric variation as a function
of height. Consequently, it may be necessary to provide some other
method of height compensation to normalize the signals at each energy
prior to providing the difference signal tnat rasullts in the
subsurface image, Tnis is particularly 1likely if the height
variations are large, as they were not in the work of Jacobs, et al.

In order to make such an x-ray backscatter imaging system
practical, several requirements must be met. First and foremost is a
source capable of producing a high-intensity scanning bean that would
make a reasonable forward rate possiblc. The characteristics of sucn
a source can he estimated roughly as foliows.

The forward velocity must be no less than 3 mph (1.35 nw']) and
cover a width of 10 feet (3 m). This is a scanned area of 4.08 «x
10 e sT. If the scanning beam had a size equivalent to
1-cm-x-1-cm, the line scan rate would have to be 134 per second, or a

single line scan time of 7.5 ms.
If the spot size were ;ncreased to Z2-cm-by-2-cm, then the line
scan rate would be 67 x s , and a single scan would occur in 15

ns, resulting in a dwell time of 100 us per pixel.
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An existing medical x-ray source (Cann, 1985) that uses an
electron beam to scan a target that is 3 m i1n extent has a single scan
tim: of 50 m: and operates at a scan rate of 17 s‘]. This x-ray
source operates at 130 kv at a beam current of 800 mA. In principle,
the scar could be continued indefinitely. So iong as the beam current
of 80U mA is nol exceeded, the scan rate can be increased, limited
only by the beam sweeping electronics.

Assuming a collimetor on the source that vresults in an
approximately 2-cm-x-2-cm source size at a source-to-surface distance
of 15 cm, there would be about 5 x 109 photon incidents on each
pixel. Based on prior studies, the average fractional intensity of
the tutal backscatter is about 10°°, Using an uncollimated,
large-area detector, perhaps 0.1 of this flux could be detected.
Because no elaborate information processing is required, the 100-us
per pixel given above is quite adequate for any desired processing.

If the source must provide two energies, a; i¢ e:pecte , then the
constrairt of changing the high voltuge further burdens the source
intensity, scan rate, and image nrocessing time. (NOTE: In a later
section (Differential Collimated Photon <Scattering], the wuse of
multiple energies in a similar geometry is discussed. Although it was
not explicitly applied to the igeas discussed in this section, the
potential is apparent and was mentioned in passing by Jacobs et al. in
vhieir 1979 report.) It was plausibly acsumed that the use of two
separate x-ray sources of Jifferent erergics would be impractical even
it separate x-ray detectors for high and low energy X-rays were
postulated. Consequently, the scanning scurce would be required to
operate at twice the scen -ate and to "fly back" to its origin for
eacn scan ir orcer to provide constint scan line spacing.

For a pixel size of ¢ cm, the location of the twg pixels
interrogated by the same x-ray energy might be separated by 4 cm. A
significant charge in material {s213) properties might occur in this
distance; consequertly, a line averaging scheme might be needed prior
to subtraction of the two energy-separated images.
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Various schemes for averaging alternate scans pricr to subtractig-
are conceptually simple and easy to implement. Optimization of them
and the subtraction algorithm is far simpler based on experimenta)
data and was not pursued by the panel.

Based on this dual-energy concept, the total photon intensity
incident on each pixel are: would be 2 x 109, the detected intensity
would be about 2 x 105 per second, and each pixel would be observed
for 50 usec. If there are 150 pixels per line and the width of an
image is 50 cm (50 total scan lines), the total number of image
elements is only 7500. Becauss the total number of photons per pixel
is small, the total memory requirement is ve~y modest. On the other
hand, each line in the image must be shifted by one line every 15 ms.
Obviously, the processing of the corresponding nixels from succeeding
scans must be done in parallel, a procedure tnat is weil establisned.

The detector for this scheme must satisty a number of significant
requirements. 1t must be relatively sensitive if a high stavistical
inference is to be achieved., Also, it must cover a large sice, i.e.,
it must be approximately equal in efficiency over the full scan
range. These requirements potentially may he met py a variety of
detectors or ceicctor systems. Bezaute the backscaiter radiation

consists of lou-energy photons, flucrescent soreens in conjunction -
with photodiode arrays are 2 possible choice.  Such combinations have o
been used in other applications. Thore s insufficient information 2@

available to determine the practical potential of this choice,
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Types of detectors that were considered potentialiy wuseful
included plastic scintillators, Tiquid scintillators, and Xenon-filled
gas scintillation counters, as well as 1long cylinders coated
internally witoa flucrescers and viewed by a pair of photomultipliers.
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Another possible choice consists of & detector/pnotodiode urray,
where tie detector itself is some form of scintililator. Although the
use of pnotomultipliers s possible, the advent c¢f low-noise

AU

CTCHT

22

‘alks
;'J el

o

-
»



Tawd 2P IS —~dP AR IM . PR SO AL T A 4 W 3 SN A S XY SN WS S MW e mrew g e me—w— o w ——e—— e - —— —— = — -

ampliviers for photodioqes have rendered then obsolete for most
applications.

The delectors whose characteristics are best known for
applications siwmilar to the imaging back,catter mine detector are the
solid, crystaliine scintillator:. B1Ge04 and de04. Both exhibit
the desira.le ctaracteristics of nigh efficiency and low afterglow,
the Yatter being narticularly important for high scan rate operation
tn which detector current is mea.ured and digitized. A single
detector 3m lowg is unlikely t» be practical, although a Xenon-filled
gas scintillaticn detector with photowultipliers at each end might be
feasible. The rore likely approach would use an array of detectors
spacec along the source. The detuctor response function as a function
of location of the source weuld correct for response variations., A
relativaly small nusber of detectors would pe sufficient for complete
coverage,

Whetl.er a'pulse-:ounting detector or a current mode detector fis
empioyed is ba.ed on %the x-ray intensity available, but current mode
was considered to be & oetter choice if the available x-ray intensity
could be made sufficiant, which seems likely. There appeared to be no
advantage to thn use of crystal scintillators, and the consensus was
that the simplest systems, such as a fluorescent screen or plastic
scintillator/photodiode array., would be preferred,

The panel considered the differential x-ray backscatter 1imaging
aprroach to have a substantial possibpility for application to the mine
detection problem and to be the most promising of the techniques
explored during the workshop.

A feasibility study of the technigue would answer a numwer of the

elamentary questions that are still outstanding. Such a study should
address the following questions:
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1. What are the optimum x-ray energies that yield high detection
probability over a range of burial depths?

2. What is the largest practical pixel size that will result in
a high detection probability?

3. What is the varfation of intensity witn height, and can it be
compensated for effectively?

4, What are the practical requirements for x-ray source
intensity, detector size, detector efficiency, and other
initial system parameters?

5. What range of soil parameters can be tolerated by the system?

6. What type of expected artifacts (rocks, roots, scrap metal,
clods, holes, etc.) will result in false alarms?

These are generic questions that must be answered in a general way
before a more detailed design and development program could be
emnbarked upon,

The dual energy differential backscatter technique has some
fnherent limitations, The scan rate (area per unit time) as a mine
detector will be limited by a number of system parameters, several of
which will be quite resistant to substantial improvement. The x-ray
source is the primery limitation. In the scanning system discussed, a
conlinuuuy pouwer dissipation of about lO5 watts is projected. This
relatively large power is dissipated in a liquid-cooled target with an
ared of 300 cm2, a value that is achievable with present technology;
however, an order of magnitude increase appears to be out of reach.

An x-ray source of tnis type will present formidable practical
problems for a field device. In addition to the power handling
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requirement, there is the necessity of maintaining a nign vacuum in a
large volume. The existing x-ray source uses active pumping to
achieve the reguired vacuum. It is unlikely that *he sealed tube
approach will be feasibfe for this source. Even if mucn larger power
handling capanility were possible, the beam handling problems would be
severe, and accomplishment of it in & transportaole system is likely
to bhe a formidable prospect,

Ferhaps the most limiting area is the requirement of operator
interpretation of the changing image field. Although image analysis
and recognition carried out by a computer and software conceivadly
will replace the human operator, this transition cannoi be expected
vithin the foreseeahle future, particularly if a transportable system
is involved. Interpratation in real tima is a consideranle problem,
even though it is a necessity for practical applications.
Consequently, the panel recognized tnat such a systen would have to be
vemolely operated in order Lo ensure the safety of the oporator and
interpreter,
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Thermal Neutron Capture Gamma Ray

Detection of nitrogen based on the 10.8-MeV from the
]4N(n,7)]5N reaction is a technique that has received a great deal
of attention beginning in the 1950s. The method has always been
viewec as being an attractive technique because it seemed to be
substantially more specific for explosives than alternative
approaches. In the historical review prepared by SAl (Coleman et al,
1974), all the available data were examined. This review was not
encouraging, but it did lead to some questions about the validity of
these early results and also led to a new experimental study carried
out using a 50-cm3, high-resolution Germanium detector,

This study, done by SAI, employed an extremely favorable geometry

in which the source was 1 inch above the surface, with the mine
consisting of 9 pounds of NH4NO3 buried 1.5 inches below the
: a .

...... A T e
grounue. ' L

view was restricted to a relatively small solid angle centered on the
mine. Although not stated, a detector of this type would be likely to
exhibit a resolution of less than 2 keV at 1.33-MeV and a resolution
of less than 6 keV at 10.8-MeV. The spectra presented by SAI appear
to have a resolution of about 50 keV, This is not explained in the
text of the report.

Orphan has re-examined thece results and presents calculations
based on the use of a BiGe0, detector (see attachment). These
calculations are in general agreement with the earlier results
obtained with a Ge detector, 1In either case, the detection capability
would appear to be sufficiently good to make the claim that thermal
neutron capture gamma ray analysis would be a viable option for
detection of nitrogen and, hence, exp]osives.>

The assessment is mitigatea by the foilowing observations: (1)
tne total count rate capability of the detectors considerec is limited

by inherent detector time constraints and prcawplifier/amilifier time
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constants to values that are relatively small, less than 3 x 105/5,
and cannot exceed 1 x 105/5 without introducing significant pile-up
effects. Given a detector system that is highly collimated, the data
of Coleman et al. (SAI, 1974), implies a spectrum total count rate to
total nitrogen 10.8-MeV gamma peak count rate ir excess of 3 x 103.
The earlier data of Powell and Matthews (1973), using a large (5-in.
diameter by 4-in. length) NaI(T1) scintillator, a 30-lb
high-explosives sample, and an idealized geometry (an 8-in. thick lead
collimator) resulted in a spectrum total count rate to nitrogen
10.8-MeV peak total count rate in excess of 1.5 x 104, and a ratio
of 0.5 for the counts in the nitrogen peaks to the background counts
under the peak. However, this value must be tempered oy the
possibility that the high reported value came about because of a lack
of adequate shielding between the 252Cf source and the detector. If
this count ratio is adjusted for the greater efficiency of a
J-in.-x-3-in. BGO detector, a spectrum total to nitrogen peak count
rate of 3000 is obtained. For an ansoiuie couni rate iimit of 3.0 %
105, then in the 0.2-5 sweep time required, the total counts
expected in the nitrogen peak area would be about 20. Based on a
count rate of 300,000/s, a pulse pile-up and peak-shape discrimination
system with a resolution of 0.1-us would contribute 5 to 10 counts per
second to the region. This value is consistent with the data of

Powell and Matthews (1971).

Although the use of BGO has advantages because of its hign
efficiency, its lower resolution would seem to pose an additional
problem, Because the peak is broad, pile-up background will
contribute twice the number of events that would be seen with
NaI(T1). Tne large NaI(T1) scintillator used by Poweil and Matthews
had sufficient resolution to resolve the 10.8-MeV full energy and
first escape peaks from the background, although the existence of a
background at all is a serious limitation. The lower resolution of a
BGO detector will make compensation for this inevitaole background
more difficult. [t seems reasonable to assume that the background in
the region of the 10.8-MeV peaks will nave a significani. impact on the
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ability to detect a mine. Thus, a signal-to-background ratio of 1:1,
with a nitrogen~derived count of 20, would be inadequate because a
threshold of more than 30 would be required to avoid almosc¢ continuous
alarms. Even at tnis discrimination level, the number of alarms would
be entirely unacceptable. Moreover, such a level would have a hign
miss rate (about 10 percent). V. Orphan was of the opinion that the
signal observed in the 10.8-MeV region was free of background, but
this was not the view of the panel as a whole.

The most significant improvement relevant to the detection of
explosives through the detection of the 10.8-MeV gamma ray from the
capture of thermal neutrons by ]4N is the develcpment of electrenic
techniques that permit Nal and BGO scintillators to operate at rates 4
to 5 times the upper 1imit possible in 1973. This increase has a
significant impact on the potential of the technique., Based on a
maximum rate of 10° s'] and a peak-to-total ratio of 1:1000, using
a large (4-in.-x-3-in.) NaI(Ti) deiector, a total of 25 counts would
be recorded, of which about 12 would be in the full energy peak. Such
a result was judged by Reynolds et al. (1974), as not iikely to be
developed into a practical system. If a count rate of 3 x 10% 57!
is now practicable, as is assumed, the total count would pe about 75,

of which about 38 would be in the full energy peak.

If the peak-to-total ratio is as low as 1:3000, as seems possible,
the above values would be reduced by a factor of 3. Thus, it is
reasonable tn conclude that if a peak-to-total racio of 1:1000 is
achievable with eitner a Nal or BGO detector, a system to detect
nitrogen in explosives might be technically feasible. Even so, there
would be formidable difficulties in the path to a practical system
because of shielding problems. If the requirement of a 1:1000
peak-to-total ratio can be achieved only at the expense of
collimation, the overall problem is exacerbated.

The panel reviewed the possipility of developing a practical
system of mine detection with a degree of scepticism, but agreed that,
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in view of some recent developments, it could not be ruled cut as a
possible method. Altnough the additional data provided by SAI dues
modify the negative judgment arrived at by earlier studies, it does
not provide a strong case, and practical feasibility of the method
remains marginal at best in the judgment of the panel.

There is a second thermal neutron capture reaction in ]4N: the
]4N(n,p)]4C reaction. This reaction has a Tlarge cross-section.
Unfortunately, it produces no gamma rays, and the beta radiation from
]4C has a half-life of more than 5000 years. In any event, beta
rays have such low penetrability in matter that they could not be
detected, This panel unanimously agreed that this possibility should
be dismissed from consideration.

In order to clarify some of the unanswered questions regarding the
practical feasibility of the thermal neutron capture gamna ray
technique, a carefully designed program wouid need tu be Currigd vut.
This program would focus on setting up an experimental procedure that
could replicate with a reasonable degree of precision typical field
environments. It 1is particularly important that buried mines (or
simulants) be arranged so that they can be removed and replaced with
soil in a systematic and repeatable way.

Critical questions to be answered are the maximum neutron flux
requirements, the signal-to-background ratio achievable, statistical
adequacy of the information, and the effects of mine type, burial
depth, soil type, soil moisture content, and geometry (height
variations) on the ability to provide hign assurance of the presence
of a mine without excessive false alarm responsa.

The recognized limitation of this technique 1is the neutron {lux
necessary to produce a sufficient signal to result in an alarm with
Tow false alarm probability. This requirement is intimately connected
with the detector ability to operate at a very high pulse rate with
reasonably hign efficiency at the 10.6-MeVv photon eneryy of the gamna
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ray froem ]SN, and to have an adequate resolution to provide the

required signal-to-background ratio. The latter is dependent on the
electronic pulse pile-up discrimination, along with the inktrinsic
response time characteristics of the detector. A1l  of these
parameters interact in a complex manner that can be predicted, but
there are sufficient variations in the estimates made for each of the
parameters to preclude a precise calculation of the overall result,

The intense source of neutrons required for tnis tecnhnique

represents an additional area of concern. Such a source (about 1010

s'] of 14-MeV neutrons) 1is extremely hazardous. Although the

neutron flux is completely absent when the machine is not activated,
in normal operation personnel would have to be excluded from a
substantial area (more than 50-m radius), and tne system probably
would require a remotely operated venicle,

Materials expused tu the neutrons viodul i

]
eventually the vehicle and ancillary equipment would Hhave a
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significant level of radioactivity. Aluminum and copper would pose
potential hazards after prolonged (8 hours), continuous exposure to
the neutrons being generated. This problem could be dealt with if the
technique proved to be technically feasible and practical.
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Neutron Moderation

Compared to typical soils, explosives contain a relatively high
percentage of hydrogen. This has led to an interest in the use of
neutron techniques that exploit the fact that hydrogen efficiently
scatters and thermalizes fast neutrons. Several devices have been
employed to study the effect of replacing soil with a quantity of
explosives (1,2). These have been either adaptations of existing
neutron logging devices or specially designed devices. The operating
principie 1is straightforward. A detector sensitive to thermal
neutrons (usually a BF3 or 3He filled gas proportional counter) is
placed near, but shielded from, a source of fast neutrons. As the
device passes over the ground, th2 thermal neutron albedo from the
ground changes with the hydrogen content of the material beneath the
neutron source, This simple approach has been shown to exhibit a
number of significant limitations. In the first case, a strong height
sensitivity is apparent. Several methods to overcome this problem
have been explored, The use of beta radiation backscattering proved
inappropriate because leaves and other Tlow-density vegetation are
equally as effective at producing a signal as soil, and changes in
soil composition also change the backscatter intensity. The panel
considered the use of a simple sonar device (such as found in some
cameras), but was unaole to determine if a similar reflection proolem
might not occur. The use of low-energy x-rays (~50 keV) was thought
to be & better choice because it could penetrate low-density
vegetation and would not penetrate soil significantly. No data
relating to the use of x-rays for this purpose was presented by any of
the panel members, although the principle itself was considered to be
sound, and data on x-ray backscatter at x-ray energies below 100 keV
is available. An x-ray backscatter mine detection research program
carried out by Industrial Nucleonics in 1973 (Thompson, 1973)
attempted to overcume the height sensitivity of the x-ray backscatter
technique by using a pair of detectors, one of which has a Europium
filter (k absorption edge 48.5 keV). In the geometry used, both the
spectrum and the total intensity of backscattered x-rays varies with
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height, Consequently, the two detectors had responses as a function
of height that were appreciably different and could be used for height
compensation. This technique could be applicable to the neutron
moderation technique.

The other major problem is the fact that soil hydrogen content i«
so highly variable that it spans the range of explosives and extends
significantly beyond it. The explosives RDX and TNT contain 2.7
percent and 2.2 percent, respectively, of hydrogen. By contrast, an
arid, sandy soil might have a hydrogen content of 10'3 percent,
while an organic soil following a rain might have a hydrogen content
of 5 percent.

Early efforts to wuse neutron moderation as a means of
discriminating explosives buried in soil were unsuccessful. Van
Konynenburg and Roder, 1970, report that a bowl of water (11-percent
hydrogen), buried 2 inches below the soil 1level, could not be
detected, although surface moisture changes were readily detected.

In a recent study reported by Buhts, Malone, and Cooper, 1985, two
different mines were buried to depths of 2 ¢cm, 4 cmy 6 cm, and 8 cm.
The hydrogen content of four specimens of soil ranged from 1.5 percent
to 2.5 percent, A1l of the data were recorded with the
source/detector in contact with the soil, thus removing any variation
in results attributable to height. Twelve individual random traverses
across the location of a mine were made, each traverse beginning 4
feet from the mine and terminating 4 feet beyond the mine. Using only
the data at a distance of 2 feet or more from the mine, some useful
information regarding the variation in recorded counts (and, hence,
average so0il hydrogen content) can be developed. This data is
essentially the background hydrcgen variation that can be expected for
a typical moderately dry soil. The data have teen collected and are
plotted as a histogram of frequency versus counts falling within
50-count intervals (see Figure 1). Based on this data, the variation
in expected counts 1is very high. Thus, the probability that the
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recorded counts will exceed 2100 in'the absence of a mine 1is about
0.135 percent.

The number of counts for one mine (VS-16), buried to a depth of 1
cm, was 2277 and 2308 for two trials. When this mine was buried at 2
c¢m, the counts for two trials were 1991 and 1966. At 4-cm burial, tne
nine trials gave results that ranged from 1595 to 1741. Decper
burials resulted in an average count of 1542 at 6 c¢m and 1254 counts
at 8 cm. These latter two results are most likely entirely the result
of the soil and not the mine itself, based on a simple calculation of
the known thermalization lengtns for fast neutrons in water and
adjusting for the effective average density of water in the soil,

[f the soil conditions of this study prevailed in most situations,
then if a missed detection probability of 5 percent is tolerable
(i.e., a one-sided deviation of 1.6¢), then a threshuld of 2260 could
be set. The probability of producing a false positive is then about
0.7 percenit, perhaps an accepitadie resuii. If Lhe inuverroygated area
is 1 ftz, there would result one false alarm for each 1400~ft2.
For the 2-cm burial, the results are much worse. For a miss
probability of 5 percent, the detection threshold would hove to be set
at 1908 counts. Consequently, the probability that a false dlarm
would occur is the probability that the counts in an unmined area
would exceed the mean by 2.1¢. or about 1,6 percent, This is

2 interrogated, For a

equivalent to one false alarm for every 63 ft
second mine (Pt-Mi-Ba), even for a burial depth of 1 cm, tne faise
alarm rate for any reasonable detection probability would be high

because the twc recorded counts were 1938 and 2033.

In practice, the soil moisture content could be higher than the
values observed in this study, and, hence, the background counts would
be higher, a result that would make thz detection of a mine under any
conditions problemmatical.
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If the soil becomes saturated, then the mine acts as a hydrogen
deficit. In this case, the mine would be detected as a <count
decrease. Although such a possibility was recognized, it did not
appear likely that this situation would be commonly encourtered.

A second serious problem is the presence of puddles of water and
the rapidly changing moisture content after a rain storm. In this
situdtion, the system is essentially unusable because no level car Le
established.

The possibility of discrimination based on shape was discussed,
but there seemed to be little 1likelihood that this additional
information, if it could be obtained, would substantially alter the
unfavorable results obtained in these two studies. Jlonsequently, the
panel was dnenthusiastic about the prospects of this method.

The anticipaited Timiitalions of tine neudtron modération technigue
did not encourage the panel to recommend further extensive exploration
of the technique; however, it was recognized that in dry, sindy soil,
the method cculd be an eofficient means of delecting mines. A very
modest program to explore this possi.ility was recommended. Also, it
was thought that some additional study to define the limitations of
the method in other soil types might be useful to place the method's
limitations in perspective.
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Nifferential Collimated Photon Scattering

In the backscatter geometry ordinarily used for mire detection,
multiple scattering dominates the information-bearing return signal,
The energy usually is relatively low in order to maximize tke signal,
and single scatter cannot be separated from multiple scatter. If, on
the other hand, the system is configured so that a collimated beam is
incident normal to the surface, and a collimated detector interrogates
a volume at a specific level below the surface, and if the energy is
sufficiently large that the single scatter peak can be separated from
& multiple scatter peak, then a direct measure of the density of the
volume interrogated is obtained, so long as the attenuations of the
incident beam and the single scatterr beam ramain constant.
Unfortunately, this latter condition 1is unlikely to be met in any
practical mine detection scenario. A way to overcome this limitation
is to have a series of collimated detectors, arranged in a vertical
array, each interrogaiing a different volume, I the array contains a
number of small datectors, then there will be one detector that will
receive a return signal while the one just above it will record no
signal because its interrogation volume 1is air only. The detector
that records a signal will measure the density of the soil in its
interrogited volume. From this datum the attenuation for the incident
beam and single scatter beam for the next 1lower volume can be
calculated, assuming that the density is constant over the volume.
Tnis procedure could continue to as great a depth as desired so long
¢s the lowest detector receives an adequate single scatter flux.

The above <cheme functions as desired so long as the average
atomic number 1in the soil remains coastant over the volume being
interrogated. If a significant shift occurs, such as having a thin
surface layer that is high in organic matter above a lateritic soil
that hes a high iron content, }or example, then a more complex scheme
using two enaergies would be required. The second energy would be a
relatively low energy. Combining the two results would, in principle,

36

A A A

|
i
i




T e e e —

provide a measure of both tha average atomic number and the lensity.
In practice, this method will pot function well because the lower
energy x-rays will produce single and multiple scatters that will not
be separaludl. Becaﬁse the inference of atomic number 1is dependent on
the single compton scatter, the multiple scatter component will
largely obviate the general possibility of achieving the desired
result. Although the multiple scatter component contains information
on both atomic number and density, the source of the multiple scatter
i5 not well characterized, and the data will be the average of a much
larger volume than that of the intersection of the source irradiation
and detector volumes in the soil.

If the effect of a varying soil atomic number can be ignored by
assuming that its variation is small, the system reguired to implement
the idea described would be a large undertaking. Instead of a single

column of detectors, each with a focusing collimator ang a single
focusing source, this arrangement would have to be duplicated many
times in order to cover an adequate width. A ough astimate suggests
that a vertical array of eight detectors, each 2 c¢m in diameter, might
suffice for a single column, This array would have to be duplicated
at S-cm intervals over a width of about 2 meters. Thus, some 240

detectors and 40 sources would be required.

The technical difficulties are quite large in other respects. For
a 400-keV source photon penetrating 10 cm of soil undergoing a 120°
compton scatter, and the resultant 200-keV photon then penetrating 15
cm of soil, the probability that the original photon will result in a
detected event is about 3 x 1078 for a soil of density 1.5g cm™3,
If detection must occur in about 0.25 s, and at least 100 events must
be recorded to achieve reasonable statistical precision (zero
background and the occurrence of a positive signal for a mine from
several contiguous locations are assumed as the means of achieving low
false alarm), then the source flux at the intersection point would
have to be 1.3 x 100 s*'. If the source were 10 cm above the
surface, the total distance would be 20 cm., Assuming an irradiated
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area of 3 cm2, the total source strength would have %o be 1.6 x
10'3 s-] (about 400 Curies). A Cs source of this size could
be achieved, and a source of about 100 Ci could accomplish the same
end if an efficient focusing collimator could be fabricated. Forty
such sources would be required, resulting in a minimum scurce strength
of 4000 Curies. Shielding such a system would result in a substantial

mass and considerable complexity.

Alternatively, several x-ray tubes operating at the normal upper
1imit of about 320 KVP, heavily filtered to produce a peak at about
250 keV, might be a possibility.

In either case, the source required would present formidable
difficulties. Although the panel agreed that such a system was
theoretically possible, the members considered that it had 1lesser

nromigse than did the alternative method of dual eneray hackscattering

-t A - L =1 A R ]

discussed earlier.

A feasibility study to assess this concept could be carried out
using a single collimated source and collimated detector. The major
question to be answered is whether this concept will achieve the
discrimination suggested for it. Prior to carrying out an experiment,
an analysis of the operation of the system should be done based on the
substantial body of deta already available for scattering of x-rays
from soils. These experimental data and the known scattering
cross-sections would allow an essentially complete assessment of the
fundamental potential and anticipated limitation of the method.

As pointed out above, the number and size of the individual source
is a matter of concern, Although individual sources apparently can
meet the requirement, the system would be complex. Meeting a minimal
speed requirement would be difficult with any combination of scurces
and detector, The statistical demands would be relatively severe in
order to minimize false alarms. Although th2 scheme seems to solve
the height sensitivity proulem, the problem of response to other
objects remains as a potential source of false alarms,
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OTHER TECHNIQUES CONSIDERED

None of the following techniques were considered to have
sufficient promise to merit further experimentai or analytical study.
In most instances, it seemed unlikely that even substantial advances
in technology would alter this negative evaluation. In a few cases,
notably x-ray fluorescence, it was thought that the possibility
existed that a substantial advance in technology could alter the

negaltive assessment, but that such an

advance was not presently
foreseeable,
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Fast Neutron Reaction Techniques

Fast neutron techniques were reviewed in light of advances in
neutron source availability and the applicability of advances in
signal processing.

The development of highly reliable, small, sealed tube d-t, 14-MeV
neutron generators provided the impetus for this re-evaluation. It
was speculated that improvements in signal processing would result in
an advantage for fast neutron reaction techniques, but no specific
role for advanced signal processing was presented.

Several earlier studies on fast neutron reactions were pointed
out, and it was agreed that reactions that used oxygen as the target
nucleus were inappropriate because of the ubiquitous nature of the
presence of oxygen at concentrations comparable to those common to
explosives. The consensus was that oxygen was inapplicabie as a means
of signaling the presence of explosives.

Nitrogen, on the other hand, is present at high levels in
explosives of military utility. The concentration in RDX is 37.8 Wt%
(highest), and in TNT it is 18.5 Wt% (lowest). For RDX in particular,
the niirogen content is high compared tn most naturally occurring
suhstanzes. For TNT, the nitrogen content is comparable to that in
protein, but the density is substantially higher. Thus, nitrogen
appears tc be a reasonably likely signature for these explosives.

Various fast neutron reactions were considered (NOTE: These
reactions and others were reviewed in considerable detail in Coleman,
et al.(1974). Among the more 1likely were the ]4N(n,2n)13N and
the ]4N(n' 1)14N. The first of these reactions results in a
positron-amitting nuclide with a 4-s half-life. A secondary emission
of very low abundance is a 6.4-MeV gamma ray. The latter is
detectable with good efficiency, but three serious problems mitigate
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against practical application of the rcaction. First is the reduction
in speed engendered by the necessity of recording events for a
significant fraction of a half-life. The second problem is the very
large background resulting from gamma rays from thermal capture. Even
using high-resolution detectors, the 1large background present
represents a substantial problem in distinguishing the desired gamma
ray. Third, in addition to the general background caused by compton
scattering in the detector, there are gamma rays from thermal capture
in iron and silicon that will be indistinguishable from the gamma rays
from ]3N. Because these thermal neutron capture reactions have a
large cross-section compared to the fast neutron reactions of
interest, the detection of nitrogen by this means appeared unpromising.

In the case of the second reaction, only the prompt radiation from
the excited states of ]4N would be useful. The most abundant gamma
ray lines are 2.31 MeV and 1.63 MeV. However, there are numerous
other nuciides that would produce simiiar gamma rays upon being
irradiated with neutrons. The objections raised above would apply to
this reaccion also.

Several earlier studies were discussed, and it was pointed out
that the presence of copper resulted in a strong interference for
detection of 13

and derave h
anc cecavs b

N because ]4Cu has large production cross-sections
y positron emigcion, as does N. The 2_3-MeV gamma ray
from the n,n'Y reaction is strongly interfered with by similar energy
gamma rays from many other inelastic scattering reactions and also

from gamma rays resulting from neutron capture.

This technique appeared to offer 1little potential, and no new or
emerging advance in technology seemed 1likely to be so directly
relevant as to change the negative consensus of the panel.




Neutron Inelastic Scattering

Among the isotopes of nitrogen and oxygen that are major
constituent atoms in most explosive molecules, several undergo
inelastic scattering reactions with fast neutrons. These reactions,
particularly 12C(n,n' Y )]ZC and ]60(n,n' Y )]60 produce strong
gamma rays that might be used to identify the presence of a mine.
Unfortunately, a strong gamma-producing reaction with nitrogen does
not exist. The panel considered that the use of inelastic scattering
did not show significant promise as a technique, primarily because the
use of carbon or oxygen as the element to be detected was not specific
to explosives.

This judgment is well attested to by the results achieved in
several earlier studies. In particular, the work carried out by TNC
showed that ucing carbon as the identifying ¢ignature led to many
faise aiarms because of the presence of wood or organic material in
the soil. Oxygen proved to be evern less specific--most soils are
composed primarily of the oxides of silicon and aluminum and calcium
carbonates.

TNC used a 1large collimated, anticoincidence-shielded NalI(T1)
detector, and, later, a Germanium detector shielded only from direct
fast neutrons. With this system; the 4.44-MeV gamma ray from
]ZC(n,n'v)]ZC was prominent, but the background from many other
inelastic scatter gamma rays and capture gamma rays was very intense
also. In a practical application, the background dominated the
spectrum, and the carbon line became a minor feature, A small
quantity of wood lying on the surface resulted in a signal comparable
to a large AV mine buried to i inch, Although the signal couli be
increased using a more intense source, the count rate limitations in
the detector would not allow this approach to make the system
practical, even if the problem of false alarms from wood or other
carbon sources could be overcome.

42




Improvements in signal processing have resulted in substantial

increases in count rate capabilities but fall far short of the factor
needed. Furthermore, the fast neutron intensity required also is
beyond present technology. Based on the TNC results, it would require
a count rate capability of more than 106 s'1 and a pulsed neutron
source of 10 3 neutrons per pulse, with a pulsing capability of 10
s'! (an average of 10‘2 neutrons/s). N2ither capability is
presently available or likely to be developed in the near future.
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Photon Inelastic Scattering

Inelastic photon scattering can be considered in several
contexts. In tue simplest mode, various reactions may be considered.
As  with  fast neutrons, the mcst likely approach involves
veactions with nitrogea. Among these reactions are ]SN( 7,n)14N
and ]4N(-,,n)]3N. The latter reaction produces the same 10-min
half-life nucleus thet was found to be unsuitable for detection of
nitrogen with fast ncdtrons as a  source, Essentially, the same
objections will occur with inelastic scattering because nearly all of
the nucliues that undergd n,2n reactions undergo v,n reactions and
with similar crcss-sectionz.

A second possinility is to use lower energy photons to produce the
d( ¥,n)p reaction. The photon threshold for this reaction is
sufficiently 1low that very few nuclides will unueroo inelastic
scattering reactions. The neutrons thus produced have relaitively Tow
energy {(less than a few MeV), will thermalize rapidly, and will
]4N. The detection of
nitrogen through its capture gamma rays was discusced in an earlier
section. In this section, the point of interest is tie possibility of
producing the required neutrons through the d(y,r)p reaction. This
issue was discussed in detail by A. Barshall in the repart of the 1973
Workshop (1). The major obstacle was consicered to be the mass and
power requirements of the gamma ray sourcc (betatron) that would be
required to achieve the necessary neutron production.

produce capture gamma rays on reaction with

Although substantial piogress has been achirved in betatron and
electron linear accelerator technology, particularly tne development
of the wave~guide technique that permits the read itself tc be
separatea from the mass of the yererator, the necessary power is a
substantial barrier. The cunsensus was that this approach did not
merit additional study in comparison with the similar approach using a
fast neutron generator with thermalization taking place in the soil.
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An objection not discussed explicitly, but obvious, 1is that
neutron production is dependent on the presence of hydrogen in the
soil. In arid soils, the neutron production would be low and would
make the detection of explosives substantially more difficult, and
might make it impossible,

|
"
-

45

bl 44

..



Neutron Reaction Using A Pulsed Neutrbn Source

The combined pulsed neutron experiment (CPNE) 1is an approach to
bulk soil analysis that takes advantage of a variety of neutron-based
techniques. Iis purpose is to carry out such an analysis remotely. A
pulsed 14.4-MeV neutron source allows a large number of independent
measurements to be taken. The system operates as follows: a short (a
few tens of microseconds), intense pulse of deuterons is accelerated
to about 100 keV of energy and strikes a target containing tritium.
The resulting d-t reaction provides a burst of up to 109 14.4-MeV
neutrons. These fast neutrons undergo a variety of reactions.
Following the burst of 14.4-MeV neutrons, a detector measuring the
die-away of epithermal neutrons allows a determination of the hydrogen
content of the surroundings. Simultaneously with thiz measurement and
before a significant reduction of the neutron intensity has taken
place, the energy of gamma rays produced by fast neutron inelastic
scattering is recorded. After a suitable time period has passed
(about 400 microseconds), most neutrons have reached thermal energies
and are being lost due to neutron capture. The prompt gamma rays from
neutron capture are recorded in this interval. At the same time, a
gross gamma ray count rate measurement determines the rate of loss of
the*mal neutrons to provide an additional measure of the total neutron
capture cross-section of the material. This procedure is repeated at
a rate up to 100 Hz (usually limited to about 10 Hz).

The advantage that this method has over the use of a continuous
source is that fast neutron reactions can be separated from thermal
neutron capture reactions. A second advantage lies in the ability to
turn off the neutron source when the system is not being used, thus
eliminating the large shield that usually is required for isotopic
neutron sources. An important disadvantage is that the 14.4-MeV
neutrons that are generated are much more difficult to shield than the
lower energy isotopic neutrons, thus placing a greater emphasis on
safety during operation and probably requiring increased shielding for
the operator.
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The fundamental problems of using the CPNL approach are similar to
those already discussed in connection with fast neutrons. These
problems and others introduced by the pulsed neutron technique itself
are so severe that it seems unlikely that the advantages of the CPNE
approach would mitigate them sufficiently to make the 1likelihood of
success a serious possibility, except that there is some consideration
that using the CPNE approach in its thermal neutron capture gamma ray
mode may have a greater possibility. However, Powell and Matthews

(1973) have largely resolved this issue in the negative, as discussed
below.

The total neutron output of an optimized d-t generator can be as
high as 10115 ], but perhaps would be less by a factor of 100 in
the pulsed mode ( -109 neutrons/pulse). Furthermore, the higher
neutron energy compared to that from a 252Cf isotopic source results
in the neutrons being thermalized further from the neutron source.
This causes a reduction of the thermal neutron intensity at the
location of a mine. Tke combination of these two factors is likely to
result in a signal-to-background ratio somewhat less favorable than
would be obtained for a lower energy neutron source. The use of a
pulsed source has a further, perhaps serious, problem. Because the
detector is active for only a fraction of the time for a given number
of gamma rays per second recorded, the count rate
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resulting in a requirement for an extremely large counting rate.
Powell and Matthews (1973) vividly illustrated this problem. In the
continuous mode of operation, no discernitle N peak can be found. An
approximate calculation based on average thermalization times in
moderately wet soil suggests that the ratio of total counts to N
prompt gamma ray counts in a 5-in.-x-4-in. Nal detector would be about
20,000, Thus, assuming a limit of 2.5 x 105 counts/s and a duty
cycle of 25 percent, the number of counts due to N would be about one
in the 0.25-s period available for detection. This technique has a
modest potential if a detector that combines high detection efficiency
and high count rates (10 /s) were available. Given such a detector,
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the pulsed neutron technique has the potential of competing with a
continuous fast neutron source because of the reduction in gamma
background from inelastic scatter reactions. It does not appear that
this modest improvement offsets the general 1loss of intensity.
Furthermore, the greatly increased technical requirements for the
detector do not appear to be achievable with any existing or potential
detector system.

The use of plastic scintillators is unlikely to be effective
because of the steep slope of the efficiency-versus-energy curve. The
use of an efficient detector at a count rate of 2 x 10° 71 might
be possible. Using the data of Powell and Matthews and extrapolating
to BGO, a 109 burst of neutrons integrated from about 50
microseconds after the pulse to 1 millisecond after the pulse would
produce about 100 counts in the full energy and first escape peaks.

The background counts from all events are difficult to estimate but
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experiments of Powell and Matthews dces not indicate a shield was
placed between the 252C1’ source and the detector, although such an
oversight does not seem Tlikely.) Based on extrapolation from
experimental data and calculation, a value between 50 and 150 is about
as precise as the estimate can be made. At the lower value, the
system has a modest possibility of feasibility, while at the upper end
of the range the feasibility is marginal. However, this is predicated
on the existence of an efficient detector capable of cperating at
count rates exceeding 106 s and having essentially negligible
pile-up (i.e., a light decay curve of less than 100 nanosecords).
Such a detector does not exist, and such a development is not evident
in the immediate future (5 to 10 years).
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X-Ray Fluorescence Getection of Lead

The potential foir Tead detection as a means of confirming the
presence of & detonator was considared. (Note: Military fuzes
(detonators) use either 12ad styphnate or lead azide as the initiating
charye. A typical fuze contains 50 to 100 milligrams of lead.)
Althouyh free machining brass and a number of aluminum alloys coatain
up to 2-percent lead, the possibility of locating a ccncentration of
lead in an area already considered suspect was thought to have merit.
An garlier study by SAl was reviewed for appliicabiiity. This study
was aimed at the use of other heavy mctals ("taggants®) deliberately
introduced into commercial detonaters because of the severe problem of
falge alarms resulting from the abundance of lead-containing items
expected to be found in checked luggage--the problem being addressed.

Miller, et al.(1973), concluded that, for 100 mg of heavy metals
present in a l-cm© area, the source/detector requirements for
deteccion within a few seconds were quite severe.

For typical 1luggage, the average thickness, density. and atomic
number wouid be less than for soil; hence, the backscatter intensity
would be less than for soil. In the more favorable luggage situation,
the backszatter-to-fluorescent radiation intensity ratio was more than

10°:1. Miller, et ai., concluded that, 1in order to meet the
constraint of 90-percent detection assurance in a few seconds, 10
detectors of 10-cm® area each, capable of operating at 10 times

5 - »
presently achievable rates of 107 s ], would be required, The

deteccors  alsn must maintain a resolution of 80 to 100 eV,
requirements tnat can be achieved only with Germanium detectors cooled
to about 100%K.

The mine detection scenario would allow same modification in this
pes.onistic assessment,  In particular, the source of fluorescence
excitation could be collimated, vresulting in a less severe

tackscatter-to~fluorescence radiation ratio. The detector then could
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be ccllimated so that it observes only the relatively smell volume
being interrogated by the source. 1€ the irradiated area is ahout 2
cmz, this arrangement would reduce the vzckscatter-to-fluorescence
radiation ratiuv by a substantial ratio. An approximafe caiculatiun
based on duta published by Roder and Van Konynenburg (1975) sucjests
that the wratio would be anonut unity in thz case of 00 wg of lead
buried at 2 c¢m if the lead is irradiated by a saurce with an average
energy of 90-kV (about 250 kV peak:. To be useful, such a system
would have to recerd a minimum of 100 lead x-rays in & period of Q0 s,
or approximat2ly 10 counts per second, In the event that @&
backscatter-to-fluorescence wratio cof 10 couid be achievad, the
detectcr would have to operate at a rate of only 100/s, a vialue
readily achieved,

The major practical ditficulty with this approach, assuming that
the technical problems are solved o solvapis, is that The locaticr of
the fuze must be known with exquisite precision. If the fuze location
is known only approximately so that an area of 1C-cm-x-10-cm kad to be
viewed, the detection probiem becomes very severe. In this case, the
whole area might be irradizted and viewad with e2ither a single
uncollimated detector or an array of collirated detectars. The
technical probiems rapidly cecome substantial if a reasonablie time of
interrcogation is maintained.

In the «case of a single  uncollimated detecter, the
biackgreund-to-flucrescence ratic couls be mure thar 5yC, and the total
number of counts world have to bz & x 104, or a counu rate of 53,0G0
s']. A <econd preblem {3 the large changes in vackground that occur
hecause of height, soii deasity, and burial depth variations. Because
the detection of the lead k and & x-ray fluorescence will depend on
a background subtraltion, these veriations will have a very
significant effact.

These effecis could be reduced by using a hignhiy specific source
energy. BRaker and Moler (1%72) used the 83.2-keV gamma ray from
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]09Cd. The energy of this gamma ray is only 0.1 keV above the lead

k absorption edge and made possible the separation of the lead x-ray
fluorescence lines (particularly the kﬁ lines) from the backscatter
radiation in this open collimated system. They considered the
possibility of producing an x-ray generator source of similar quality
by secondary fluorescence, bul the practical possible fluorescers are
limited to thorium and uranium, both of which would produce abundant
backscatter in the region of the lead x-rays. It was considered that
thorium might be marginally acceptable. The additional background
resulting from scattering of the primary x-ray beam by the secondary
fluorescer was not considered, but, unless additional filtration is
used, it will contribute significantly to the backscatter spectrum,

Althougn the panel concluded that x-ray fluorescence was worthy of
furtner study in the role of a verification method if it could be used
in conjunction with a technique such as x-ray backscattering by
employing the same equipment, a number of issues were raised thatl
needed clarification. R.B. Moler was charged with re-evaluating the
ideas in light of the work done earlier by Baker and Moler (1971) and
the extensive study of Miller, et al. (1978). The preceeding
evaluation is the result of this further analysis. It concludes that
the potential applicability of the x-ray fluorescence method is very
low and does not merit additional experimental studies. This negative
evaiuation is a consequence of the difficuity of achieving an adequatu
fluorescence-to-backscattering ratio for s practical geometry, and the
related result that to overcome the signal-to-background problen
involves the use of an intense, highly specific (and unavailable)
x-ray source and the ability to locate the lead of a fuze tuv within
about 1 cm. This latter criterion seems to be impractical in a system
where the vehicle would have to come to a halt and the x-ray source
and detector positioned precisely in order to carry out the requiren
verifications.
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Based on these considerations, it does not appear likely that the
use of x-ray fluorescence would be a practical mears of verifying the
presence of a mine, unless the location of tne ruze could be found
precisely so that a collimated source could be used.
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Accelerated Particles

The use of accelerated particles was considered by the panel, but
it was concluded that it had little relevance to the problem. This
Jjudgment was baced on the observation that charged particles penetrate
soil to a very limited extent, even if accelerated to an energy of 100
MeV. Neutral particles (excepting neutrons) of similar energy are
immediately converted to charged particles upon entering soil (or

after passage through a short distance in air) and penetrate a short
distance before being stopped.

In addition to their lack of penetration, no nuclear reaction or

other interaction was suggested that could be used to identify
explosives.

Tne panel was unanimous in conciuding that the use of accelerated
particles offered no identifiable possibility for explosives detection.
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OTHER POSSIBLE TECHNIQUES

Several other techniques were discussed by the panel, but the
conclusion in each case was that they have little potential. A few of
the more important ones are summarized here.

n,2n and n,p Reactions on Carbon, Nitrogen, and Oxygen. Fast
neutrons produce n,2n reactions on the principle isotopas of carbon,
nitrogen, and oxygen. All the isotopes produce only positron
radiation with half-lives much too 1long to be useful for mine
detection (the shortest, ]50, has a half-1ife of 2.1 minutes). If
the anihilation radiation is used for detection, a similar result from
a copper reaction results in a high false alarm rate.

The (n,p) reactions in ]60, ISN, and ]ZC lead to short

naif-iife isotopes that emit high energy gamma rays. The ]60(n,p)
reaction produces ]GN with a 7.3-s half-life and 6.5-MeV gamma ray.
This reaction was dismissed because soils are likaly to contain about
the came fraction of oxygen as explosives. The ]5N(n,p) reaction
produces short-1ived ]SC, with 0.55-MeV gamma rays, but the
cross-section and abundance of ]SN are so low that the reaction
offers no possibility of being useful.

The izC(n,p) reaction leads to ]28. The Tlatter decays rapidly
to an excited state of ]ZC, which emits a 4.4-MeV gamma ray.
Although this reaction has been used to detect mines, the natural
occurrence of carbon largely obviates its usefulness. The panel could
find no practical means of making this a feasible method of explosives
detection.

Tagging of Explosives. Although this technique is apparently
feasible, it offers no solution to the problem of detecting enemy

mines. For obvious reasons, its further consideration was dropped.
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Nuclear Magnetic Resonance. This subject was raised, but
because it is not a radiation technique, it was not considered to be N
within the purvue of the panel. It was briefly discussed in the X
context of detection of explosives in the luggage/package srenario.
The technique was considered to hold out little promise because of a

number of difficulties such as the lack of a strong signal, difficulty 3
!

of achieving a uniform magnetic field, interference by metal, and ease 5

of shielding. kA
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Science Applications International Corporation

September 13, 1985

Dr. Robert Moler
12003 Bobwhite Drive
Catharpin, Virginia 22018

Dear Bob:

Enclosed is a brief report describing the results of the PGNAA for mine detection feasi-
bility calculation performed by our Sunnyvale Division (T. Gozani, et al). I've added a
few spectra from our recent FAA proposal (explosives in luggage) which help demonstrate
the feasibility of using lower resolution but higher efficiency detectors than IGe to dis-
criminate the N 10.8 MeV gamma-rays. A quick cross check of the Sunnyvale count rate
numbers with estimates derived from the 1974 SAl PGNAA measurements at Ft. Belvoir
using a large Ge (Li) reveals excellent agreement {considering the large uncertainty in
these count rate estimates).

Please give me a call if you have questions or comments. Thank you for your patience —
sorry this took so long.

Best regards,

SCIENCE APPLICATIONS INTERNATIONAL CORPORATION

V. J. Orphan
Corporate Vice President

VJO/b
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SAIC/1550-27

: | Detection Probability from PGNAA Mine O ion S

The key factor in the estimation of the mine detection probability is the number of
10.8 MeV gamma rays detected when the detector array passes over a mine. This is
a complicated function of source strength, number and type of detectors, mine size
and depth, etc., which is too complex to present in closed analytical form. To estimate
the count rate, then, a numerical integration of count rate was done on a computer.
In general, the parameters chosen for the calculation were those used in Mynatt“).
That is, soil composition and density, mine size, and neutron flux were the same as
in that paper. A 109n/sec fission source &~415 o gms of 252Cf) is assumed and this is
calculated (quite conservatively) to result in 10"%n/cmZ/sec per source number/sec
or 103 nm/cm2 sec at the depth of the mine (5 cm). Figure 1 shows a perspective view
of the system, A linear array of 9 detectors is swept over the surface of the soil; the
figure shows the relative position between the mine and the array at three different
times. Note that for simplicity of the calculation, the height of the array above the
soil is taken to be the same as the buried depth of the mine (5 cm); this, of course, is
not a requirement. Figure 2 shows the top view of the system. The source of neutrons
is located 20.32 cm (8 inches) to one side of the array (and is 2 em higher off the ground).
The minre is a 25 cm x 25 cm x 10 cm solid, which happens to pass under one end of
the array rather than the center. The detectors used are 7.62 cm (3 inches) in diameter,
spaced with 10 cm between centers.

Table 1 shows the result of this calculation for a particular case. The mine depth was
chosen to be 5 cm, and BGO was chosen as the detector type. The table shows the count
rate per second in each detector at three different mine positions (Z is the distance
between the detector center line and the midline of the mine), and, in the final column,
the gamma rays counted in each detector if it takes % of.a second to sweep over the
three positions (or 0.083 sec per position, namely 6.75 miles/hr scanning speed). Note
that this table shows only the three middle positions; a substantial count rate still results
from when the mine is further away (one way to get an estimate of this is to look at

1. Mynatt, F.R,, Alsmiller, R.G., Jr., and Williams, L.R., "A Study of Mine Detection
by Means of Neutren—Induced Gamma Rays", Nucl. Tech, 12, 239 (1971)
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SAIC/1550-27

the count rates in detector 3, which is 30 cm away from the edge of the mine; it still
contributes about 13 counts in 0.25 seconds). Thus, this 400 counts in 0.25 seconds is
a conservative (under)estimate of the expected number of counts for this situation.
Doubling the mine depth to 10 cm (but leaving the detector height at 5 ¢m above the
soil) would reduce this by a less than factor of 10, to about 40 counts per 0.25 seconds.

Table 1. Mine buried at 5 cm depth (t =5 cm)

Counts per second in detector at Total counts
Det # Z=-12,5 cm Z2=0cm Z2=12.5cm in 0.25 sec
1 8.9 15.8 16.7 .4
2 16.0 29.6 29.7 6.3
3 32.5 64.2 58.6 12.9
4 76.3 164.2 129.5 30.8
5 175.4 403.8 275.7 71.2
Mine | 6 257.5 593.6 386.2 103.1
Posi- { 7 259.1 588.0 374.9 101,8
tion ’8 178.4 3%2.4 254.2 §8.8
9 83.3 169,5 123.2 31.3
Total 1087.3 24211 1648.7 429.8

Notes: Detectors are 7.62 cm (3") diameter by 10.2 ¢m (4") long BGO scintillators.
Source is located 20.32 cm off the line of the detector array at position number 5; mine

is located 10 cm under array at positions 6 through 8.
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Tioe excellent signai-to-background of the N (n,y) line at 10.8 MeV was demcenstrated
ty the SAIC measurements(2) in 1974 using the experimental arrangement showr. ip
Figure 3. The Gelli)spectrum shown in Fioure 4 clearly reveals the 10.8 MeV gamma—ray
peaks (full energy, singie-escape and double-escape) and conclusively demonstrates
that high enirgy capture gamma-rays from Si dc not previde any significant interierence.
The absolute cowmrt rate of 10.8 MeV gamma i1ays from the "mine" at the surface was
about 2.3%0.%, 8.6%0.3 and 11.8%0.3 nat vounts per minuie in the full energy, single escape
and double sscape peaks respectively. The ability of lower resolution, but much higher
efficiency Nal detectors to also dstect and discriminate the 14,8 Me¥ N gamma-rays
is demenstrated in Figure 5 which shows the N capture gumma-ray from a coal sample

measured with a Na! detecior.

The availability ot BGO deteciors, having nearly an order-of-magnitude greater efficiency
than Nal at 10.8 M=V (sce Figure 6) greatly improves the perfermance of PONAA for
explosive deteciion. The akility to parfcrm spoctroscopic analysis using a BGO detector
is demor-st: ated in Finuie 7. Shown 2re severa’ superimposed thernial capture gamma-ray
specire neasured fur Fe, O andg (iypicai ut exp!c;si‘v'e) sampies with & 3" x 4" BCO
dotector. This racasurement was made using a fairiy tight geometry (representative
of the mine deteciion geometry in wnich the source and deiector are close together)
of the SAIC PGNAA Coz! Slurry Meter using only 10 g of 252Cf. The ability to separate
the 10.8 MeV nitrogen line from: encroaching Fe, C! and other lines is quite obvious.
This spectroscupic capadility will greatly enhance the avnility to further reduce the
false aiarfn protability. The overall system optimization must insure that the ratio
of 10.8 MeV nitrogen to lower-energy capture gamma-rays from other elements {H,
Si, C, etc.) is maximized without exceeding the total detector count rate capabilities
- 250,000 cps).

As a cross check on the calculated count rates given above in Table 1, we also estimated
the BGO detector count rate (for the detector located over the mine) using experimental
data for the number of 10.8 MeV gamma-rays produced in the 1974 SAl experiment
(see Figure 3}, Reference 2 reports the flux of 10.8 MeV gamma-rays 30 cm above
the mine was 20 gamma-rays/cmzlsec. The differences in the parameters for the

experiment and calculation (see Table 2) can be used to correct this 10.8 MeV gamma

2. W. A. Coleman, R, Q0. Ginaven and G. M. Reynolds, "Nuclear Methods of Mine
Detection" Science Applciations, Inc Report SAI-74-203-LJ.
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Table 2. Comparison of Parameters of Present PGNAA Couwr.t Rate

Calculation with 1974 SA|l Experiment

Source

Source Distance frem Mine
Soil over mine

"Detector" Distance from Mine

Mine Simulant

Nitrogen Weight

1985 Calculation 1974 Experiment

109 n/sec 109 n/sec

12.2 cm 7.5 cm

5cm 0cm

10 cm 30 cm

11.3 kg Nitro- 4,08 kg Ammonium
G'veerin Nitrate

2,03 \2 1.43 kg

I1-10




flux to obtain the 7lux for the BGO detector-source geomzatry shown in Figure 1 as

follows:

P8GO = OGe (11;%) 2 (.sz) (‘3‘8‘) 2 (1.9_3.)

= (20y /cm2-sec) (0.38) (0.52) (9) (1.41)

=51 vy /em2-sec

The 0.52 factor was obtained from an extrapolation of the experimentally determined
(see reference 2) reduction in 10.8 MeV gamma-rays resulting from burying the mine
1.5 inches. The BGO detector count rate is

Cpgo = (51y /cm2-sec) (Det Area) (Det Efficiency)
Crgo = (517 /emZ-sec) (45.6 cm?) (0.2)

CBGO = 463 cps (Experiment)
From Table 1, the calculated Cggo = 590 cps. This degree of agreement, while

fortuitous, since some of the approximations used are no better than a factor of two;

provides some assurance that the count rate calculations in Table 1 are reasonable.
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