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SUMMARY
i:‘
At the present time, detection of nonmetallic landmines. of both the antipersonnel
? and antivehicular varieties, is an important teelmological problem facing the U.S. Army.
i Because of the great differences found among, nonmetallic mines produced throughout
F the world (including a host of field-expedient devices recently employed in Southeast
§ Asia), and because of the wide variation in soil types and conditions found in even a
‘ limited theater of operations, identification of a unique mine signature has proven to be
3 a most difficult task. Perhaps the only attribute which all nonmetallic mines may be

said to possess in common is an explosive charge. A detection technique that senses this

charge is, therefore, to be considered quite desirable.
Since the interaction of ionizing radiation within a solid medium depends or the
elemental and isotopic composition of that medium, the potential of nuclear reocarch
in the area of mine detection was recognized soon after the dawn of the nuclear era.
i
i At present, the known types of ionizing radiation which are available {rom cither
5 isolopic sources or machines of reasonable size are o, 87, 7, v, X, and neutron. Of these,
: only v, X, and neutron radiation are uncharged and may, therefore, penetrate appreciable
4 distances into a solid medium (on the order of inches at available energices).
Although mine-detection *echniques involving both neutrons and gamma and X
3 photons have been investigated extensively over the past several years, the scope of this
report is limited to gamma- and X-ray backscatter methods.!

Because of the rather circuitous and evolutionary development of the photon-

backscatter mine-detection program, we have chosen to present the resuits, not in the
usual -t-onological order, but in a form which can be understood most easily. As «
result, we sometimes have found it necessary to present conclusions prior to recounting
the detailed work which led to them. 1t also should be noted that, as of tie time of
writing, effort on the backscatter mine-detection approach has been terminated, in the
belief that the limitations of this approach outweigh its capabilities when viewed from a
practical military standpoint. As a result, some questions have remained unresolved. ;
Nevertheless, we believe that this report not only presents a thorough account of the
mine-deteetion research effort, hut also offers new insights into the photon-backscatter :
process itself, (Shortly before publication of this report, we learned that an Israeli re-
port has been written independently on the same topic.?)

An account of nonmetallic landmine deteetion research invoiving the utilization of neutrons may be found in
W. A, Coleman. R, 0, Ginaven, and G M, Reynolds, Nuclear Methods of Mine Detection Vol, 11, Final Report,

Contract DAAKO2-73.C.0139 (May 1974), AD 9194751..
2 K. Preiss and R, Livant, “Uetaetion of Plastic Mines by Gamma Ray Backscattering” Trans. Israel Nucloar Soc.
1, 30 (1973).
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’ Section I (Interaction of X and Gamma Radiation with Matter) is essentially a
review of basie processes which have been understood for some time by workers in the
field. As such, it should be of interest to readers who are unfamiliar with the nature of
; these interactions and who are interested in the fundamentals upon which backscatter

mine d-lection is based,

Section 11 (The Beekseatter Speetrum) presents in some detaii the dependence f
the backscatter spectrum on various parameters and, therefore, should be of particul-
interest to individuals involved in nuelear-gauge design. The conelusions presented in
this section rest in part on the work discussed in section TH and on the basic rae.ry in
swetion 1,

g Section H1 (Ristory) is a chronological account of developmental efforts frem 1968
through 1973, Section 1V (Delivered Hardwaie) briefly describes the end items d divered
to USAMERDC under this progeain by its contractors and, in cn unclassified context,
discusses the capainlities and limitations of each,
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PREFACE

The information contained in this report has been derived from many sources, in-
cluding experiments and computations performed in-house, by contractors, and by
other government organizations; personal communications; and published literature.
Fvery effort has been made to reference those cases where the efforts of others have
been relied upon.

Dre. Karl . Steinbach and MM, Charles N. Johnson, Jr. and Robert Brooke, of
USAMERDC, provided direction and support.

& MM. Charles Jones and Douglas G. Conley, of USAMERDC, provided technical
! assistance for the in-house experiments and aided in the testing of prototypes.

i MM. Samuel Helf and James McCahill, of the Feitman Research Laboratories,

' Picatinny Arsenal, collaborated in the carly experiments and aided in developing an
: understanding of the basie processes.

Dr. Wayne Coleman, of the Ballistic Rescarch Laboratories, performed the ealcula-
tions reported in Appendix A,

Drs. John Ashe, Emmett Hudspeth, and William E. Tucker, and Mr. Wendell Miller,
of Texas Nuclear Division, Nuclear-Chicago Corporation, initially proposed the gamma.
ray-backscatter approach; Mr, Miller performed much of the experimental work de-
seribed herein.

Drs. Harold Kurstedt, Jr., Robert Pleifer, Boong Che, and Mason Thompson, and
Mr. Ward Perley, of the Industrial Nucleonies Corporation, performed a portion of ex-
perimental effort on the man-portable detector. '
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THEORY AND APPLICATION OF X-RAY AND GAMMA-RAY

ety

BACKSCATTER TO LANDMINE DETECTION

R

Yo

I. INTERACTION OF X AND GAMMA RADIATION WITH MATTER

1. General. Both gamma and X radiation consist of photons (quanta of clectro-
magnetic encrgy) which may be characterized by a wavelength X or an energy E. The
factors X and E are related by A = 12.4/E, where N is in angstroms (1 A = 108 em) and
E is in kiloelectron volts (keV). For purposes of the present discussion, gamma- and
X-ray photons of a given energy may be said to react identically with matter; they
differ only in their method of production.® Gomma photons arc emitted by nuclei

-

underyoing a transition from a higher to a lower energy state; X-ray photons are emitted
: cither by eleetrons undergoing a transition from one atomic energy level to another or

: by high-energy electrons being slowed down by coulombie interactions {predominantly
3 with nuclei) in a material medium. This second type of X-ray photon is the most prev-

3 alent one produced by X-ray generators and often is referred to as bremsstrahlung, or

, “braking radiation.” For convenience, then, the term “photon” will be used to denote

a quantum of either X or gamma radiation unless one or the other is specifically intended.

When a photon impinges on a region containing matter, there are three main
interactions which may oceur: photoelectric absorption, pair production, and Compton
scattering. The relative probabilities of oceurrence of these processes depend on the
energy of the photon and the atomic number (Z) of the mediuni. Figure 1 shows the
conditions under which each of these effects is dominani.* The two lines separating the
regions of dominance denote the conditions of equal probability. (Photonuclear reac-
tions and Rayleigh scattering will not be considered in this report, since the threshold
for the former, for ali stable isotopes except the very lightest ones, is ~ 8 MeV, and since
the latter is of importance only for photons of energies toc low to be of interest.)

2. Pair Production. Pair production is the creation of an electron/positron pair
by the conversion of photon energy to matter, usually in the neighborhood of the nucleus.
Because the electron and positron rest masses are cach equal to 0.511 MeV/e?, the mini- i
mum photon encrgy required for this process is 1.022 MeV. Incident photon energy in A
excess of 1,022 MeV appears as kinetic energy of the electron and positron, and, to a
negligible extent, of the nucleus. The atomic cross section for pair production (,k) in-
creases with atomic number squared (22) and with incident photon cnergy in a rather

ira

* Strictly speaking, this is true in the present case only because we may negleet polarization (i.c., we shall not be
concerned with gamma radiation from nuclei aligned in an external ficld or with thin-target bremsstrahlung).

4
R. D. Evans, The Atomic Wucleus, New York, McGraw-Hill (1955), p. 712,
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more complex manner, It should be noted, however, that pair production does not be-
come a major mode of interaction for low-Z materials (including soils and explosives)
for photon energies below ~ 10 MeV. Since available radioisotopes do not emit gamma
rays of energies greater than ~ 2 MeV, and since bremsstrahlung sources in the MeV
range are too bulky and heavy to consider for ficld use, mine-detection techniques based
on pair production are not considered promising, and pair production will not be con-
sidered further.

3. Photoelectric Absorption. Unlike pair prouuction, photoelectric absorption
oceurs primarily at low photon energics. In a photoelectric event the incident photon is
apsorbed, in this case giving up all its energy to a bound atomic electron, which in turn
is ejected from the atom. In solid materials, these ejected electrons are readily absorbed,
thus precluding direct observation of the number of photoabsorptions occurring. No
first-principles derivation exists for the atomic photoelectric cross section (,7). In the
energy region below 200 keV, the best estimates rely on high-precision, total-attenuation-
coefficient meusurements and on subtraction of theoretical estimates of the attenuation
due to scattering.® ¢ The dependence of |7 on Z and E in the ranges of interest is shown
in Figures 2 and 3.7 Note the approximate dependence 7t 2% /E3 in this range. If the
energy of an incident photon is below the binding energy of a given electron, then photo-
absorption by that electron is absolutely forbidden. Together with the energy dependence
described above, this means that, ax the energy of the incident photon decreases, 7 in-
ereases, reaching a maximum at the electron binding energy. Any further decresse in
photon energy results in a sudden drop in the photoelectric cross seetion,” Thus a plot of
.7 versus photon energy contains a series of discontinuities, or “edges.” These edges

an be utilized to form the equivalent of low-pass filters: a photon beam passing through
such a filter is greatly attenuated if it is of energy just above an edge, and far less atten-
uated if it is of energy just below an edge. This technique was utilized to effect one of
the height-compensation methods discussed later (parageaph 11).

For materials with 2< 7 < 20, atomie weight A = 2Z; for 2.> 20, 22 < A< 2.6Z.
Thus, roughly, the namber ot electrons per unit mess is independent of atomic number,
However, since for photon energies above the K-edge ~ 80 percent of all photoabsorp-
tions involve one of the K eleetrons (two of which are present in all atoms with 2> 1),
the portion of the electron density which is of importance for photoabsorption is in-
versely proportional to 7. As a result, the macroscopic photoelectric cross section (7)
which is defined on a per-unit-mass basis, has the approximate functional dependence

5 R. D, Evans, The Atomic Nucleus, New York, MeGraw-Hill (1955).

- J. HL Hubbell and M, |, Berger, “*Photon AMomic Cross Sections,” in Eigineering Compendium on Radiation Shield-
ing, Vol, 1, R, G, Jaeger et al, Bd,, New York, Springer.Verlag (1968, p. 185,

TEF Plochaty and | R, ‘Terrall, Photon Cross Sections -~ 1 keV to 100 MeV, Lawrence Livermore Laboratory
Report UCRL-50406, Vol VI(19064).
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o Z8/E° for > Iy , where 7= 7 N/A, I is the binding energy of the K electrons, and
N is Avogadro’s number.

4. Compton Scattering. Unlike pair production and photoabsorption, Compton
scattering does not result in the demise of the incident photon, The relative probability
of occurrenee of the Compton process is a maximum at intermediate enegies, and its
effect is to alter the trajectory of the photon, leaving it at a lower energy. In this proc-
ess, the photon interacts with a single electron, the electron being considered unbound.
(This is a valid assumption provided that E 2 I for the interacting electron,) Part of the
initial photon energy is transferred to the electron, leaving the photon with energy F,
which depends on the scattering angle 6 as follows:

T I T

T T, T

E, = B/{l+a(]l-cos8)],

4 where o = E /m_¢? is the incident photon encrgy expressed in multiples of the electron

rest-mass energy. Figure 4 is a plot of this equation for various values of E and €.® The
relative probability of scattering through a given angle is given by the Klein-Nishina dif-

3 ferential scattering cross section (see Figure 5):°

; (l‘_‘o_c =2 (1 + cos? 6) | 1+ o? (1- cos 6)? ? .
a 48 0 2 [1+a(l+cos0)] (1+cos? 6)[1-a(l-cos 0)] |

The total probability of interaction is given by the integral of this equation over all
g scattering angles:

9 . Q.
o =2ar 2 {02 2@ gy oy + lgnene - LR
eTe o | a (1 + 2a) 20 0+ 2a)

where ¢ is the classical radius of the electron (= ¢?/m¢?). Since the Compton effect
is an interaction with a single clectron, the atomic cross section (,0,) is obtained by
multiplying the electronic cross section by the atomic number 7 and is, therefore, pro-
portional to the first powsr of atomic number. However, since electron density is
approximately independent of 7, the macroscopic Compton cross section

fo, = o, NIA (em?/g)| i= approximately a function of energy alene. The Klein-
Nishina cross section has the following characteristics which wifl be of interest: As the
incident photen energy increases, (1) the average scattering angle decreases (i.e., the
scattered-photon distribution becomes more forward-peaked), and (2) the total scatter- :
ing cross section decreases, j

W

4 R. 1), Evens, “Compton Effect,” in Handbuch der Physik, Vol, 34, S, Flugge, Ed., Berlin, Springer-Verlag (1958),
pp. 218298,

9 Ihid.
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3. Attenuaticn Coefticients and Mean Free Path. The sum of the pair-production,
photoelectrie, and Compion macroscopic cross sections of a medium (k + 7+ 0,) is de-
fined as the mass attenuation coefficient [u/p (em?/g)]. Typical density (p) values for
soils are in the ravge of 1 to 2 g/em®. Figure 6 shows approximate values of v, 1, 0,,,
and w/p for typical soils and explosives, 'The lincar-attenvation coefficient g (em™) for
0.02 < E < L0 MeV may be approximated by .7+ ¢ ) p and has the distinetion of being
readily measurable, I the mediun iy in the form of a slab, then

=9, oxp (- ux),

where ¢ is the narrow-beam photon flux normally incident on the slab, ¢ is the unde-
flected photon beam emerging from the slab, and x is the thickness of the slab The
term 1/pis referred to as the photon mean free path,

Il THE BACKSCATTER SPECTRUM

6.  General. Since the nature of the mine-detection problem permits aceess o
only one side of the scattering medium, only backscattered radiation is useful in this con-
text, Just how the spectrum of backseattered radiation changes as a function of hoth de-
tector design parameters (source type, system geometry, and detector type) and environ-
mental parameters (soil composition and density, variations in soil microrelief, and, of
course, the presence or absenee of a mine) is, therefore, of principal importance and will
be discussed in detail in the present seetion. We initially will consider how systems of
differing geometries respond to variations in (1) the average atomic number of the
scattering material (<7.2), (2) density (0), and (3) operating height (h). (For conveni-
ence, << 4> is defiued ona weight-pereent basis,)

For purposes of this diseussion, four system geometries will be considered.
As depicted in Figure 7, these geometrios are: (a) collimated souree and detector with
e axes of collimation foeused on the center of a spherical scattering medium ; (b) verti-
cally collimated souree and detector with the axes of collimation separated by some
distance «; (¢) isotropue souree and vertiealiy collimated detector; and (d) coaxially
mounted, vertically coilimated souree and detector, The scattering medium for geom-
etries (b). (o), and (d) will be considered firat ae semi-infinite (i.e., as an infinite half-
space) ol uniform composilion aad deasity

7. Componentis «f the Backscatter Energy Speetrum. In order to gain a basic
familiartty witl the backscatter spectrun:, we initially will restriet our considerations (o
geometry (a). Figure £ iz a pulse-bevale speetrum obtzined by utilizing a $°Co source
{I'Z,Y = LA 7and £33 5¥), a Nal (00 ¢ teetorsand a spherical aluminum seattering
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medium, and by setting the single-scatter angle © = 90°.'% Noie that there are two broad
maxima, one centered at ~ 360 keV and the other at ~ 110 keV.!" The higher energy
maximum is a single-scatter peak and is predominantly due to gamma photons whick
pend trate without energy loss to the crossover (shaded) region of the scatterer, scatier
once in this region through an angle of approximately 90°, and exit the scatterer wiih-
out a second interaction. The energy of these photons is, therefore, determined by the
Compton scattering equation. The observed breadth of the single-scatter peak can be
explaine.d by (1) the finite half angles (8, and 0,) of the source and detector collima-
tors and hy (2) the finite energy resolution of the Nal (TR) detector (typically 8 per-ent
FWHM).

The lower energy, broader maximum is due to the presence of multiply
scattered photons, (The discussion in MERDC Report 2097 indicates that doubly
scattered photons do not contribute significantly to this maximum under the speci-
fied experimental conditions.'?) The presence of this maximum results from the
interplay of two phenomena.!?  First, the energy losi per coliision by a photon
undergoing successive collisions decreases, both relatively and in absolute terms, as
the photon’s energy is diminished. For example, a 1.33-MeV gamma, scattered
through 180°, loses 84 pereent of its initial energy ; a 50-keV gamma, scattered through
the same angle, loses only 16 percent of its initial energy. Thus, a photon will lose the
bulk of its energy in the first few collisions in a medium, after which it may scatter
several more times, without losing appreciably more energy, before it is either scattered
out of the medium or photoabsorbed.  Sceond, there is a rapid increase in the photo-
eleetrie cross section as the photon energy decreases (1 o 1°2). Thus, as the photon
energy deereases, the absorption-to-scatter ratio increases rapidly, resulting in the
abrupt truncation of the energy speetrum which may be noted in Figure 8.

As a consequence of the above, it is to be expected that the shape and energy
of the multiple-scatter “vpeak™ should be virtually independent of the source encrgy , as
indeed, may be seen to be the case frora the spectrum shown in Figure 9.'% The only
differenee between Figures 8 and 9 is that for the latter a '37 Cs source has replaced the
% (o souree. Note that although there is a corr sponding change in the single-scatter

1o Texas Nuelear Corporation, Fingl Keport, Subeontraet 1023.1 to Dikewood Corporation; Prime Contraet
AF29(601) 4569 (1962),

i . Hayward and |, H. Hubble, ), Appl. Phys, 25, 500 (1954),

12 F

« Roder and 1. G, Conley, Computed Energy Distribution of Double-Scattered Photons, Qbtained for Pur-
pases of Mine Detector Design Analysis, USAMERDC Report 2007 (1074).

13 V. k. Weehselberger, Atomkernenergic 26, 04 (1970).

e xas Nuelear Corporation, Final Report, Subcontraet 1023.1 to Dikewood Corporation; Prime Contract
AF29(601) - 4569 (1962),
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energy (290 keV versus 360 ke V), there is virtually no change in the multiple-scatter
“peak.”!

The . :lative amplitude of the single- and multiple-scatter peaks is a function of
the crossover depth of the acceptance cones defined by the source and detector collima-
tors. The shallower this depth (the fewer the number of mean free paths), the greater the
relative single-scatter contribution.

8. Principle of Backscatter Mine Detection. Before leaving geometry (a), one
crucial experiment remains to be considered. Let us substitute a graphite sphere for the
aluminum sphere used previously. By so doing, we have altered two parameters: the
density and the atom' aumber of the scattering medium. Figurc 10 shows the spectrum
obtained after making this substitution.'® In order to facilitate comparison, we also
have retraced the spectrum of Figure 8. Two things should be noted. First, the single-
scatter peak for the graphite scatterer occurs at the same energy as does that for the
aluminum (as required by the Compton scattering equation) but is of greater amplitude.
Second, the multiple-scatter peak for graphite is both of greater amplitude and extends
to lower energies than for aluminum. The first effect is due to the change in scatterer
density.'’ The second is due to the decrease of both the density and the atomic num-
ber (and, consequently, of the photo-electric cross section) of the scattering material
(taZ*). Asaresult of a decrease in <Z>, cach photon will, on average, undergo more
collisions and survive to lower energies.'® This effect is of primary importance in utiliz-
ing backscattered radiation for the detection of nonmetallic landmines. Since the aver-
age a-omic number of most soils (on a weight-percent basis) is ~ 12 (O, Si, Al Fe, etc.),
whereas that of plastics and high explosives is ~7 (H, C, M, O), more photons will be
backscattered from a mine than from soil in the low-energy range, where the photoelece-
tric cross section is appreciable. In addition, since the probability of survival is 0,/(7+0d,)
per collision, the change in the backscatter will vary roughly as o /(r +0,)|N, where N
is the average number of collisions per photon history. (It should be remembered, of

15

&

This effect has been noted by S, Minato, Nuel, Sei, bngrg, 51, 32 (1973).
16

=1

Texas Nuclear Corporation, Final Report, Subcontraet 1023.1 to Dikewood Corporation; Primie Contract .
AF29 (601) — 4569 (1962). '

1

-1

In general, the effeet of density changes on the magnitude of a single-scatter peak for geometries similar to geom.
etry (a) is as follows:  As the mass density and, consequently, the number of electrons in seattering volume in-
creases from zero, so does the number of scattering events oceurring in that volume, However, a maximum exists i
at which point further increases in density will result in a deerease in the observed single seatter due to atterua- i
tion of the incident radiation before reaching the scattering volume and of the scattered radiation before reaching 4
the detector, Consequently, if the amplitune of the single-scatier peak falls within a certain range (this range de- '
pending on gamma-ray energy and system geometry), it may denote either of two densities, R.D. Gardner ant R.L. ;
Ely, Jr.. Radioisotope Measurement Applications in Engineering, New York, Reinhold (1967), pp. 346 ff. y

18, practice, the finite dimensions of a scattering medium tend to rob the multiple-scatter portion of the spectrum

L]

i

of its lowest energy components. Consequently, the lowenergy truncation observed in these experiments is at a !
- N . . n 1 . e N H
somewhat higher energy than is predicted by moments computations, which necessarily ussume an infinite medium. |
L. V. Spencer, National Bureau of Standards (private communication),

14
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course, that both 7 and o, are functions of photon energy and, therefore, change with
cach scatter.)

Thus far we have considered only relatively high-energy isotopic sources and a
relatively small scattering angle (90°). By doing so, we have been able to energy-resolve
the single- and multiple-scatter peaks and, thereby, simplify the analytical discussion.

For reasons to be shown, for the remainder of the report it will be necessary to consider
larger scattering angles and lower source energies. As a result, it no longer will be possible
to distinguish between single- and multiple-scatter contributions on the basis of energy,
although both types of radiation may be known to be present.

9.  Selection of Source/Detector Geometry. It is now appropriate to consider the
three remaining geometries and to see how the backscatter spectrum changes as a func-
tion of <7 > for each, still considering only semi-infinite scattering media,

As noted for geometry (a), the relative contribution of single and multiple
scatter depends on the composition of the medium and on the depth of the crossover
region. In the limit of an infinite crossover depth, there would be no single-scatter con-
tribution — only multiple scatter. This will oceur if the source- and detector-collimator
axes are parallel (geometry (b)). Further, with this idealized geometry, the separation
between the point illuminated by the source and the point viewed by the detector would
be independent of height above the scattering medium. Thus, the magnitude of the
backscatter flux density 8 would be independent of height, clearly a major advantage
in terms of an operational detector traversing a less-than-ideal surface.

In practice, even if the source- and detector-collimator axes are parallel, there
will be some angular dispersion of the incident and backscattered fluxes due to the finite
acceptance angles of the collimators, The smaller the acceptance angles, the less disper-
sion will be present, and the less height-sensitive the system will be. However, as the
acceptance angle decreases, so does ¢ Consequently, a trade-off must be made between
achieving height-independerice and obtaining the maximum possible value of ¢, Never-
theless, the assumption of parallel incidence and return represents a good approxima-
tion for this geometry as implemented.

Now, let us consider what happens when the source/detector separation q is
varied for this geometry. As g is increased, the lateral distance a photon must traverse
in the medium before its backscatter can be observed by the detector also increases, As
a result, there is an approximately exponential decrease in ¢ as  is increased, which is
a disadvantage in that the countrate is lowered ! (See Appendix A.) However, the

19 K. Preiss and R, Livent, Nucl, Engrg. and Design 24, 258 (1973): M. Leimdorfer, “The Backseattering of
Photons,” Sce. 4.4 in Engincering Compendium on Radiation Shielding, Vol. 1, R, G, Jacger et al., Fd,, New
York, Springer-Verlag (1968).
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average number of scatters (N) undergone by the photons which are detected also in-
ereases as  is inereased, since g becomes large compuared to the mean free path of the
photons. This is an advantage, since, as noted above, the ability to discrimmate between
media having differing values ol <7, > varics approximately as (cunslanl‘)N Lor low
incident-photon energies). Thus, we have arrived at another trade-off: g should be set
at the maximum possible value consistent with an acceptably high value of ¢ at the de-
tector for the case of semi-infinite tucdia,

In the case of the mine-detection geometry (a low-Z inclusion of finite size im-
bedded in a higher 7 semi-infinite medium), this conclusion must be modified, ince there
is then a disadvantage to the use of a g value much greater than the lateral dimensic.: of
the inelusion, (See Appendix A.) At this point, it should be noted that, for scatterer
densities above some minimal value, N also will vary i direet prenortion to p. Thus,

a deerease in the density of the scattering medium without a change in composition will
resull in a positive change in the hackseatter flux A ¢, Since this is a lincar effeet, how.
ever, it is small compared to that observed for the Z-change due to the presence of a
mine in the energy region where the photoeleetrie effect is important,

The advantages of geometry (hy are height independence and maximal values
of & ¢/ ¢. However, hoth these advantages are achieved at the expense of ¢, Cousequently,
seometry (b) is of little value if only limited source activities are available, Tn this latter
case, we must consider the advantages offered by peometries (¢) and (d),

Iy geometry (¢), the radiation source is an isotropic emitter and the deteetor
ix vertically collimated, In this case, ¢ deercases comparatively slowly as ¢ increases,
(¢ =2 ¢, Torq -h) Italso should be noted that single scatter is no longer geome
trically excluded, and that the single-to-multiple-scatter ratio should be large compared
to that for geometry (h) (andas we shall see, Tor geometry (d)), The average numbes
ol scatters per photon history N also will be smaller than for geometry (b) and will he
roughly independent of . Thus, while ¢ may be o oected to be much farger for geom-
etry (¢) than for geometry (h) (for comparable de.ector collimation), A ¢/¢ will be much
lower, Inaddition, ¢ no longer will e height-independent, but will vary rapidly with h,
One advantage to geometry (0),however s its minimal sensitivity to density changes,
This may be seen to follow from the Theorem of Plane Density Variations, which states
that “In an infinite mediam in whieh the material is every where the same except for
plane density variations, it there is a souree of radiation which is likewise constant along,
planes of constant density, the radiation flux equals that in a corresponding problem
with constant density 29 In this case, the source condition can be satisfied by aniso-
tropic source it itis employed at distances large compared 1o the mean free patiy of the

20 Ofliee of Civil Defense and Kansas State University, Radintion Shivlding, Williame R, Konel, by, VS Govern.

merd Printing Office, Washington, D,C, 20402 (1900}, p. 1-02.

IOV NI IINE WA AN STIC RIT- PRV PELY PR 2eai ‘ Fon

AR

e T e



K
£
x
f

L P R T T S,

e R R T TR T

gy A fiaut et e LA S L AR A

e T R TR SR T T T T

photons in the medium.?' See Figure 11. The principal advantage of geometry (c),
however, is that it maximizes ¢. We will see later, in considering finite media, that geom.
etry (c) has a second advantage: unlike geometry (b), the detector response is depend-
ent on the material properties in a well-defined volume.

Geometry (d) consists of a vertically collimated source coaxially mounted
with a vertically collimated detector. The collimation in this case, however, is intenitional-
ly “lovse.” The net result is something of a compromise between geometries (b) and (c).
For small vi lues of h, the detec.tor is shiclded from single scatter occurring near the sur-
face of the scattering medium by a lip surrounding the source collimator. As h increases,
the diameter of the spot directly illuminated by the source increases more rapidly than
does the diameter of the shadow imposed by the collimator lip. As a result, as h increases,
m.re single scatter is seen by the detector. (Of course, there is a maximum beyond which
the single scatter begins to decrease.) The multiple scatter ehaves in very much the same
way except that it reaches its maximum valuz at a lower value of h than does the single
scatter, The net result is that a compensated region is found to exist wherein the increase
in the single scatter just compensates for the decresse in the multiple scatter. Thus, ¢
foe a detector operated in this range will be roughly independent of height. Figure 12
illustrates this effect, (Single. and multiple-scatter contributions were separated by visual
examination of the data.) The geometry used to obivin the data shown was actually simi-
lar to geometry (b) with “loose™ collimation and, as such, might be consideced one radial
element of geometry (d). (See Figure 13.) The source used was ** Cs in order to facili-
tate energy resolution of the single- and multiple-scatter cortributions.??

The advantages of geometry (d) over geometry (c) are (1) height independence
and (2) higher values of A¢/¢ as the composition of the scattering medium changes (due
to the geometrical exclusion of some single scatter). The disadvantages are (1) a some-
what Jower ¢ and (2) a A ¢/¢ which depends on height (since the single-to-multiple-
scalter ratio changes with height), It should be recognized that, although not a disad-
vantage for semi-infinite media, the sensitive volume for geometry (d) is doughnut
shaped, This proved to be a rather severe handicap in some cases of practical importance.

2 It is difficult to rhange appreciably the density of a scattering medium without also changing its chemical com-
position, In experiments conducted in cooperation with personnel of the Explosives Laboratory, Picatinny
Arsenal, sand and gravel of varying sieve size, obtained from the same quarry (therefore, presumably of similar
composition), were placed in thin, aluminum trays approximately 11 by 16 by 2 inches deep. The trays were
set flush with the surface of a semi-infinite, sand scattering medium, The extreme densities for the trays were
1.7 g/em? (sand) and 1.5 g/em?® (1.5-inch-sicve gravel), Since the gravel was closely packed, it was assumed to
represent a homogencous scattering medium, (The air gap between stones was much less than the mean free
path in stone of the '3 Cs gamma rays employed,) System geometry was similar to that shown in Figure 13,
exeept that the source was lowered to the bottom of the lead collimator (h = 15 inches; q = 11 inches), Integral

counts obtained for the two density extremes showed less than a 1 percent difference. The pulse-height spectru
obtained are depicted in Figure 11,

22 Dyta obtained in collaboration with |, MeCahill and 8. Helf of the Feltman Research Laboratories, Picatinny
Arsenal (1970),
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Figare 12, Change in hackscatter with height above scatterer. (Aftes MeCahill and Helf)
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v The results of this section are summarized in able 1.

{

1 Table 1. Sum:mary of System Characteristics as a Function of Geometry

v Geometry Doseription

;

" o) —5) ) )

4 Characteristic Collimated Souree; Vertically Collimated  Uncollimated Source: Couxial Source
{ Collimated Detector; Source and Detecter Vertically and Detector
¥ Defined Cronsover Collimated Detector

\

g Relative ¢ medium low high m=dium

b Relative A ¢/¢ nedium high low maedium

% Height Sensitivity high low high low

i Density Sensitivity high high low medium

; 10. Source and Detector Selection.

) a.  General. The two remaining perameters which affect detector design are
: source and detector type. Sinee these parameters are determined more by the practical
: requirements of mine detection than by theoretical considerations, it will be necessary

; at this point to abandon the assumptions ol semi-infinite scattering media of uniform
composition and of point detectors and consider the problem as it presents itself in the

real world.

Two broad classifications of mines need to be considered: antivehicular
and antipersonnel. Antivehicular (AV) mine. generally contain upward of 20 pounds of
] high e¢xplosives and may be buried under soil overburdens of up to « foot. For delection
purposes, this is a very different class of targets from the antipersonnel (AP) mines which
‘ generally contain anywhere from % to 8 ounces of explosve and rarely ar + employed at
: depths exceeding an inch,

. Since AP and AV mines pose very different detection problems, it was
! decided that two separate detection systems should be developed. The AP-mine detec-
g tor was of necessity to he man-portable (because AP mines do not pose a major threat
to vehicles). Thus, it was necessary to minimize the searchhead weight (sinee holding
even 5 pounds at the end ot a long handle is very fatiguing) while maintaining an ;
acceptable rate of radiation exposure to the operator. Although it is obviously desirable
to conduct mine-detection operations as rapidly as possible, it was recognised that, by
keeping within the weight constraints of man-portability, the source size and, therefore,
the countrate would have 1o be limited.  As a result, it was envisioned that the detector
could be employed only in suspeet ureas; therefore refatively slow seareh speeds were
considered to he aceeptable (say, 0.1 mi/h clearing a path 4 feet wide). (See Appendix B.)
The detector also was intended to be capable of functioning in a variety of terrains, under
adverse weather conditions, and over a reasonable range of operating heights,
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The AV detector was to be mounted on a boom attached to the front of
a vehicle (for experimental purposes, a Y-ton truck was employed). Because the metal
of the vehicle would provide shielding for the operator, the exposure rate in the vicinity
. of the scarchhead was not considered to be of overriding importance. It was, however,
necessary that the scarchhead clear a path at least equal to the width of the vehicle and
be capable of operating at forward speeds in the neighborhood of 5 mi/h. (Speeds much
greater than 5 mi/h would result in braking distances in excess of reasonable boom
lengths.) Again, the detector was to be capable of operating in a variety of terrains,
under adverse weather conditions, and over a reasonable range of heights,

) b. Source Selection. Secondary high explosives consist entirely of light ele-
8 ments (H, O, N, C) yielding an average Z of approximately 7. Soils, on the other hand,
ﬁ consist of somewhat heavier elements (O, Al, Si, Fe, etc.) yielding an average Z in the

)

neighborhcod of 12, Both soils and explosives have specific gravities in the range

1.3 < p € 2. It should be remembered that, since photoelectric absorption per unit mass
is proportional to <Z4>, inorganic clay, for example, will photoabsorb some 27 times
the number of gamma rays per unit mass as vill explosive at the same photon energy per
unit flux (sce Tuble 2). However, the pereentage of gamma photons whose scattering

g histories arc terminated by photoahsorption (as opposed to backscatter) depends on

the incident gamma energy (,7 @ °3),  Thus, the backscatter spectrum from a relatively
4 high-energy gamma source (say, '3 Cs; K = 0,662 MeV) will be relatively insensitive to

: changes in the atomic number of the scattering medium except for the lowest energy
pvortion of the multiple-scatter component (see Figure 14). On the other hand, if a rela.
) tively low-cniergy gamma source is employed (say, *! Am; £ = 0.060 MeV), the
amplitude of the entire backseatter spectrum increases as the atomic number of the
scattering medium decreases?® 2 (see Figure 15). (The lower energy peak shown is the
iodine X-ray escape peak.) Integrating over the entire spectrum, we have found that
this change may be as great as several hundred percent in going from a semi-infinite soil
medium to a semi-infinite explosive medium. On this basis, it would appear desirable
for purposes of mine detection to utilize the lowest energy possible, consistent with an
acceptable return rate. (The lower the incident energy, the lower the pereentage of
gammas backscattered for energies below about 250 keV.28) This, indeed, would be

23 W, DD, Miller, W, I, ‘Tucker, and E. 1., Hudspeth, The Dataction of Concealed Explosives by the Use of Gamma.
Ray Scattoring and Transmission Techuques, Confidential Final Report, Contract DAAK02.68.C.0229 ;
{October 1969), AD 506-081L. /

24 In the case of semi-infinite scattering media, there is u downward spectral shift in the backscatter spectrum as 7
decreases, even when an 24! Am gource is utilized, However, in the case of mine deteetion, since there is an in.
tervening soil overburden, the lowest energy portion of the backscatter from the target is severely attenuated, As
a result, no speciral shift is evident, Note that Figure 15 refers to a target under a lnch soil overburden, See
also F. 1., Roder and D. G. Conley, Computed Energy Distribution of Double-Scattered Photons, Obtained for
Purposes of Mine Detector Design Analysis, USAMERDC Report 2097 (1974).

2 M. Leimdarfer, “The Backscattering of Photons,” Sec, 4.4 in Engineoring Compendium on Radiation Shielding,
Vol, 1, R, G, Jaeger, Ed,, New York, Springes-Verlag (1968).
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Table 2. Composition of TNT and Sample Soils

T e T IR e B N e e TR A T T

Chemical Chemical
Composition Chemical Formula Average 7 YValues Composition Flement
(Pet by Weight) (Pct by Weight)
« INT
’ 100 Clls(NOg)y  <z>=7 37 (i
3 2 1
‘ <74 > 2 0,600 19 N
§r 42 0
* o Clay(®
) Inorganic Clay
E‘ T2 Sio2 </>=|2 50 0
g 20 Fey0y 34 Si
3 5 Organic <78 > 4 2= 72,0000 14 e
' 3 0 2 b
0.6 H

Grass-Covered Soil(®

: 59 Sit)y <z>=11 61 0
g 10 Fey Oy 28 Si
3 7 Organic <7 > 2= 40,0000) g e
| 24 1,0 [ G
3 H

(w) Since ra Z* is an avproximation for r a 73 A, the values given for <74 > Were computed as <273 /A>,
3 “')Suil from Mine Lanes T o Facility.

(0) Soil from Fort Belvoir, Virginia.
NOTE: Soil samples analy zed at MERDC,

true if alt mines were emplaced flush with the surface. In practice, however, mines are
buried under soil overburdens ranging from a light dusting for small antipersonnel mines
to as much as a foot for large antivehicular mines, Although the pereentage of the back-
scatler spectrum originating in a particular depth interval depends to some extent on
the source/detector geometry employed, it is generally valid to state that backscatter as
a function of depth decreases exponentially: the lower the gamma energy, the higher
the exponent of the exponential, Therefore, lower incident energies result in shallower
sampled volumes, As an example, the mean free path of 60-keV gamma rays in typical
soils is about Linch, A final consideration in the selection of source energy is the thick-
ness of the explasive charge of the mine being sought. An antivehicular mine generally

will have an explosive charge on the order of 3 inches thick. An antipersonnel mine, on ‘
the other hand, may have a charge less than Va-inch thick. ‘Thus, an antivehicular mine
may be considered nearly semi-infinite for the range of gamma energies where photo- ‘
absorption is of importance (i.e., < 200 keV); whereas, the backscatter reaching a de- 1
teetor focused on an antipersonnel mine might weil arise from the soil beneath the mine ;
-'i.
21
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as well as from the mine itself and its soil overburden. Thus, a lower energy (and, thus,
less penetrating) radiation might be desirable for this application.

In addition to the above three theoretical considerations, we are also
faced with the more practical problem of what source energies are available. In the
realm of low-encrgy gamma sources of practical half-life, we have ! Am ai 60 keV,
194 at 88 keV, and 37 Co at 122 and 136 keV. 57Co and '°°Cd both are an order of
magnitude more expensive than 2! Am and have half-lives two orders of magnitude
shorter (271 and 453 days, respectively). For these reasons, 2! Am was selected as the
most promising radioisotope for mine-detection applications. However, because of its
low specific activity and the low energy of the gamma ray produced, self-absorotion
limits the maximum usable activity of an *! Am disk source to approximately 1 Ci/in.?.?
(1 Ci = 8.7 x 10!° disintegrations/s.) Thus, for geometries where source collimation is re-
quired, the gamma flux attainable on the soil surface from an 241 Am source is rather
limited. In order to produce a more intense directional photon source, it was, therefore,
necessary to utilize an X-ray generator,

X-ray tubes currently are available which are sufficiently rugged to con-
sider for field use. However, only the smallest of these do not require a circulating-oil
bath for cooling. (Only a few perceat of the energy of the electron beam is converted
to X-rays; the remainder is converted to heat in the anode.) However, the added bur-
dens of an X-ray generator (vil bath, pump, regulated high-voltage supply, aad kilowatt-
size power supply) are offset by two prime advantages: (1) The unit may be shut off
and, therefore, will not pose a radiation hazard when not in use; and (2) an X-ray gener-
ator, when compared to ! Am, will supply an almost unlimited photon flux in the re-
quisite energy range. For example, a tube operated in a continuous mode at 120 kV
with a tungsten anode will have a conversion efficiency € of about 1.1 percent.?” Of
the X-rays produced by bremsstrahlung (i.c., neglecting the characteristic spectrum),
~ 45 percent will fall in the 40- to 120-keV range, which we might consider realistically
to be the range of interest, This translates to 5.5 x 1012 useful photous/s, or about 4,500
equivalent curies per milllamp of beam current, taking into account the 36-percent yield
of the 60-keV gamma ray in ** Am. In addition, the digtribution of X-rays is not iso-
tropic (as is the case for 245 Am), but is peaked at right angles to the electron beam, in
the direction of the port. (This is true only for nonrelativistic electrons: i.e., £ €511
keV.) For these reasons, it was decided that an X-ray generator would be the photon
source of choice for the vehicular application.

¢.  Detector Selection. In sclecting 2! Am and an X-ray generator for the

20 Wendell Miller, Nuclear-Chicago Corporation, Private communication (1970).

27 E. U. Condon, “X Rays,” in Handbook of Mysics, Second Ed., . U. Condon and H. Odishaw, Eds,, Mew York,
MceGraw.Hill{ 1967), p. 7-126,
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man-portable and velicle-mounted applications, respectively, the requirement that the
detectors employed be capable of energy-resolving the backscattered flux was eliminated
(since the presence of a low-Z inclusion is manifested over the entire energy spectrum).
Nevertheless, scintillation detectors were employed in all experimental searchheads,
primarily to capitalize on their virtual 100-percent efficiency for photons in the requi-
site energy range. CsI(Na) scintillators were employed in place of the more conventional
Nal(TR) primarily because the former are less subject to damage from mechanical shock.

(The possibility of utilizing other detectors was considered and will be discussed in Sec-
tion II1.)

L1. Compensation for Height Variations. As noted in paragraph 9, geometries

: (a) and “c) are extremely height-dependent. However, sivice, of the two, only geometry
Z (¢) (uncollimated source — collimated detector) is of practical importance for the pres-
ent application, discussior will be limited to that geometry.

E Since the criterion for detection is simply an increase in the backscattered

k flux ¢, variations in ¢ with height (resulting from either a change in searchhead height
E or surface irregularity) can be disastrous. In practice, a A ¢/¢ value of 10 percent may
h‘ be indicative of a mine; whereas, for geometry (c), a change in ¢ of 25 pct/in. of

height is typical for the geometrical parameters employed.

Several techniques of compensating for height changes were considered, and
two were instrumented,

a. Two Detectors at Different Heights Viewing the Same Area (See Figure
16). In principle, this technique is very simple: If hy and h, are the distances from the
lower and upper detectors, respectively, to the soil surface, with corresponding fiuxes
¢, and ¢,, then a change in scarchhead height Ah should result in different values of
A¢, and Ag¢,, provided that ¢, and ¢, do not change linearly with height. For example,
if ¢, and ¢, vary as 1/h?, then

(B9 - A82) & 9 h,3 —h,?
Ah "(12 ll )'

Unfortunately, experimentally obtained results utilizing geometry (c) reveal a ¢(h) de-
pendence nearly lincar for the small values of h which are of practical importance (sce
Figure 17). For this reason, this approach was nov pursued further.

el

b.  Two Backscatter Signals (Se¢ Figure 18). In this technique, use is made
of the fact that only lowenergy photons are sensitive to the presence of landmines. In
principle, then, there are two possible methods of achieving height compensation:
either using a high-energy gamma source (say, '* Cs) or using a beta source (say, 2 Sr)
together with an 28 Am gamma source.
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Figure 17, Variation of backscatter flux with height. (Data from Contract DAAK02-72-C-0019)

30

B ' S AU, i




-anbiugsa) uonesuadmod-1g5ioy [euSis-om) 10§ LNAWOIS) gl N3]

(9) ()

(V9]
P S&
w_\
=)
(Ve
{ /
k.
\
AN
AN
//
31

|\ 394n0S 'mm
o /. . / 40193130 > ]/ ¥0193130
-y 139 LR LN - INLSNES

~. 40193130 AJ43N]
NOLOHd

e r b X La b tand 108 A Dt rarats eh $as acd

o e s 2
S o B e 3 s




e aiiad o s LT LT AR e TR T T T T T

I 197Cs is employed, the backscatter spectrum will contain single- and multiple-

scatter peaks resolvable in energy,  The amplitude of the single-scatter peak is largely in-
sensitive to <Z> changes and is primarily a function of h. The amplitude of the multiple-
scatter peak is a function of both <Z2 and h (and, to a lesser extent, of density)?® (see
Figure 19), Clearly, Figure 19 contains sutficient information to compute both <Z> and
h. Unfortunately, this method has two practical limitations which preclude its incorpora-
tion in a mine detector, First, only a small fraction of the gammas ¢mitted are of use

in actually determining whether a mine is present or absent. Thus, the source utiliza-
tion is far lower than is the case for 2 Am, Second, as previously noted, geometry (c)

is of primary interest for implementation in a man-portable deviee, Thus, the increase

in shiekding weight required (for operator protection and to prevent direet feedthrough
to the deteetors) is a substantial handicap,

Y SR

T

o)

f The second method, using a beta source in conjunction with an 241 Am source,

': avoids the practical limitations inherent in the use of ®Co. A beta source placed in the

F sume honsing as the ¥ Am requires no additional shuelding (although the bremsstrahlung

¢ produced will introduce a slight additional buckgronnd in the seintillator), A small, gus-
filled detector placed in front of the seintillator then will respond to hackseattered betas

while remaining virtaally teansparent to backscatlered gammas, Thus, although two de-
teetors Gand associated electronies) must be employed instead of one, the size and weight
ol the searelihead need not be inereased appreciably. On the debit side, it should he
noted that, sinee betas have essentially no peneteation relative to the gamma rays, the
number of betas baekseattered is a funetion of height over the first solid seatterer, even

4 il this seatlerer is a blade of grass or a dry leal (items essentially transparent to 60-ke V
! satmas), Further, heta bachseatter is itself Z-sensitive, Thus, the backseatter will

chiange as a funetion of soil type,?

Ax a consequence of the above, heta hackseatter can be used only Tor height
cotpensation il the deviee is (1) recalibrated Tor each soil type encountered, and (2) used
in nonvegetadive arcas or in arcas with relatively anilorm segetative ground cover. Sinee.

cany casethe gammachackscatler teehnigie cannot be used inareas with exeessive vege.
Lation (because the - 27 2 of the scattering medium i then loo elose to the <72 of an
explosive), beta backscatter was instrumented and ased as the height-compensation fech-
e Tor one of the deteetors deserthed in Section 1V,

e Filterse Tngeometry () darge number of singly scatteced photons and
asomewhat smaller naher of multiply seattered photons are incident on the detecetor,

a4 Modehmen vertuallyvcollinated convee uneollimated-detector geotmetrs by Monte Carlo Lechnigues | S, Minato
SESuel son Fanee, 3008000 ] has found the energy ol the peak ol tie andtiplesseatter disteituiion o Fil the
empirieal cquatan Ftled ) o0 2720 0 Naote the dependenee of 15 on the 7 of The seatterimg mediam and the
aheenee ol dependene ol Eoon the caenes of the imadent photon.

"
4 P Selier 10 v Res 8, toi (1952,
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although utilizing an 2*' Am source precludes the energy resolution of these two com-
ponents by conventional scintillation detectors.®® Filters provide a means of crudely re-
golving these components.

Let us consider a particular example: assume a source/detector separa-
tion of 2 inches center-to-center, a 1-inch-diameter 2*' Am source, and a l-inch-diameter
scintillation detector with a honeycomb collimator, Allow the system to vary in height
over the range from 2 to § inches. (See Figure 20.) Since the single-scatter angle varies
with detector height, so will the energy of the single-scatter radiation (I ). In this case,
Em = 49,62 keV for h = 2 inches, and K, = 48.87 keV for h = 5 inches, a variation of
0.75 ke V (assuming a photon produced at the center of the source, absorbed at the
center of the scintillator, and scattering % inch below the surface of the scattering medi-
um). The given geometrical parameters permit an energy spread in the single-scatter
radiation of from 48.83 to 50.24 keV at h = 2 inches (ussuming a maximum scattering
depth of 1 inch). Thus, the shift in the approximate centroid of the single-scatter peak
with height is an appreciable fraction of the peak width. See Figure 21, (It should be
emphusized that Figure 21 is an idealized spectrum, possibly realizable with a Ge (Li)
detector, but not otherwise.) Multiple scatter, on the other hand, is distributed over a
broad energy spectrum both above and below the single-scatter energy. As a result,
even if the centroid of this spectrum does shift as h is varied (a question which at pres-

ent is unresolved) the shift would not constitute an appreciable fraction of the width of
the multiple-scatter energy distribution.

Let us now interpose a filter in front of the detector which has a

K-edge in the vicinity of the energy of the backscattered radiation, In this case, curopium,

with a K-edge at 48.515 keV, 1s most appropriate, At h = 2 inches, essentially all single-
scattered photons are at an energy just above the K-edge and, consequently, are greatly
attenuated. As h increases, progressively more single scatter falls below the Kedge and
passes through the filter. There is no equivalent change in the transmiission of multiply
scattered photons because of the energy spread of this portion of the spectrum, (This
technique has the advantage of being independent of soil conditions Lecause the energy
distribution of singly scattered photons is a function of geometry alone.)

If two detectors, one filtered and one unfiltered, are used to view the
sume spot on the soil surface, then the ratio of single to multiple scatter will vary as a
function of h, The result of this effeet is shown in Figure 22, If the detector then
passes over a mine, there is an increase in the countrate of both detectors, but there is
no change (onee background is subtracted) in the ratio of countrates. ‘Thus, sufficient
information is present to deteet a mine without incurring false signals due to small

305 recently developed technique, utilizing Xe as the scintillating medium, may enable resolution of the single. and

muitiple-scatter components of a backscatter spectrum without the use of a Ge(Li) detector, Robert Moler, Science

Applications, Inc., private communication (1974),
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variations in h. This technique was instrumented in a breadboard detector which will be
discussed in section 1V,

lii. HISTORY

12, Background. In 1967, representatives of Texas Nuclear Corporation proposed
the development of a mine detector based on the backscatter of gamma rays.® This pro-
posal was based on an earlier observation made in the course of other defense research
that the spectrum of backseatiered radiation differs for materials of differing atomic
number.?? Texas Nuclear personnel reasoned that the elements found in explosives
would yield a backscatter spectrum which differed from that obtained from the higher
atomic number (higher 7) elements commonly found in soils. If these differences could
be exploited, a mine detector based on measurement of the average atomic number might
be developed.

This proposal was funded on 26 February 1968 by the U.S. Army Mobility
Fquipment Reseorch and Development Center (USAMERDC), Fort Belvoir, Virginia,
Contractual effort on backscatter mine-detection research was continued until June 1973.
In addition to the work at the Texas Nuelear Corporation (later a division of Nuelear-
Chicago Corporation), deteetor development was carried out by Industrial Nueleonics
Corporation. Experiments were also conducted in cooperation with personnel at the Ex-
plosives Laboratory at Picatinny Arsenal, and computer simulations were performed by
presonnel at the Nuclear Effecis Laboratory, Edgewood Arsenal (later part of the Ballistic
Rescarch Laboratories, Aberdeen Research and Development Center), As noted carlier,
effort in thi+ area now has been terminated as a result of the appraisal that the limitations
of the backscatter approach outweigh its capabilities when viewed from a practical mili-
tary standpoint,

Results of importance to the peesent diseussion stemming from studies carried
out at Picatinny Arsenal already have been presented in Section IL. Results of the com-
putations carried out at Edgewood Arsenal are presented in Appendix A, The purpose
of the present section, then, is to recount the experimental procedures followed and the
salient results obtained under contracts DAAK02-68-CC-0229, DAAK02-69-C-0263,
DAAKO2:70-C-0105, and DAAKO2-71.C-0359 with the Nuclear-Chicago Corporation
and under contract DAAK02.72-C-0619 with the Industrial Nucleonics Gorporation,
Although more detailed accounts of these contractual efforts may be found in the final
reports of the above contracts, the reader should be aware that in many instances the
theoretical explanations presented in these reports for the experimental results have

4l Texas Nuelear Corporatio,., moestigation of Gamma Ray Backscattering for the Detoction of Ruried Land Mines -

An Unsolicited Proposal, B August 1967,

32 exax Nuclear Corporation, Final Report, Subcontract 1023-1 to Dikewood Corporation; Prime Coutract
AL29(601) - 4569 (1962),
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been found to be in error. 3 -37

13. Contract DAAK02-68-C-0229. The principal purpose of this contract was to
explore the feasibility of photon-backscatter mine detection in a laboratory environment.
To this end, the following experimental setup was employed:

A soil box, 18 by 36 by 14 inches deep, was prepared and filled with red clay
(~ 85 Ib/ft3, ~ 3 percent H, 0, no organic content, and ~ 6.5 percent Fe), The top 6
inches of the soil box consisted of four 1-inch-deep trays and one 2-inch-deep tray. This
latter tray contained the target, usually a 1-pound block of dinitrokenzene (DNB), 2.5 by
3 by 1.75 inches thick. The bottom of each tray consisted of thin aluminum screening
covered with 1-mil polyethylene. The purpose of the trays was to establish a reproducible
geometry for various target burial depths. The sources employed were *! Am and '7Cs;

the detector was usually Nal (T Q), although others were invesiigated. Backscatter spectra
were recorded on a 400-channel multichannel analyzer.

The experimental setup is depicted in Figure 23. With this arrangement, the
following parameters could be varied:

a,  The angle of incidence of radiation from the collimated source.

b,  The angle of incidence of the detector-collimator axis,

t.  The acceptance half-anglcs of the source and detector collimators.
d.  The source/detector separation (q).

¢, The height above the soil surface (h).

33 W. ). Miller, W, E. Tucker, and E. L, Hudspeth, The Detection of Concealed Explosives by the Use of Camma-
Ray Scattering and Transmission Technigues, Confidential Final Report, Contract DAAK02.68.C.0229
{October 1969), AD 506-081L,

3wk Tucker, W. D, Miller, and E.L, Hudspeth, The Devlopment of Experimental Explosives Sensors Using
X-Ray and Gamma-Ray Backscatter Technigues, Confid ntial Final Report, Contract DAAK 02-69-C0263
(June 1971), AD 402-9106,

35 W, E. Tucker and W, D. Miller, Design and Construction o/a Man-Portable Gamma-Ray Explosives Sensor, Confi-
dential Final Report, Contract DAAK 02.70-C-0105 (Januasy 1972), AD 519-617L.

36 W, DD. Miller, M. N. Anastasi, and W, E. Tucker, The Design, Construction, and Testing of an Adwanced Experi.
mental Model Portable AP Mine Detector (Gamma.-Ray), Confidential Final Report, Contract DAAK02.71.C.
0359 (March 1973), AD 403-0097.

37 Mason L. Thompson, Advanced Experimental Model AP Detector (Gamma Ray), Confidential Final Report,
Contract DAAK02-72.C-0619 (Augusi 1973), AD 526-7422,
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The first series of experiments performed with this apparatus concerned the
selection of source type and the establishment of criteria for mine detection. As noted
in Section 1, both the amplitude and shape of a backscatter spectrum will change as the
< Z> of the scattering medium is varied. However, use of a 137 Cs (662-ke V) source
under the more realistic condition of a finite DNB target buried under a soil overburden
revealed that only a small change in the lowest energy portion of the spectrum could be
; observed. (See Figure 14.) (Note that the variation at ~ 200 ke V is due to a density
change rather than to a<Z> change.) By utilizing an **' Am (60-keV) source, however,
the target was manifested as a general increase in amplitude over the entire spectrum,
See Figure 15. The lack of a shift in the energy distribution of backscattered photons
3 was ascribed to the severe attenuation of the lowest energy photons by the gnil over-

q burden, On this basis, it was decided that: (a) the criterion for mine detection should
be a percentage increase (A ¢/¢) in the integrated countrate above some lower level set
to exclude only photomultiplier dark current, and (b), in order to maximize this percent.
age increase, the source energy should be as low as possible consistent with an accepiable
countrate. In general, photons of energies from 50 to 200 keV were considered to
possess the greatest promise for mine detection. Consequently, further effort under this
] contract was performed with an ' Am source, and an X-ray generator (~ 140 kVp) was
ordered for use in future studies.

The second series of experiments conducted concerned the selection of source/
detector geometry. Since the experimental setup consisted of a collimated source (in
this case, 1 Ci 2" Am) and a collimated detector, experiments were limited to variations
of this arrangement, By varying the included angle between souree- and detector-
collimator uxes (9), it was determined that (a) A ¢/¢ inereased as the depth of intersee-

3 tion of the axes increased, (b) & ¢/¢ greatly decreased whenever the detector *saw™ an

: appreciable amount of single-scatter radiation, and (¢) A ¢/¢ increased as  deereased,
This last result, which appears to contradiet statements made in Seetion H, may he

scen to follow from the limitations of the experimental setup: . in all cases, exceeded
the lincar dimensions of the trget. Further, by varying hy it was determined that the
change in ¢ as h was varied (A ¢/ Ahy was minimized by minimizing 0. By varying the
half-angle at the source collimator, it was observed that A ¢/Ah could be reduced further
by tightly collimating the source (although, on the negative side, this also greatly re-

duced ¢).

On the basis of the ubove. it was determined that the optimal system for mine
detection would consist of a tightly eollimated source and detector, as close as possible
to cach other, with a small angle included between the source and deteetor collimator
axes,

The purpose of the third series of experiments was to determine the type of
response to be expeeted from a variety of artifacts which might be encountered in the
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soil. For these experiments, the included angle 8 was set at 35°, The artifacts were:
blocks of wood, aluminum, granite, and limestone, each 2 by 8 by 2 inches deep; and

a container of water of similar dimensions. A DNB block was, in each case, used for
comparison. The artifacts were emplaced at depths of 0 inch (flush), 1 inch, 2 inches,
and 4 inches. Two soil conditions were considered: dry (~ 3 percent H;0) and moist
(~ 20 percent H,0). Tabie 3 shows the results of these experiments in terms of the
ratio R of the countrate obtained over an artifact to the countrate obtained over soil.

In general, it was found that R was greater than unity for wood and water, as well as for
DNB, and was less than unity for the aluninum, granite, and limestone. (Difficulty was
encountercd in repacking the soil trays to uniform density, resulting in certain instances
in R values less than unity for wood, water, and DNB.) From the data shown in Table 3,
it may be observed that: (a) smaller values of R obtain under identical circumstances
when appreciable soil mosture is present; and (b), with the geometry employed, in-
creases in the backscatter countrate are observable for low-Z inclusions buried at depths
i of up to 2inches in dry soil and 1 inch in moist soil,

e T e TR T ™ T

Table 3. Backscatter Information From DNB and Other Artifacts Emplaced
in Moist and Dry Soil

;1 Emplacement Depth (In.)

i Artifact 0 (Flush) ] 2 4

! Ratio (R) in Dry Soil

\ DNB 7.14 2.17 1.08 0.89

: Wood 10.98 2.70 1.08 0.88

1 Water 8.33 2.63 1.15 0.92

; Aluminum 0.14 0.55 0.87 0.87

! Granite 0.29 0.71 0.95 0.95

3 Limestone 0.14 0.58 0.87 0.94

| Ratio (R) in Moist Soil
DNB 0.25 1.68 0.91 0.78
Wond 10.40 1.81 0.85 0.80
Water T.14 1.64 0.85 0.73
Aluminum 0.13 0.01 0.79 0.79 ‘
Granite 0.31 0.63 0.72 0.72 ]
Limestone 0,13 0.50 0.72 0.71 ;

Finally, some attention was given to the selection of detectors for the mine-

detection application. Geiger tubes, ionization chambers, and Si(Li) and Ge(Li) solid- i
state detectors were considered i some experiments were conducted with plastie scintil- 1
lators (NE 102 and 10 percent lead-loaded Pilot B). These demonstrated that the
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countrate obtained with plastic scintillators is excessively sensitive to small gain changes
and, thus, would not be stable enough for field application. Ceiger tubes were dismissed
because they are not capable of operating at more than a few thousand cps. Since energy
resolution of the backscattered flux was not required, Ge(Li) and Si(Li) were not con-
sidered promising; however, the possibility of using Si(Li) in the future was left open
because Si(Li) detectors of large enough volume (high enough efficiency) may be obtained
at some time in the future [Si(Li), unlike Ge(Li), does not require eryogenic cooling] .
The posslblhty of using ionization chambers in a vehicle-mounted system also was left
open, since a large-volume detector was considered feasible for that application. loniza-
tion chambers were not considered feasible for a man-portable device since, in order to

3 achieve reasonable efficiency, a high-pressure chamber would have io be employed.

Such a chamber necessarily must have a thick window, which, in turn, would severely
attenuate the backscatter flux.

ST LN T e P

2y e

3 14. Contract DAAK02-69-C-0263. Contract 0229 (paragraph 13) established the
feasibility of utilizing photon backscatter to detect explosives buried under soil over-

3 burdens. The initial phase of Contract 0263 sought to determine the nature of the

{ underlying phenomena which made this technique feasible. Later phases of this con-

"" tract concerned the establishment of design parameters for man-portable and vehicular
mine detectors. Finally, an experimental, vehicle-mounted detector was fabricated, and
limited field tests were performed. (Discussion of this final phase of Contract 0263 will
be deferred to section 1V?)

: At the outset of Contract 0263 it was assumed that the interaction mode of

: primary importance for mine detection was single scatter. According to this model, the
increase in backscatter observed over the target was due to the decrease in attenuation

b, of the incident and return beams as they passed through the target. See Figure 24, A

3 computer program simulating this model was executed, assuming an 2! Am source and

: various target thicknesses and emplacement depths. Some of the results thereby ob-
tained are shown in Figure 25, Note that R remains constant as emplacement depth in-
creases until the target enters the crossover region; beyond this point, R decreases rapid-
ly as emplacement depth increases,

In order to test these results, an experiment was performed which simulated
as closely as possible the configuration shown in Figure 24, The results, shown in Figure
26, revealed a roughly exponential decrease in R as emplacement depth was increased,
in complete contradiction to the computer results. [t was, therefore, concluded that
single scatter could not be the mode of interaction of greatest import for mine defection.
Further studies were performed using this geometry, replacing the 60-keV 24! Am source
with an X-ray gon(‘rutor operated at 80, 110, and 130 kVp. Results of these experiments
are shown in Figure 27, (It should be noted that, sinee error bars are not shown, there
is some question as to whether or not the curves shown cross as emplacement depth

SRR g P2 S
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RATIO ( R)

INCIDENT ENERGY
60 keV
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Figuee 25, Results of single-scatter computation. (After Tucker, Miller, and
Hudspeth: Contraet DAAKO2-69-C-0263)
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Figure 26, Experimental valees of R for the geometey shownin Figuee 24, (A fter
Tucker, Miller, and Hudspeth: Contract DAAKCZ-00-C.02023)
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Figare 270 Experimental values of R obtained with Xeray souree. (After Tucker,
Miller, and Hudspeth: Contract DAAKO2-00-C.020:3)
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increases. This question, at present, is still unresolved.)

Since a single-scatter model clearly did not satisfy the experimental results,
another model had to be developed. To this end, a scries of experiments, known as
“iron curtain® experiments, was performed.

A 3/8-inch-thick iron sheet, perpendicular to the plane of the source and de-
tector collimator axes, was inserted in the middle of a DNB target. See Figure 28. The
efieet of this “‘iron curtain® was to prevent the horizontal flow of photons from ene
half of the target into the other. An Xeray generator, operated at 80, 110, and 130 kVp,
was used as the source. The emplacement depth of the target then was varied from 0 to
4 inches. The result (Figure 29) was that, instead of the usual decrease in backscatter
[lux as target depth increased, there was a gradual inerease in backscatter flux. On the
basis of this experiment, it wus concluded that the target itself furnished a low-attenua-
tion path for photons to pass from souree to detector. Geometrically, for photons to
follow such a path, they must be scattered two or more times, Consequently, it wus

coneluded that multiple scatter was the interaction mode of principal importance for
mine detection,

The second phase of this contract concerned the establishment of design param-
eters for a vehicle-mounted detector through the parametric variation of source energy
and certain geometric variables, To this end, the soil box constructed for contract 0229
was employed, The source was a Noreleo PG-144) Xeray generator, continuously variable
from 20 to 140 kVp and from 0 to 5 mA. The X radiation generated was vertically inci-
dent on the soil surface and had a beamspread half-angle of 3°, The detector was a
Harshaw Nal('1'¢) scintillator, 1.5 inches in diameter by 1 inch thick, with an 8° half-
angle collimator, The target for these experiments was a 2 by 8 by 2-inch-thick DNB
block aligned with its long axis in the source/detector plane. See Figure 30, The geome-
trical parameters varied in these experiments were h, , mine emplacement depth (d),
and angle of incidence of the detector-collimator axis (0). The range of variation for
cach of the variables is shown below.,

Range of Variables for Parametric Study (Vehicular
&

Variable Values
I (kVp) 905 1105 130
0 (Deg) 0:5;10;15; 20
h (In.) 13.5-19.5 (1-inch Increments)
q (In.) 8.75;9.25;9.75; 10,25
d (In) 0;1:2:3: 4
48
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Fﬂ Figure 28, Geometry for “iron curtain ™ experiments. (After Tucker, Miller, nad
’ Hudspeth; Contract DAAK02-09.C.026.3)
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Figare 29, Results of “iron eurtain” experiments. (After Tucker, Miller, and Hudspeth; ‘
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As a result of this study, values for the geometrie and 2nergy variables were selected for

incorporation in a vehicular detector which (a) maximized R, (b) minimized A ¢/Ah,
and (c¢) maximized ¢.

By varying 0 and q, test personnel observed that the 8-value at which maximum-
R obtained decreased as q decreased. Further, it was observed that the maximum R
value increased as q decreased. By extrapolation, then, it was inferred that the highest
R value would obtain for 0=0 and q = 7 inches (i.c., q stightly less than the length of the
target).

A R

e e

T

By varying F and the target emplacement depth (d), it was determined thet:
(a) for d< 2inches, R inereased as E decreaseds (b) for d = 2 inches, R was roughly in-
dependent of E;and (c) for 2<d <4 inches, R increased as B increased. The value of R
was essentially unity (no detection) for d >4 inches. See Figure 31, In all cases, ¢ in-
creased as B increased. (It should be noted that for this part of the study the target was
a 9.5-inch-diameter by 3.5-inch-thick block of DNB.)

By varying I, h, q, and 0, it was determined that: (a) for coustant  and 6, R
was independent of h (and, for d = 2 inches, independent of E); (b) for constant E and g,
A¢/Ah was a minimum for 0=0 and increased as 0 increased; and (¢) no unambiguous
dependence of Ag/Ah on either  or F was found.

Bused on the above, it was decided that the optimal parameters for a vehicele-
mounted, photon-backseatter mine detector would be 0=0, ¢ == expected target diameter,
‘ and F > 130 kVp for an X-ray source. No upper hound was determined for F since the

' maximum operating potential for the X-ray generator employed was 140 kilovolts, 1t
also should be noted that the optimal E value for an X-ray source is not necessarily that
for a gamma source;an Xaay target produces a spectrum of energies, the number of

: photons per unit energy interval decreasing as energy increases, with essentially no pho-
tons being produced at the operating potential of the tube,

In addition to the parametrie studies, the above experimental setup was used ]
to determine the effects of soil-density veriations and of disturbed soil. The red clay y
first was replaced with sand, the latter having a density of 1.8 g/em®, as opposed to :
136 g/em? for the former. The results, oblained for different values of Fand d, are
shown in Figure 32, Note that, for flush emplacement, R values are higher for sand than g
for clay. However, the slopes of the Roversus-d curves for sand are steeper, with an
energy crossover at 1inch (instead of at 2 inches) and with the point of zero detection !
oceurring at ~ 3 inches (as opposed to ~ 4 inches).

Next, a soil box of uniform density (1.7 g/em?) was prepared. A volume at
the surface of the soil, 12 inches in diameter and 4 inches deep, was removed and
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Figure 31. R versus emplacement depth in red clay for different X-ray tube potentials,
(After Tucker, Miller, and Hudspeth: Contract DAAK02-69-C-0263)

2 N i L

{

i

!

!
n3

II

i




R Y o s b
¢ty v arhe i Toum kol U A R aiat i " o ¥ - 3 A
; ey T AN TR TN 7 vy
T T, -~ NI

50 .
4c
30

20

1 4

T

A g

R NI T T SR AT

¢ =0°

E= 90 ke =10 ]
E = 110 KVP 1= 10% -
130 KVP h=16%"

1 10 -
\ 9 -
| g -
Tt ~
}‘;’ o 5 y
| = !
; ac

: 3 ]

—
i
L

BURIAL DEPTH (INCHES)

Figure 32. R versus emplacement depth in sand for different X-ray tube potentials. )
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replaced with some of the same soil but with a different air-void fraction. Surface densi-
ty w~as varied in this manner from 1.0 to 1.7 g/cm®. Backscatter measurcments made

over this area showed values of R greater than unity, decreasing from 2.2 to 1.0 over the
designeted aensity range,

= T

a

Whether or not this sensitivity to disturbed soil is desirable in a mine detector
is debatable. On the positive side, the scil over a freshly emplaced mine is not likely to
be as well compacted as the soil in the surrounding area. Thus, a mine, no matter how
deeply buried, might be sensed by detecting the disturbed soil above it. On the negative
side, any naturally occurring soil-density variation of appropriate spatial frequency would
produce a false alarm. In addition, once the mode of detection became known to the
enemy, he could generate false alarms (i.¢., refilled holes) at will for purposes of
harassment.

S g T TR T S

] The third research phase of Contract 0263 consisted of an attempt to estab-
lish design parameters for a man-portable mine detector. To that end, a 1 Ci®*! Am

: source was employed. (At that time, X-ray sources light enough to be considered for

the man-portable application were heyond the state of the art.) The detector was L-inch-
diameter by l-inch-thick Nal (T®). The principal difference between this and the pre-
ceding phase of the work was that, in this latter case, the source and detector collima-
tors were quite “loose.” A source half-ungle of ~ 40° and a detector half-angle of ~ 50°
were utilized in order to achieve reasonable countrates, As a result, there was consider-
able overlap of source and detector collimator cones, See Figure 33.

The targets for this study were 2- by 2. by 4-inch blocks of DNB emplaced in
a red-clay soil medium at depths of Y2 and 1 inch. As before, h, q, and d were parametri-
) cally varied. However, in this case, ¢ (the angle of incidence of the souree collimator
' axis) was vavied, and 0 was beld constant at 0°. The range of variation for each param.
eter is shown below.

Range of Variables for Paramecric Study (Man-Portable)

Variabie Values
@ (\eg) -10° to 35° (5° increments)* \
h (in.) 2,75, 3.75: 4.75 ]
g (in.) 3 to 5 (0.5-inch increments) A‘
d (in.) 0.5 and 1.0

“ Negative values of g refer Lo the source collimator axis sloping away from 1
the detector,

Results of this study demonstrated, once again, that optimal values for R
oceur for g = 0 = 0° and for g 2 target diameter. However, the R-values obtained in this
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Figure 33, 'nitial geometry for man-portable detector experiments, (After Tucker,
Miller, and Hudspeth; Contract DAAK02-69-C-02613)
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case were considerably lower than those obtained previously, primarily because single
scatter near the surface was not geometrically excluded. In addition, R was found to de-
crease as h increased (due to the loose collimation, the target-volume/soil-volume ratio
decreased as h increased), and ¢ decreased rapidly as h increased. For these reasons, it
was concluded that no collimated-source—collimated-detector geometry utilizing an iso-
tropic source could be employed in a practical man-portable mine detector.

Effort on developing a man-portable detector would have been terminated
after Contract 0263 had not a radically different geometrical approach, conceived by
Wendell Miller of the Nuclear-Chicago Corporation, been instrumented in a breadboard
detector without benefit of prior laboratory studies. This device, depicted in Figure
34, was demonst.ated! «u Fort Belvoir during the 4th quarter of Fiscal Year 1969. The
device consisted ¢ a 14 mCi * Am source coaxially mounted with a Nal (T%) detector.
the source was housed in a “stepped” collimator, tapered toward the scintillator sur-
face, and flared about the radiation exit port. Total searchhead weight was ~ 3 pounds.
Signai-processing and alarm electronics were rack-mounted. This device demonstrated
the capability of detecting 1-pound blocks of DNB emplaced at depths of up to ~ 1 inch
in & homogeneous, inorganic soil medium. The device had to be held at a relatively con-
stant distance (~ 1.5 inch £ 1 inch) from the soil surface and scanned very slowly; but,
the capability it demonstrated had been unattained previously by any mine-detection
technique. In view of the encouraging performance of this breadboard device and of
the pressing need to field a device capable of locating small, shallowly buried, nonmetal-
lic mines, it was decided to forgo the usual research phase of developmient and to attempt
to fabricate prototype detectors capable of field evaluation. This effort was funded in
December 1969,

15. Contract DAAK02-70-C-0105. The primary objective of this contract was to
design, develop, fabricate, test, and deliver two experimental, man-portable, gamma-ray
backscatter mine detectors utilizing the coaxial source/detector geometry discussed
above.® The decision to proceed immediately with the construction of experimental
models, without first performing extensive laboratory studies, resulted from two factors:
(a) The success of the breadboard detector which had been demonstrated the previous
spring, and (b) the need to field a detector capable of locating small, near-st'~face anti-
personnel mines as expeditiously as possible. In retrospect, this decision was a mistake.
The detector searchheads delivered under the contract, while principally differing from
the breadboard model in containing two detecting elements rather than one (each
incorporating a 100-mCi, rather than 14-mCi *! Am source), also contained some rather
minor geometrical changes. The results of these minor changes, however, proved to be
rather major. The experimental detectors were capable of Locating only large blocks of

38 Normally, discussion of Contract DAAK02.70-C-0105 would be deferred to section 1V, since this contract was
concerned primarily with hardware development, Its inclusion in section Il is necessary, however, in order to
achieve chronological clarity.
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Figure 34. First man-portable searchhead.
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5 explosives (~ 20 pounds) which were essentially flush with the surface. With the recogni-
tion of the dangers inherent in attempting to implement a technique not fully understood,
a new contruct was awarded which required performance of the type of laboratory in-
vestigations previously negleeted,

16. Contract DAAKO: | 1.C.0359. The initial ebjective of this contract was to
gain an understanding of the design eriteria for a coaxial backscatter sensor by means of
an extensive parametric investigation of the geometrical variables involved, For purposes
of this investigation, the U.S, M-14 nonmetallic antipersonnel mine was designated as
the target of principal interest, replacing the ~ 0.5-pound blocks of DNB and DNT that

had been employed previously.,
The M-14 mine consists of a eylindrical plastic body, 2-3/16 inches in diam- ;
eter by 1:9/16 inches deep. The main charge consists of 1 ounce of tetryl located in g

the lower half of the mine case, below a partition that separates the charge from the
firing mechanism. The detouator is located at the center of the tetryl charge, Total 3
weight of the mine is ~ 3-1/3 ounces. See Figure 35, For purposes of this investigation F
I ounce of DNT was cast into the bottom of empty M-14 mine cases with the detona-

tor removed, y

The experimental sensor used for these studies is sketched in Figure 36, The
source was 100-mCi 2 Am, the detector a 1,75-inch-diameter by 0.25-inch-thick Nal (T%)

Y . \ i
crystal coupled to a 2-inch-diameter, RCA 6342 photomultiplier tube. The primary k
source shield, mounted below the scintillator, was a 0.75-inch-diameter by 1.5-inch- 'f
long lead cylinder. The M-14 targets were emplaced at depths of from 0 to 2 inches in ;

4 homogeneous red-clay soil medium. Reproducible, three-dimensional positioning of
the experimental sensor over the soil was achieved by installing the sensor between the
motor-support forks of a radial-arm saw.

The dimensions labeled A, B, G, hy and d in Figure 36 were varied parametrically
over the range of values specified in Table 4. The resulting data are contained in the final
report and will not be reproduced here. The design parameters selected from this data
ficld to implement in an advaneed experimental searchhead represented a trade-off which
maximized R over the target while maintaining a low value for & ¢/Ah, and a high value
for ¢. The parameters selected were A = 0.25 inchy B = 1,25 inches, and € = 1.50 inches,
As a result of varying A, B, and € in 0.06-inch increments about these values, it was de-
cided that A = 0.25 inch, B = 1.12 inches, and €= £.50 inches represented the optimal
configuration for incorporation in a coaxial searchhead designed to deteet M- 14 mines,
The resulting backseatter countrate was ~10% epm over soil, the change in counirate
with sensor height was less than 25 pereent for 1.5 <h < 3.5 inches, and R was 1,24 for
d = 0.5 inch and h - 2.0 inches, By displacing the axis of the sensor relative to the axis of
the target in 0.5-inch inerements, it was found that R deereased from ~1.24 to ~1.18 at

nY
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Table 4. Range of Variables for Parametric Study (Coaxial Man-Portable)

Range of Variation Increments

Symbol Parameter (In.) (In.)

d Burial Depth 0-2.0 0.5

h Height 1.0-3.0 0.5

A Collimator Aperture 0.05-0.25 0.005

B Scatter-Shield Diameter 0.75-1.50 0.25

C Detector Aperture 1.00-1.75 0.25

N Lateral Displacement 0-2.0 0.5

v Scan Velocity 0-3 ft/s 1 ft/s

1 inch off-axis and to ~1.10 at 1.5 inches off-axis. As a compromise, it was, therefore,

decided that each sensor clement effectively could cover 2 inches laterally (i.e., the tar-
get could be detected if it passed beneath the sensor at a maximum of 1 inch off-axis).

This, in turn, necessitated that three sensor elements be employed to achieve the design
goal of 6-inch lateral coverage for the entire searchhead.

A total of three advanced experimental mine detectors, each employing a
searchhead with three sensor elements conforming to the optimal geometry specified
above, were fabricated and shipped to Fort Belvoir for test and evaluation. A more de-
tailed account of these detectors and a summary of the performance data obtained with
them will be found in section IV. For the present, it is sufficient to state that, while
these detectors were capable of detecting M-14 mines buried at depths of up to 0.5 inch
in a homogeneous soil medium at lateral search speeds of ~1 ft/s, it was believed that
the sensitivity of these detectors to vegetative ground cover was such that the detectors
would not be acceptable in the field. It was, therefore, decided that the coaxial sensor
design would not be pursued further and that every effort would be made to improve

detector performance against the M-14 mine emplaced in soil with appreciable organic
content,

The decision to continue effort on the development of a man-portable gamma-
backscatter AP-mine detector was based on the results of a limited, in-house program
which demonstrated that detection of an M-14 could be effected utilizing an uncollimat-
ed-source—collimated-detector geometry (geometry (c)) in certain instances when the
same mine could not be detected by a coaxial sensor. It was recognized that, in abanden-
ing the coaxial geometry, the principal advantage of that geometry (insensitivity of the
countrate to small changes ii. sensor height) also would have to be relinquished. In addi-
tion, it was recognized that only limited improvement in detector performance in vegeta-
tive areas could be expected (due to the detection principle employed) and that substan-
tial variations in the amount of vegetation present would result in continual false alarms,
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E In order to obtain the greatest probability of success in a limited time frame,

E parallel efforts were initiated. Contract DA*K02-71-C-0359 with the Nuclear-Chicago

b Corporation was modified, and that effort was redirected to investigate the possibility

" of utilizing a collimated-source—collimated-detector geometry (similar to that employed

in the vehicle-mounted detector developed under Contract DAAK02-69-C-0263) in a

man-portable configuration. At the same time, a contract was awarded on a competitive

} basis to the Industrial Nucleonics Corporation to investigate the possibility of utilizing

L an uncollimated-source—collimated-detector gecometry in a man-portable system. Effort

i under both contracts was to include investigations of potential height-compensation

: techniques.

4 Since extensive investigations of geometry (b) were conducted by Nuclear-

a Chicago Corporation under Contract DAAK02-69-C-0263, the performance characteris-

tics of a man-portable detector utilizing this geometry were fully anticipated, Conse-

: quently, only limited laboratory studies were performed to verify that: (a) maximal R
values obtained for q = mine diameter (2 inches in this case); (b) R decreased rapidly

as hincreased; (¢) ¢ increased rapidly and, for the chosen geometrical parameters, nearly
linearly as h increased; and (d) ¢ was appreciably lower for this geometry than geometry
(d) for comparable source activity, These characteristics necessitated that, by utilizing

e - sl

geometry (b), the resultant detector would have to operate closer to the ground and more

y slowly than the coaxial detectors fabricated previously., However, it also would be possi-
g ble to attain appreciably higher values of R than were previously posstble. In fact, for

3 an M-14 in red clay and for h = 2 inches, it was found that R = 1.88 for d = 0 inch and

R = 1.26 for d = 0.5 inch for this new geometry; wherees, for the coaxial design, R = 1.49
E for d = 0inch and R = 1.14 for d = 0.5 inch. By moving the new sensor even closer to
{ the surface, R values were found to increase dramatically: for h = 0.5 inch, R = 4.85

: for d = 0, and R = 2.60 for d = 0.5 inch. Since these large R values only would be of

use if a means could be found to compensate for the changes in ¢ resulting from small
h-variations (¢ was found to decrease by a factor of three as i was increased from 0.25 i

to 2.0 inches), the primary R&D effort under this phase of the contract was directed
toward this end,

Several techniques were tried in order to obtain this desired result. The first
technique considered consisted of placing a small, uncollimated Geiger-Mueller (GM)
tube midway between the source and detector at the bottom of the sensor. Thus placed,
the GM tube primarily “viewed" photons singly scattere:i from the soil volume directly
helow the collimated source. As a result, the countrate obtained fron: the GM tube de-
creased as hoincreased. It was empirically determined that the slopes | the ¢ versus h
curves for the GM (height) and scintillation (mine) sensors were esrentinlly constant
over the range 0.25 < h < 2.0 inches, although the magnitude of ¢ vas found to be a
different function of soil composition for the two sensors. (See Figure 37) By adding
the outputs from the two sensors (¢ + me,, where m is a multiplicative constant built
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' into the system), the resultant sygnal was found to be only moderately sensitive to height
}} variations (~ % 4.5 percent over grass and ~ £ 18 pereent over inorganic soil), The ~ 118
3 pereent variation found over inorganic soil was not considered eritical because of the

( large R values attainable over this type of soil by the mine sensor, The primary disad-

; vantage of this technigue was its sensitivity to small changes in soil microrelief: The

mine sensor was found to be primarily sensitive to variations in h between the scintilla-

tion detector and the soil surface: whereas, the height sensor was found to be primarily
sensitive to variations in h between the souree and the soil surface,

e

In order to overcome this deficiency, it was decided that it was essential

: that the height sensor view the same area on the soil surface as dii the mine sensor,
i(. To this end, a GM tube was placed inside the mine-sensor collimator, just in front

' of the seintillator,  In order to generate a noninterfering height-sensor

| signal, an urcollimated Y0 8e/%Y g7 source (B < 0.546 and 2.27 MeV) was em-
ployed, See Pigure 38, The GM tube employed, while only 1 to 2 pereent efficient
for backscattered y radiation, was vivtually 100 pereent efficient for 87 radiation.

; On the other hand, the alominum window on the seintiflator, while almost transparent
to y radiation, was virtually opaque to hachscattered g7%s. Some slight contribution from
% the Y 8e/%Y source to the mine-sensor signal resulted from §7 bremsstrahlung, but this
! conlribution was found to be negligible when hoth apper- and lower-level diseriminators
were employed Lo delimit the energy bandwidth of the aceepted photomultiplier pulses,
] The output of the height-sensor channel was found to decrease nearly exponentially as
E; hinereased from | to binches (Figure 39), Specifically, ¢, = exp (-ah=b), where ais a
; constantl of the system and b ixa constant that depends on soil type; consequently, by

; summing ¢y and €n ¢, it wax possible to obtain a nearly constant signal level as h was
varicd from 1 to 3 inches, This resalted inan inerease in the signal level as the sensor

e passed over the turget. See Figure 46, The principal disadvantage of this approach was
F( that, sinee 8% in thiz energy range have a vange which is negligible compared to the mean
: free path of 60-ke V gammas, the height sensor monitorea b from the mine sensor to the
f nearest solid material, be that material the true soil surface or be it a dried leaf or blade
of grass above the surface. This approach also required that a calibration procedure be
carricd out before the deteetor could he utilized for any one soil type,

An exnerimental searchhead and electronies package incorporating this height- i
compensation technique was fabricated and shipped to Fort Belvoir for testing. A '
deseription of this system and the results of testing will bhe found in seetion 1V, }
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Figure 39, Betassensor output as a function of height. (After Miller, Anastasi, and Tucker)
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17. Contract DAAK02-72.C-0619. The purpose of this contract was to develop
an experimental mine sensor capable of locating M-14, nonmetallic, antipersonnel mines
buried at operational depths in reasonably organic soil media. To this end, the contrac-
tor, the Industrial Nucleonics Corporation, was constrained to utilize an uncollimated
source and a collimated detector. Effort under this contract centered on two problems:
(1) developing a detector collimator which would maximize the target signal, and
(2) devising a height-compensation technirque which would enable field utilization of
the otherwise extremcly height-sensitive uncollimated-source — collimated-detector
geometry, '

T R e R =

E i i s e

The test setup utilized for this contract consisted of a wooden box, 6 feet by
8 feet by 8 inches deep, which was partitioned into four compartments. Each compart-
ment contained a different soil type: sand, roadbed (rock and clay), humic, and grass-
covered humic. None of these soils hed appreciable iron content (i.c., the Z contrast
between the soil and the mine was not unusually high), and all were watered periodically
to assure normal moisture content (10 to 30 pereent by weight), The humic soil con-
tained 12.6 percent organic material (combustion loss, dry weight); the grass, in the
grass-covered humic section, was never cut, resulting in an extremely lush ground cover,
A metal frame surrounding the soil box supported the transport mechanism. This mech-

e e O

: anism permitted the sensor to be reproducibly positioned (£ 1716 inch) anywhere above
[: the soil box in all three dimensions. See Figure 41,

In order that the detection characteristics of the mine sensor remain stable

’ over a usable range of operating heights, initial effort under this contract concerned the

‘ development of a detector collimator which would eneble the maintenanece of maximum
R values for an M-14 mine as the sensor height was varied from 2 to 5 inches above the
soil surface, This was accomplished by fabricating a breadboard sensor utilizing the
uncollimated-source: collimated detector geometry (2 2.3 inches) and by using simple
right-cylindrical collimators of variable length (halt-angle). Figure 42 shows ko values
obtained with this arrangement as a function of sensor height. On the basis of these
data, it was determined that a half-angle of 7.1° both maximized R and maintained a
relatively constant value of R over a 2- to 5 meh operating range. Experiments also were
performed wherein R vaiues were obtained at various positions over the target as the

susor moved along a diameter. Results ol one such experiment, for the 5,17 half-angle
collimator, are shown in Figure 43, Distance measurements are from the center of the
wine to the center of the collimator, Nole that maximum R ocurs when the target is
stightly oftset toward the source,

Knowing that a 5,17 hall-angle collimator will function well in a mine sensor
i< of little valne in itself sinee, for a Vinch-diameter detector, this would mean using o
collimator almoxt a foot long, However the performance eharacteristies of this collima-

torvcan b used as reasonable performance eriteviacin the design of more caompat
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collimators. These criteria were satisfied (and, indeed, slightly surpassed) by a 1.5-inch-
long multiaperture collimator with holes of different diameters, See Figure 44,

It should be emphasized that the development of a mine sensor for which R

i is independent of h does not imply that ¢ 'will be independent of h or of soil type.

i Figure 45 shows the h and soil-type dependence of ¢ for an uncollimated-source -

‘ collimated-detector sensor utilizing a slightly less ideal honeycomb collimator, Since ¢
i is seen to be a strong function of soil type, the abrupt increase in ¢ resulling from tra-
versing a grassy patch of ground must induce a false alarm. Further, unless some means

can be found to ~ompensate for ¢ changes due to small h fluctuations, no viable mine sen-
sor can result, This brings us to the second major problem undertaken in this contract:
devising a realistic height-compensation technique.

Like TND (Texas Nuclear Division), IN (Industrial Nucleonies) undertook to
investigate several height-detection techniques, namely: beta backscatter, gamma back-
scatter using an uncollimaled source and an uncollimated detector, and K-edge filtration
of the gamma backscatter into a collimated detector,

(R s

The beta-backscatter study was condueted first using ancollimated %0 Sr/
%Y and ¥ Kr sources and a collimated Nal (%) deteetor, Countrate as a funetion of
sensor height was determined for cach ol the four soil types, Results of these measure.
ments are shown in Figures 40 and 47, Note that, for caci soil condition, the count-
rate is found to reach a maximum for h = 1.5 inches and then to fall off rapidly us hin.
creases further, These results are in qualitative agreement with those obtained by TND,
and, like those of TND, could be used as a basis for a height-compensated detector, pro.
vided that we are willing to aceept the requirement that the detector be recalibrated for
! cach soil type encountered. (Note the change in countrate with soil type in Figures 46
, and 47.)

s

Utilizing an uncollimated gamma deteetor proved to alford a simple means of

height compensation, provided we are concerned only with changes in detector elevation
above a level soil plane. Figure 48 shows the results of this phase of the effort, Note

"' that although countrate may be seen to be a funetion of soil type as well as of sensor
height, this was considered an advantage in this case, sinee the countrate of the mine
sensor varies as a function of the same soil variables (e., p and < 7.2>), However, for
this technique, the height sensor reads the average height above a large area of the sur-
face. Since the countrate of the mine sensor depends on its height above a small (mine.
size) patch on the surface, a small mound of soil would yield a false signal, and a mine
depressed below the surfuce would not be detected. For these reasons, no furthe s efford
was expended on this technigue,

o
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; The final techmique investigated involved the use of rarecarth filters. The
theoretical explanation of this technique may be found in paragraph 1le and will not
be repeated here. Three filters were tried: Sm, Bu, and Gd, which have Kedges at
46.8, 48.5, and 50.2 ke V, respectively. However, since no attempt was made to opti-
mize filter thickness, filter placement, or source/detector separation, and since optimi-
ration of all of these parameters would be required to fabricate a fieldable detector,
the results of this investigation can be said to have established only concept feasibility.

Figures 49 through 51 show the change in detector countrate as a function of
height with and without cach of the three filters and with and without an M-14 mine
in sand, If the »ddition of the filter achieved its desired result, a change in the slope of

the countrate-versus-height curve was to be expected. As may be seen from the figures,
significant change in slope was observed only for the Eu filter. Consequently, all further
: studies were conducted with this filter.

Figures 52 through 54 depict countrate-versus-height curves over the three re-
maining soil types (roadbed, humice, and grass-covered humic). Note that, as expected,
the slopes of the filtered and unfiltered curves continue to differ for all the soil types.
Unfortunately, the slopes of both the filtered and unfiltered curves do appear to vary
slightly with soil type, which, in turn, makes this technique of height compensation
less than ideal. Nevertheless, filtration was considered the most promising height-
compensation technique  nd was, therefore, implemented in an experimental sensor
head, Results of tests w .h this head will be found in section 1V,

"

\ IV, DELIVERED HARDWARE

The purpose of this section is to briefly deseribe significant end items delivered
under the contracts discussed in section HE and to present, in an unclassified context,
f the capabilities and limitations of cach,

18. Experimental Vehicle-Mounted X-Ray Backscatter Detector of Antivehicular
Mines, This detector was designed and fabricated under Contract DAAK02-69-C.0263
with the Nuclear-Chicago Corporation. Minor modification and e xtensive testing of this
detector were carried out under Contract DAAKO2.72.C-0271, also with Nuelear-Chicago,
Results reported here are extracted from the Final Report of this latter contract,®

a.  Description, The detector employed geometry (b), utilizing two Dunlee
Z-141 Xeray tubes as the source and four hermetically sealed Csl (1) seintillators

39 W. D. Miller et al., Test and Ewmliation of a ¥V hicle-Mountod Experimental Explosive Sensor System Using N Ray
Buckscattor Techniques, Confidential Final Report, Contract DAAKO2.72.C.027) (July 1973).
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coupled to RCA 6199 photomultiplier tubes as the radiation detectors. The system
could be mounted either directly to the front bumper of a %-ton truck (Figure 55)
or at the end of a 7-foot boom supported by a low-pressure tire. Power was supplied
by a Honda Model 1500E motor/alternator set. Foi evaluation purposes, a Honey-
well Model 2206 Visicorder Oscillograph was employed to record data from all four
detectors and a tachometer simultaneously.

Figure 56 is a closeup of the searchhead. The X-ray tubes were mounted
horizontally in the long aluminum tube visible below the support frame. Beam collima-
tion was provided by internal litharge sections and by lead sheet wrapped around the
outside of the housing. Positive high voltage was applied to the tube anodes by cables
entering at cach end, and negative high voltage to the cathode and filament power were
supplicd by a cable entering the housing from the top. The diclectric-oil coolant entered
the tube housing from both ends. flowed around the tube anodes, and exited through the
center top, The oil pump and cooling fan were housed in the aluminum box to the right
of the searchhead shown in Figure 56. High-voltage (11V) power supplies (Hipotronics,
Power Packs Models 8OBP and 80BN) were contained in the aluminum box to the left
of the searchhead, along with a small cooling fan. Each unit supplied up to 80 kV and
5 mA continuous, Since the X-ray tubes were operated in the centergrounded mode,
cach unit supplied half of the total high voltage. The emission control unit, the large
aluminum can situated behind the X-ray tubes in Figure 56, later was replaced by an
oil-filled unit situated on top of the HV power sapplics. By sensing the current drawn
by each tube from the negative HV supply, the control unit continuously adjusted fila-
ment power to give a constant X-ray-emission level (usually 1.2 mA ut 135 kVp, contin-
uous). The Csl (T9) detectors, situated in front of the X-ray tubes, were mounted in
lead shields to prevent the feedthrough of direet or single-scatter radiation. Collimation
was provided by Linch-deep by 0.1-inch-square lead honeycombs and by a 4-inch-long
annular shield mounted below the honeycombs, Fach detector viewed a cireular area,
~ 4.5 inches in diameter, on the soil surface at a nominal operating height of 15 inches.
The rectangular objeet at the front of the searchhead was a mirror which permitted the
vehicle operator Lo view the soil under the searchhead.

Figure 57 shows the service control section (behind driver’s seat), the
clectronies seetion (to the right of the driver’s seat), and the recorder as they were
mounted in the %-ton truck. The service control seetion distributed power from the
motor/alternator set (mounted on the rear bumper) to the remainder of the sy tem. The
clectronices section contained the high-voltage supply for the photomultiplier tub-s along
with four independent data channels and the tachometer, Each data channel consisted
of a low-nowke, gain-controlled amplifier; a single-channel analyzer; and a variable-time.
constant (25 to 1000-ms) ratemeter, Outputs from the ratemeters and tachometer were
recorded on the strip-churt recorder mounted at the right rear.
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b. Teat Conditions. In order to assess the performance of the vehicle-
monnted system for various soil iypes under near-real-world conditions, tests were con-
ducted along dirt roads at five Government facilities: Fort Hood, Texas; the Mississippi
Test Facility: Eglin Air Force Base, Florida; the Jefferson Proving Ground, Indiana; and
For’. Belvoir, Virginia. Tests were conducted over a 3-month period, from February
through May 1973. Targets for these tests were simulated M-19, M-15, TMDB, and TM-
60 antivehicular mines. (TM-60 mines were employed only at Jefferson Proving Ground
and Fort Belvoir.) All targets were filled with DNT and emplaced in accordance with
{ accepted military practices as outlined in FM 20-32 and TM 9-1345-200. Soil density,

: depth of emplacement, and the approximate density of the soil replaced* over the target
i were recorded. In addition, runs were made along dirt roads in wirich no targets were
buried in order to gauge the incidence of false alarms and to determine their origin.
Source/detector separation (q), search speed, and ratemeter time constant were para-

/ metrically varied in order to determine optimum parameters for field applicatin. The
range of variation of these parameters is shown below.

Range of Variables for Field Tests of Vehicular System

) Variable Range
q (In.) 4.75;5.75;6.75
Time Constant 7 (ms) 50; 100; 150
Search Speed v (ft/s) 4; 10
Operating Potential (kV) 135

Based on this study, it was determined that q = 4.75 inches, 7 = 50 s, and v = 4 ft/s
represented the best combination of parameters for field testing against antivehicular
mines. Higher scarch speeds would require correspondingly lower values of 7 (see dis-
cussion in paragraph 19c¢).

c. Test Results. Figures 58-62 depict the results obta‘ned at each of the
five test locations, setting q = 4.75 inches, 7 = 50 ms, and v = 4 ft/s, with the search-
head coupled directly to the front bumper of the %-ton truck. In each case, the peak
value obtained as the searchhead passed over the target is the center of the crosshatched
region at the top of the data bar. The width of the crosshatched urea representsat 2 o ;
variation about this peak value.” For comparison, the average background level, also with
a t 2 g variation, is shown next to each target return. These figures show a rapid de-
crease in the target signal as emplacement depth is increased from 1 to 3 inches; there A
is a comparatively smaller decrease from 3 to 4 inches. At no time did a target disappear
entirely, The Russian TMDB presented the strongest signature, and the Russian TM-60
the weakest,
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Although the test results, as presented here, appear to be extremely pro-
mising, thcy may be misleading in several important regards. First, the system was tested
inn areas known to be free of false alarms (e.g., buried organic artifacts, near-surface tree
roots, etc.). Separate searches were made of road ways simtlar to and in tke neighborhood
of the test area in order to assess the expected incidence of false alarms. A false alarm
was considered to be & point in the background (no target) trace which exceeded the nor-
mal background level by o certain ratio (R). Consequently, the number of false . larms
encountered per mile of search was very much a function of the minimal R considered to
represent an alarm. The higher the thresho'd, the fewer the number of false alarms bat,
also, the lower the probability of detecting a target. For example, Table 5 shows the
probability of target detection and the rumber of false alarms per mile as a function of
this threshold level for various targets and target-cmplacement depths, given the same
operating parameters used in obtaining the data shown in Figure 58. Thus, if 26 false
alarms/mi are permissible, then antivehizular mines may be detected reliably when em-
placed at a depth of 3 inches but not at a depth of 4 inches. If only 1 false alarm/mi is
permissible, then mines may be detected reliably orly up to 2 inches deep. 1t should be
noted that the entriesin Table 5 were arrived at by an inspection of the strip-chart re-
cording. No attempt at signal processing was made. Since a mine produces a spike of
characteristic duralion (as a function of scarch speed), appropriate signal processing
should significantly lower the false-alarm rate.

Table 5. Fulse-Alarm Rate and Mine-Detection Probability as a Function of the
Minimal ® Value Required to Trigger an Alurm

Probability of Mine Detection

Threshold M-19 h-values ''MDB h-values TM-64) hovadues Fule
l{.Vu]uu ([n’) (l ll.) (IIQ Alilr[ﬂS/Ml](!
12 3 4 12 3 4 12 3
.1 T T | I T R U oo
1.2 I U [ TS I | I T 277
1.3 [ A T | A D T B I B 20
LA L1 08 02 11 09 02 [ I
1.5 bl 040 I 1 05 0 L) o8 1

NOTE: Data taken at Jefferson Proving Ground, Indiana, with ¢ = 4.75 inches, v =~ 4 {t/s and 7 * 50 ms,

Sceond, the test areas were comparatively level. Although geometry (b)
i relatively height-insensitive (compared to geometries (a) and (¢)), it is known that deep
ruts (or other depressions) of width comparable to a mine diameter will produee false
afarms, However no tests were performed to quantitatively assess this problem.

Third. the test arcas were either free of surface vegetation (Jefferson
Proving Ground and Fort Belvoiry or covered with moderate vegeiation (Fort Hood,
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Mississippi Test Facility, and Eglin Air Force Base). Since it is known that dense vege-
tation will significantly lower R over a target and, if nonuniform, provide u potential
source of false alarms, results obtained along roads cannot be exirapolated to operations

across fields.
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Finally, and perhaps most importantly, the signal obLtained by the scarch-
head is partially a function of soil density. Data presented thus far were obtained by
emplacing the targets according to standard, Army procedures; in this case, this resulted
in the s0il above the mine being recompacted to approximately 75 percent of its original
density, *Further tests by the contractor demonstrated that if the soil could be recom-
pacted to its original density (which was not always possible), half the signal obtained
from a mine emplaced at 3 inches was lost and that a mine emplaced at 4 inches dis-
appeared entirely. (No significant signal loss was ncted for targets emplaced at 1 and
2inches.) Consequently, it must be concluded that mines emplaced at depths of 4
inches or more and which have *weathered " will escape detection by this system.

g; Further, in areas where mines have beer. freshly emplaced, the enemy could generate
false alarms for harassment purposes by digging and refilling holes.

T e T TN

TN IR

T

¥ d. Conclusions. In these tests, the vehicle-mounted, X-ray backscatter sys-
! tem was demonstrated to be capable of becoming a practical field device capable of
detecting nonmetallic antivehicular mines emplaced at depths of uy: to 2 inches along
dirt roads maintained in reasonably good repair. It also was demonstiated that mines
freshly emplaced in dirt roads at depths ¢ 3 inches or more could be detected reliably
with a reasonably low incidence of false alarms, provided that the mine emplacements
are the only holes dug and refilled along the roadbed.

19. Experimental Man-Portable Detector of Antipersonnel Mines (Coaxial Geome-
try). This detector was designed and fabricated under Contract DAAK02-71.(-0359
with the Nuclear-Chicago Corporation. In total, three complete datectors were fabri-
cated, The first such unit utilized 100 mCi of 2*' Am per detection element; the latter
two units utilized 300 mCi of 2*! Am per detection element. Test results reported here
were obtained at Fort Belvoir with the first-delivered detector.4

a. Description. Figure 63 shows the scarchhead, electronics package, and
associated hardware. Figure 64 shows the system in use at the Fort Belvoir Mine Lanes
Test Facility. Note the three cylindrical housings mounted on the base plate of the
searchhead. Each of these housings contained a 1.5-inch-diameter by 0.5-inch-thick

4“0 Because of the degree of collimation required by the searchhead geometry, the source surface area could not be
increased. Since 244'Am has a low specific activity ara a low gamma-ray encrgy, increasing the source activity
by a factor of three increased the gamina flux at the ».perture of the source: collimator by less than 50 percent.
Conseyuently, the performance manifested by the f-rst searchhead was not significantly different from that

manifested by the latter two searchheads,
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Csl (TR) scintillator coupled to an RCA 31016F photomultiplier, an ' Am source (in this
case, 100 mCi), and a combination collimator/scatter shield (see Figure 36). In addition,
lead shields were positioned along part of the interior of the cylindrical housings to pre-
vent crosstalk between detection elements. ‘The meter, visible at the rear of the search-
head in Figure 64, was omitted from the latter two detectors, leaving only the aural
readout. The searchhead was designed to operate at a height above the soil surface of
from 1.5 to 3.5 inches, clearing a swath 6 inches wide (2 inches per detection ciement)
with a lateral scan speed on the order of 1 ft/s.

The cleetronies package contained the batteries, the high-voltage supply
for the photomultiplier tubes, three linear amplifiers, three diseriminators, three
variuble-time-constant ratemeters, and the alarm subsystem. The alarm subsystem pro-
vided an audio signal to the earphones: the frequency of this signal increased with the
output of the highest reading ratemeter. In addition, jacks were provided to enable the
recording of the three ratemeter outputs directly.

b.  Test Conditions. Tests were conducted in an inorganic clay test lane at
the Fort Belvoir Mine Lanes Test Facility, The composition of the soil wag 72 percent
Si0y, 20 percent Fe, 05, 5 percent organie, and 3 percent HaO0; < 22> 2 [2 (see Table
2). For purposes of these tests, the detector searchhead was stiached to a wouden dolly
suspended on tracks above the test lane. Using the jacks proviacd on the electromies
package, the ratemeter output from any one detection element was recorded on a Hew-
leet Packard Model 321 strip-chart recorder. Search speed was measured by dividing the
distance traversed by the total time expended. However, because the speed of the dolly
vaned greatly from point to point for the same setting of the speed control, these figures
should be considered only as average speeds. Similarly, although the surface of the test
lane was nominally level, the figures given for detector height also should be considered
to be averages, Targets for these tests consisted of M-14 antipersonnel-mine cases filled
with T oni -+ of DNT and of mockups of PMN (USSR) and P-PMA-1 (Yugoslavian)
antipersontiel mines, The foreign mines were fabricated in-house from drawings in
™ 5-280 (Foreign Mine Warfare Equipment) and conformed to the originals in size,
geometry, total weight, and weight of the high-explosive charge, DNT was used in place
of TNT, and the balance of the mine was constructed of Lucite and epoxy. See Figure
65 and Table 6. All targets were emplaced in a straight line along the eenterline of the
path of one detection eleraent. The M-14 mines were emplaced at 0 and 0.5 inch; the
P-PMA-I and PMN mines were emplaced at 0, 0.5, and 1.0 inch, In addition, mines with
no DNT fill, emplaced flush with the surface, and an empty M-25, with its pressure plate
above the surface, were inserted into the test line. The beginning and end of the test
line were identified, respectively, by the signals produced by a DNB blek and a bar
mine (UK) emplaced flush with the surface,

100




3
o

S G i S

e T e LT R TR 2R T e

TR

MOCK-UP MOCK-uUp

PMN NONMETALLIC P-PMA-1 NONME
ANTIPERSONNEL MINEC ANTIPERSONNE
(LISSR) (YUGOSLAVIA)

Figure 65, Simulated foreign aunes,

101

SRR AT Ry Rk e e Rt AENARTERRGITORIL T
AR LR St L i SR el St LoD AN L R At hE iy R VORI T AR ENLE T Al

TALLIC
L MINE

V3064

T S




R T MO T R

LT T B R A T TN e T s

T

ST RTE TR O

- TR - o L ERITY ST T TV T A T
W T Y T PR gaaar ol o e v

Table 6. Specifications Utilized in Preparing Mockups of Foreign Mines

Weight Main Charge

Type Shape Dimensions (Ounces) (Ounces of TNT)
PMN Cylindrical 4.5 In. Diameter by 19 8.4
(USSR) 2.2 In. Deep
P-PMA.-1 Rectangular 6 In. Long by 9.8 7
(Yugoslavia) Box 2.6 In. Wide by

1.3 In. Deep

¢.  Test Results. Figure 66 depicts a sample run made with the detection
element centered on the test line at a height of 1.5 inch and the ratemeter time constant
7= 100 ms. The legend indicates the order and nature of the targets in the test line.
The test results shown here are representative of the performance of this detector.
Although the signal levels and signal-to-noise (S/N) ratio for specific targets could be in-
creased or decreased by varying the test parameters, no target buried deep enough to
escape detection in this trace could be discerned in any other test run. In each instance,
the mines emplaced at 0 and 0.5 inch were detectable, as were the empty PMN and M-14
mine coses emplaced flush with the surface and the empty M-25 mine case. In each in-
stance, the PMN mines yielded the strongest signal and the M-14 mines, the weakest.
Neither fore’, .1 miine emplaced at | inch could be detected.

Parameters varied for these tests were scan speed V, ratemeter time con-
stant 7, detector height h, and lateral displacement of the searchhead. Figure 67 illus-
tre1es the effects of varying 7. The portion of each trace to the left of the heavy, vertical
line was obtained with the detector stationary ; consequently, the signal fluctuations
shown are due almost entirely to statistical noise. Note that as 7 increases, the ampli-
tude of these statistical variacions decreases. By visually projecting these statistical varia-
tions across the traces, one may conclude that, given the ideal conditions of the test lane,
no other source of noise is gignificant. From Figure 67 it also may be concluded that
the S/N ratio for a target at a given scan speed varies with 7. In general, the larger the
target diameter, the higher the optimum value of 7. From a visual inspection of the
data, it was determined that ~ 100 ms worked best for an M-14 and that ~ 150 to 250
ms worked best for a PMN,* However, since in all cases the M-14 posed the more diffi-
cult detection problem, further tests were performed with 7= 100 ms.

4 It can be shown that, in counting random events with a ratemeter, the optimum operating condition for detect-
ing a transient increase in the mean counting rate is achic = ed when r & 0.8t, where t is the duration of the tran.
sient. However, it also can be shown that transient detection does not degrade rapidly as 7 is varied from this
value, The reader may readily verify that agreement with this result was obtained in the present case. (K. G,
Poryes, Detection of Transients in Nuclear Surveillance — Counting Channels, Report No. ANL.7470, Argonne
National Laboratory (Nov 1968).]
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Figure 68 illustrates the effect of varying detector height. Note that, s
hincreases, the S/N 1atio decreases for all targets, although this effect is of greater im-
portance for the smailer targets. Over the designated operating range of 1.5 to 3.0 inches,
the 8/N ratio for a PMN decreased by 20 percent; whereas, for an M-14 the S/N ratio
decreased by 50 percent. The change in the no-mine signal over the soil as h was varied
was far more stable: over the 1.5- to 3.0-inch operating range, the signal increased by
less than 5 percent. This indicate ! that minor changes in soil microrelief would not pro.
duce false alarms.

Figure 69 illustrates the effects of displacing the sensor to the left or
right of the test line. The larger targets (P-PMA-1 and PMN) showed essentially no de-
crease in S/N for left or right displacements of at least 1 inch, The M-14 and M-25, on
the other hand, showed marked decreases for evan 0.5-inch displacements. Since the
design goal for each detection element of the searchhead was to cover a 2-inch-wide
swath, the marked drop in 8/N for an M-14 passing the detection element 1 inch off
axis (50-percent drop for l-inch-right displacement, 85-percent drop for l-inch-left dis-
placement) indicated that a target the size of an M-14 could pass readily under the
scarcbhead and still not be detected.

In addition to the tests performed in the Mine Lanes, the detector was
employed in iests along dirt roads and in grassy arcas of Fort Belvoir in order to assess
the detector’s potential false-alarm rate ander real-world conditions. Although no
attempt was made to record or analyze the detector’s performance under these condi-
tions, it was clearly determined that operating the detector in areas with even moderute
vegetation resulted in continuous false alarms: small clunips of grass always yielded sig-
nals as strong as those obtained for a surface-emplaced M-14. The PMN mine posed a
better target, but even the signal from this mine could be lost in sufficiently lush vegeta-
tion. Only in areas with no visible vegetation did the false-alarm rate drop to a reasonable
level, In this environment, the detector could reliably detect PMN mines buried at depths
of up to 0.5 inch, although it could not reliubly detect surface-emplaced M-14's due to
the limited coverage of the deteetion elements.

20. Breadboard Searchhead: Man-i'»iable Detector of Antipersonnel Mines
(Geometry (b)). This searchhead wag d-sigv»od and fabricated under a modification to ‘
contract DAAKO02-71-C-0359 with the N cics-Cricago Corporation after preliminary !
testing of the previously fabricated coaxial .. - chbead had revealed its deficiencies. The ;
design objectives of this latter searchhead were £+ 7old: (1) o enable the detection of
asurfuce-cmplaced M-14 mine in a mioderately vegetates envid onment and (2) to assure

st n

the detection of an M-14 mince passing anywhere beneath e searchhead, The search- |
head employed a 25e/%2Y beta source and small Geiger-P uehi:« detectors to effect ]

height compensation, along with 2% Am gamma sources and ¢ s1{¥a) scintillation detec-
tors for target detection. (See paragraph 16)
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a.  Description. Figure 70 is a sketch of the breadboard searchhead. It con-
sisted of six detection elements unequally spaced about a 4-inch-diameter circle.and a
single, cylindrical source collimator/shield placed at the center of that circle. Structural
support was provided by two spaced, aluminum disks; a separate cover plate was pro-
vided to shield the cxit port of the source cylinder when the searchhead was not in use.

The spacing of the detection elements was such that, when the searchhead
was laterally scanned, each element vicwed a nonoverlapping, 0.75-inch-wide swath.
Each element consisted of a lead-shielded, 1-inch-diameter by 1/8-inch-thick CsI(Na)
scintillator, coupled to an RCA C31016F photomultiplier and placed above a 1-inch-
diameter by 1.5-inch-lor:g, cylindrical lead collimator. An Amperex 18550 (623) GM
tube was positioned in e collimator with the tube axis 0.5 inch below the lower face of
the scintillator,

The lead source cylinder (positioned between the aluminum support
disks), contained four 300-mCi 2*! Am gamma sources — each with its own collimator —
and a 1-mCi ®Sr/*%Y beta source positioned at the bottom of the cylinder. In the
electronics package, four external potentiometers were provided; these controlled beta
offset, beta slope, gamma offset, and gamma slope. Before using the searchhead, it was
necessary to follow a calibration procedure to adjust these potentiometers for the local
soil conditions. (See paragraph 16, especially Figure 37, for explanation.) Output of
the electronics section could be displayed on a meter or remotely recorded on a strip-
chart recorder.

b. Test Conditions. By the time of delivery of the breadbosrd searchhead,
it already had been determined that, given the theoretical limitations of the photon-
backscatter approach, no mine detector utilizing this principle would find acceptance
within the Army system. Consequently, only limited acceptance testing of the bread-
board searchhiead was performed,

Tests were performed in the Mine Lanes Test Facility in order to facili-
tate reproducible positioning of the searchhead and recording of the data. The soil
sample used for these tests, however, was taken as a single block from a grassy area of
Fort Belvoir. No attempt was made to quantitatively assess the organic and water con-
tent of this sample; qualitatively, it was moist and fully covered by grass and weeds, The
only target used for these tests was an M-14 mine casc, filled with 1 ounce of DNT and
buriced flush with the soil surface.

¢.  Test Results. After calibration of the scarchhead over the soil sample,

tests were run at three heights: 2, 2.5, and 3.5 inches. (See Figure 71.) Scans at heights
below 2 inches were precluded by irregularities of the soil. Scan speed, although not
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ligure 70. Sketch of beta-gamma breadboard searchhead.
(After Miller, Anastasi, and Tucker)
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measured, was extremely Jow (< 0.5 ft/s); data were recorded only for the detector ele-
ment pasging directly over the target.

The S/N ratio measured for the M-14 varied from a high of ~ 2 ath =2
inches to a low of ~ 1.5 at h = 3.5 inches. It must be emphasized, however, that, unlike
in the case of the coaxial detector, the “noisc” we now refer to is due to surface irregu-
larity and differences in organic and water content, as well as to statistical variations.
Under identical conditions, the coaxial detector was totally unable to detect the M-14.
On the negative side, it must be remembered that this searchhead must be calibrated for
cach type of soil encountered. Figure 72 shows the result of using the searchhead, while
calibrated fir grass, over a gravel test bed in which a P-PMA-1 mine has been emplaced.
Clearly, variations in the background are prohihitively large.

d. Conclusions, Tests of the breadboard-model searchhead demonstrated
that it did meet its design goal of detecting surfacemplaced M-14 mines in moderately
vegetative areas, No offset tests were performed to determine if this searchhead, like
the couxial searchhead, had a coverage problem. However, logic (and contractor-
perfermed tests) indicate that the searchhead did not suffer from such problems (each
detection element viewed a 0.75-inch-wide swath instead of the 2-inch-wide swath in
the coaxial design). Principal deficiencies of this breadboard-model detector were its
slow scan speed (~ 0.5 ft/s), narrow coverage (4-inch-wide swath), and need for calibra-
tion before use.

21. Breadboard Searchhead: Man-Portable Detector of Antipersonnel Mines
(Geometry (c)). This searchhead was designed and fabricated by the Industrial Nucleon-
ics Corporation under Contract DAAK02.72-C-0619. The searchhead was developed
concurrently with the development of the geometry-(b) searchhead by TND. The major
design objectives for this searchhead were identical to those for the geometry-(b) scarch-
head, namely: (1) to detect surface-cmplaced M-14 mines in moderately vegetative
media, and (2), to deteet M-14 mines passing anywhere beneath the scarchhead. As a
secondary design objective, it was intended that the R values obtained by this search-
head for M-14 mines be essentially independent of searchhead height over the designated
operating range h = 2 to 5 inches. Height compensation of the searchhead was to be
accomplished by the K-cdge filter technique (see paragraphs 11e and 17), although the
delivered breadboard detector was neither optimized for the implementation of this
technique nor capable of the necessary real-time signal processing,

a.  Description. The scarchhead consisted of two 1-inch-diameter Nal (T &)
scintillators coupled to 2-inch-diameter photomultipliers. (Employment of 2-inch-
diameter insicad of 1-inch-diameter photomultipliers was a miste’ie on the part of the
detector veador. The performance schedule of the contract precluded rectification of
this error.) Collimation was provided by 1.5 inch-long, variable-hole-diameter brass
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! cylinders (see paragraph 17). The detector axes were tilted toward cach other so that ‘
i both detectors viewed the same area on the soil surface for h = 2,5 inches, A thin Ku :
i foil was placed in {ront of one of the cylinders. The souree, 1 Ci of %' Am, wes housed ;
) in u lead cylinder between the detectors and was shiclded by a spring-toaded lead shutter "
? when the searchhead was not in operation, When the shutter was open, the source ,-
§ irradiated the entire area below the searchhead, The elecironies package for this search-

i head was in the form of NIM modulfes: high-voltage supply, linear amplifier, single-

i channel analyzer, and printing scaler/timer. Output from both detectors could be proc-

y essed and recorded simultancousty.

?"

’ h.  Test Conditions. Tests were performed by the contractor with the appa-

ratus and under the conditions described in paragraph 7. In addition, some very limited
tests were performed at the Fort Belvoir Mine Lanes Test Facility utilizing a level and

. essentinlly uniform picee of sod over a gravel base as the test medium, The target for all

: tests was an M-14.mine case filled with 1 ounce of DNT'. All measurements for this
searchhead were made in a static configuration and with long count times, Consequently,
statistical variation in the data was not significant,

i ¢ 'Test Results, It was empirically delermined by the contractor that the

quantity Ny 2/N, (where Ny and Ny are the total number of counts obtained by the

; filtered und unfiltered detectors, respectively) represented a good figure of merit for
target deteetion, 1t must be empnasized, however, that the searchhead was not opti-

mized for height compensation and that this figure of merit was not the result of an

: analysis of signaf-processing techniques, Pigures 73 through 76 show Ny 2/N, asa fune.

tion of position for several values of h for each of the soil types considered (sand, road-

3 bed, humie, and grass-covercd humie). In cach case, the axis of the target wasat Y = Q.

l These figures indicate that an M-14 could be detected by w searchhead of this kind over

the range of b values considered for all soil types except the grass-covered humic. In this

lust case, for constant values of h, the target was clearly discernible. flowever, the count-

rate was found Lo vary too greatly with searchhead height to permit reliable detection

in the field, Without additional effort, it cannot be determined if the target-masking

effeels of insufficient height compensution could be overcome by better sensor design

or signal processing,

The tests performed at Fort Belvoir did not attempt to achieve height
compensation: the sod employed was as uniform and level ag possible, and only differ-
ences in the unfiltered countrate were consideved, These tests showed that an R value

of ~ 1.3 was attainanle {or a surface-emplaced M-14 in moist sod,

d.  Conclusions. Tests of the geometry-(e) hreadboard-model searchhead
demonstrated that an uncotlimated-source ~ collimated-detector design can detect
surface-emplaced M-14 mines in moderately vegetative areas, No altempt was made to

B NP -

13

T Wy VSR W PRI YOy 5 i Sl iy, T i |
SITE WU VISR TN Cran s e Ly O L :
N1 " L o AL 0
Gt A Kk 3k S a0 b 2 :
o APRYR) LA a8 115 4 )
2 U EE a8 herarn A b 6110 iy i LT gL




AT

12

101
o ,l
Ll g
< ‘v
(-«
24
=
(@)
\
Wl
o]
o
or
il
5t
"/A‘\"
¥ — .
3....
2 1 1 1 | | | | 1

2

1

-9 -4 -3 =2 -l 0 ] 2 3

DISTANCE FROM CENTER OF MINE (IN.)

Figure 73, Ferformanee of filter height-compensated searchhead (sand).

(A fter Thompson)

14

v s 1 B R LA A Bl B R &

HEIGHT, h (IN)

i e E . S AL o, S S




. TSP —
AP I ST R TR YT E e
AT DR I T ) T t
- T —Ty TR

12
11~

10 /

HEIGHT, h (IN)

DETECTION PARAMETER
(=}
I
| |
S

2 1 L ] | | i I 1 1
-5 -4 -3 .2 -1 0 1 2 3

DISTANCE FROM CENTER OF MINE (IN.)

Figure 74, Performance of filter height compensated searchhead (roadbed).
(After Thompson)

e e v A MM




<t SRR LS o o S Y e S TS oL s YRR e Tl e N T ey T T T A T T WV R AT T 3 TNV BTN L ST AT VGUNTR BATATET

SEORTT L

BT e R R T T N R T e TR

12

HEIGHT, h (IN)

DETECTION PARAMETER
oC
T
—
“

&}

o — 5 WA

2, 1 ! 1 1 1 1 |
5 -4 -3 -2 -1 0 1 2 3 & f

DISTANCE FROM CENTER OF MINE (IN.)

Fagure 5. Performance of filter height-compensated searchhead (humice).
(After Thompson)

ARt i B

116




T ashvE it UV R PRI T Y Y

I S e TR R

14}
s
13
12f
11+ \/
2
10F //
&gl 3
o L -
= 8 4 =
\. Q. .
‘r z =
S i)
| =
6 )
5 —
4
3 b
2 L L i | i l n 1 %
-5 -4 -3 -2 0 1 ¢ 3 4 |
DISTANCE FROM CENTER OF MINE (IN.) i
Figure 76. Performance of filter height-compensated searchhead (grass-covered humic). :
(After Thompeon)
117 ?

ok bt LAE e Y g L BRI by B DA
ST T R IV VT




T T R R

T L SR P ITEn I TN e i R R

assess the coverage potential of this design, althougl: there is no reason to expect this
to be a problem. Unlike those for the TNID) scarchhead, R values for the geometry-(c)
searchhead remained essentially constant for h = 2 te 5 inches. This however, was
achieved at the expense of countrate; it was for this reason 'hat nnly static measure-
ments were made. Finally, the geometry-(c) searchhead demonstrated the potential
feasibility of utilizing the K edge filter technique to achieve height compensation,
Although by nc means certain, this technique does look promising.

V. SHMMARY AND CONCLUSIONS

22. Summary and Conclusions. X-ray and gamma-ray backscattering have been
examined from theoretical and exnerimental viewpoints, and observed results have been
explained. Development and testing of experimental detectors using these principles
have been described. Inhereut limitations of the backscatter approach have been iden-
tified. Principal among these limitations are the limited penetration depth of photons
of useful energy and the sensitivity tc naturally occurning low-Z materials (especially
vegetation). It is concluded that these limitations ontweigh the capabilities of the
backscatter approach when viewed from a practical military standpoint,
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APFENDIX A

r MONTE CARLO CALCULATIONS

, In June 1969, personnel of the Nuclexr Kffects Laboratory (NEL), Edgewood
; Arsenal (later part of the Ballistic Research Laboratories (BRL), Aberdeen Research and
Development Center), undertook to perform certain Monte Carlo caleulutions in support

'» of the photon-backscatter mine-detection program. It is the purpose of this appendix to
k discuss the nature and results of these calculations as they relate to that program. The

- basic Monte Carlo program utilized in performing these calculations is available from
Ouk Ridge National Laboratory. A A% A discussion of the correlated sampling tech-
nique employed by NEL may be found in a BRL report. A%

!

- For purposes of these caleulations, the following physical model was employed

(see Figure A-1): A disk of dinitrobenzene (DNB), 9 inches in diameter by 3.5 inches

; thick, was emplaced at depths (d) of 2 and 4 inches in a dry, homogeneous soil medium.
' Chemical composition of both DNB and soil are shown in Table A-1. A monoenergetic
.; photon flux at energies of 70,130, and 200 keV was assumed normally incident within

] a 1.75-inch-diameter circle on the soil surface, the center of the circle being on the axis
1 of the buried DB disk.
] Given the above input parameters, the computer generated the following data for

two cases (target present and target absent): the number and energy of vhotons (per

incident photon per square centimeter) backscattered from the soil, nermal to the soil
surfuce, within the radial (R) intervals 0 to 2,2 t0 4,4 t06,6 1o 8,810 12,1210 17,
17 to 22, and 22 to 28 cm. (R = 0 corresponded to the axis of the target.) Note that
this model corresponds to 1 vertieally collimated source and a vertically collimated

a S K. Penny, D, K, Trubey, and M. B, Emmett, OGRE, A Monte Carlo System for Gamma-Ray Transport Studies
Including an Example (OGRE-PI) for Transmission through Laminated Slabs, Report ORNL-3805, Oak Ridge
National Laboratory (1966).

A2 D. K, Trubey and M. 8, Emmett, OCRE-G, An OGRE System Monte Carlo Code for the Calculation of Gamma.

Ray Dose at Arbitrory Points in an Arbitrary Geometry, Report ORNL-TM.1212, Oak Ridge National Labora-
tory (1966).

A3 W_ A, Coleman, Caleulations nn the Sensitivity of the X-Ray Field Backscattered from Soil Due to Subterranean
Material Differences, Report BRL-R-1537, Ballistic Research Laboratories (1971),
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detector, i.e., geometry (b), (paragraph 6).A% (Sce Figure 7.) Results for = 130 keV
and d = 2inches are shown in Figure A-2; results for £ = 200 keV and d = 4 inches
are shown in Figure A.3,A5 A

Table A-1. Chemical Conposition of DNB and Soil Used for
Monte Carlo Calculations

Element Soil (g/em?) DNB (g/em?)
3! 0.0195 0.0343
C 0.1378 0.6171
N 0 0.2400
0 0.5616 0.5480
Mg 0.0026 0
Al 0.1872 0
Si 0.2626 0
Ti 0.0091 0
Fe 0.1196 o
Total 1.3 1.44

In Figure A-2, a maximum may be seen to exist in the 80 to 90-keV energy bin for
all values of R, the relative magnitude of this maximum decreasing as R increases. For
R =0 to 2 centimeters, and probably for R = 2 to 4 centimeters, the major contribu-
tion to this maximum comes from single scatter, which, for these small R-values, is not
geometrically excluded. (E_, =86.16 keV.) The continued presence of this maximum
for larger values of R may be seen to be due to double scatter, since for this particular
case (6 = 180°) all double-scattered photons will exit the medium at the single-scatter
energy. (The reader wishing clarification of this point is referred to USAMERDC Report
2097.A7) A similar situation may be seen to obtain for the 100 to 120-keV bin in

At By requiring that the backscattered photons exit the mediwn normal to the surface, perfect detector collima.
tion has been assumed. For real detectors, however, the solid angle subtended by the detector at the final
scatter point in the medium will vary with the depth of that scatter point, As u result, some lack of agreement
between computed and experimentally obtained results may be expected. Robert Genet, Raff Associates,
Silver Spring, Maryland, private communication (1973),

Although it is customary to present data of this kind in the form of histegrams, we have clected to connect the
midpoints of the energy intervals to form simulated pulse-height spectra, This was done to emphasize the
difference between spectra for the mine-present -mine absent cases,

A6 Ny spectral data are shown for the E | = 70&keV, d = 2-inch case sinee the grest majo ity of the backseattered
photons was found to fall wathin two 10-keV.wide enerpry bins,

A7

K, L. Roder and D. G. Conley, Computed Energy Distribution of Double-Scattered Photons. Obtained for
Purposes of Mine Detector Design Analysis, USAMERDC Report 2097 (1974).
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Figure A-3. Note that Figurcs A-2 and A-3 demonstrate a very rapid decrease in the
number of normally b: ckscattered photons as R increases.

Figures A-4 through A-6, respectively, show the increase in backscatter flux
(A ¢/¢), with the target present versus target absent, integrated over energy, for three
cases: E =70 keV, d = 2inches; E, = 130 keV, d = 2 inches; and Eo =200 keV,
d = 4 inches. Figure A-5 also shows A¢/¢ for each of two eneigy components of the
backscatter flux: 40 to 80 keV and 80 to 110 keV.

Figure A-5 appears to reflect experimental results the most accurately: A ¢/¢ is
seen to increase with R until R = target radius (~ 11.4 ¢m in this case). Beyond this
point, A ¢/¢ decreases but does not drop immediately to zero. The lower energy com-
ponent of the target signal decreases considerably more abruptly at the target/soil inter-
face than does the Ligher energy (80 to 110-keV) comporent, as might be expected due
to the sudden increase in photoelectric cross section at this point. Figures A4 and A-6
aiso show decreases in A ¢/¢ as R increases past the edge of the target; although these
changes are not as pronounced as in the E_ = 130-keV case.A8

; Finally, Figures A-7 through A-14 depict computed backscatter spectra obtained
for the same source and target/soil cunditions specified above (for E, =130keV,d = 2
inches), but relaxing the constraint that only photons backscattered normal to the sur-
face shall contribute. Note that the ordinate values shown in these figures are no longer
in photons/cm?, but are, rather, the total number of photons backscattered within rings
specified by their respective radial intervals. Since the area of these rings increases as R
increases, the fluence is acttally a decreasing function of R. Physically, the spectra
shown would correspond to those obtained by uncollimated ring scintillators with 100-
percent efficiency. As a result, detector response is no longer independent of height, and
each figure corresponds to one ring detector varied in height from 0 to 18 inches., These
figures demonstrate that, for this geometry, (1) countrate varies as a funciion of detec-
tor height, and (2) A ¢/¢ values are very low compared to those obtainable with geometry
(b) and vary with detector height, It should be noted that the collimated-source—
uncollimated-detector geometry was never investigated for mine detection and that these
computational results only reinforced our intuitively reached conclusions.

A8 A wordof caution is in order in interpreting these results: because Monte Carlo computations consist of follow-
ing the histories of indi~idua! photons, statistical errois are often significant. (Each of the cases discussed re-
sulted from the comp.ation of 10,000 photon histories.) As a result, the lower the total number of photons
scattered to a given radial interval, the higher the statistical error in that number. Thus, for example, the percent
relative standard error for ¢ for E_ = 130 keV is 1.6 percent for R = 2.4 ¢m and 8.1 percent for R = 17.22 em.
The number of recorded events also affects the statistical certainty of the A ¢/¢ values: but, because of the
correlated-sampling technique employed, the percent relative standard errors generated for this guantity are still
not urreasonable, For example, for I‘Zo = 130 keV, the error is 2.5 percent for R = 2-4 em and 10.6 percent for
R=17to22cm,
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APPENDIX B

STATISTICAL ANALYSIS OF BACKSCATTER MINE DETECTION

Since the emission and scattering of radiation are both random processes, the num-
ber of counts observed by a backscatter detector during an interval T can be represented
by a Poisson distribution. For a sufficiently large count, this can be approximated by a

Gaussian distribution, which is continuous rather than discrete:

/ —

1 N-=N\j2
P(N) = ——t €3 RV A ,
(N) T exp 2 -

where P(N) is the probability that N counts will e obscrved in the interval T if Nis the

mean number observed in many such intervals. The standard deviation g of the distribu-
tion is given by:

o= VT = ¥

for sufficiently large N,

In the case of mine detection, let N be the mean number of counts observed during
a time T over unmined soil, and let M be the corresponding value over a buricd mine. The
distribution of counts in cach case is shown in Figure B-1. Note that Mis larger than N
because the backscattered flux is greater over the mine. The standard deviation of the

“mine-present” count is then \/_l;'l_ , and the standard deviation of the “mine-absent”

count is \/?V_— [n order to detect the mine, it is necessary to establish, at some number
of counts 1,, an alarm threshold which lies between M and N, Whenever an individual
count exceeds Ly an alarm is given. It can be seen from Figure B-1 that a portion of the
“mine-present” distribution lies below 1 and that a portion of the “mine-absent” distri-
bution lies above L. These facts will lead to undeteeted mines and false alarms, respec-
tively. For reliable detection, it is desired to minimize these overlapping portions of the
distribution curves, Since the ratio R = M/N is fixed for a given detection situation, and
since the relative widths of the distributions can be narrowed by increasing Mand N, it
is possible to obtain any desired confidence level by the use of sufficiently large counts,
Such a procedure is limited in practice, however, by the maximum counting rate of the
detector and by the required speed of scarch, as well as by the allowable source size.

It is of interest to determine the value of N, the mean number of counts over un-
mined soil in the interval T, which is necessary to provide the required degree of
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certainty of detection and certainty against false alarms.

The probability Pj of detecting a mine which is present is given by

L]

L= 1 f Q’L_W‘l’ ]
P, = — exp |-% +— dM,
" Vem 4 [ M

which is simply the integral of the portion of the “mine-present” distribution lying
above the threshold L. This integral can be reduced to

Py =% [1+H(M\/_'2;_):l ,

where H is defined as the error function and is tabulated in st: ndard mathematical tables.

Similarly, the probability Py, that a count of duration T (which is sufficient to pro-

duce an average count N) over unmined soil will result in a statistically induced false
alarm is given by

L. j (N-F)*"
P, = —== exp | -% — dN,
' V2N ) [ N

which reduces to

P, =% [1 - ("-‘f)] ,
2N
where H is again the tabulated error function.

For a given value of R = M/N, it now is possible to determine the lowest value of
N which will simultaneously produce any values of Py, and P, desired. Calculations
have been carried out for values of R ranging between 1.1 and 2 and for values of P,
and P from 0.90 to 0.9999 and from 0.10 to 0.0001, respectively. The results are
shown in Figure B-2, Note that complementary Py, and P, values have been coupled for
simplification, although this is not necessary (i.c., cuives are shown for P, = 0.90 while
P =0.10, for Py, = 0.99 while Py, = 0.01, ete.). Using these results, it is possible to ob-
tain an estimate of the counting rate required for a given ratio (R), forward speed (V),
mine size (Q), and degree of coanfidence desired. The necessary counting rate C is given

by

1.47 (ft/s / mi/h) N (counts) V (mi/h)

C(cps) = 0 (i)
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For example, consider the case of a vehicle-mounted detector: The ratio R for a mine
buried 2 inches below the surface has been determined to be about 1.3, neglecting dis-
turbed-soil effects. If the mine is 1 foot across, the desired forward speed 3 mi/h, the
degree of certainty of detection 0.999, and the allowable false alarm rate | per 1,000
feet of forward travel, the value of C can be seen to be abou” 2,200 cps. For a single
scanning lane, if the confidence levels were reduced to Py = 0.99 and Py = 1 per 100
feet, the required counting rate would be about 1,200 cps.

Other desired values could be chosen for the parameters, and the resulting required
countrate could be found; but, the general result of this analysis is that the countrate
probably should be at least several thousand per second for a vehicular-mine detector.

It must be noted thai although a high countrate has obvious advantages, it also carries
penalties: Higher source strength is required, which leads to greater power requirements,
increased weight, and higher radiation exposure to operating personnel. In addition,
faster detectors and counting circuitry are required. Clearly, a compromise is necessary,

and the final design must be determined by experiment,

It should be noted that this analysis has considered only statistical fluctuations in
the countrate. The effect of height variations and differences in soil composition and
density will be to increase or decrease the countrate from its average value, For the pur-
pose of considering Py , it should be assumed that such effeets will decrease the countrate
just at the time when the deteetor is over a mine, thus tending to mask the mine’s presence,
In considering Py, it should he assumed thal the countrate will be increased over “inno-
cent™ ground, wnding to create false alarms. The net effect is, therefore, a broadening
of the *“Mine-present” and *“Mine-absent” distributions toward the threshold (i.e., toward

cach other) and a consequent degradation of detector performance. The extent of these
effects could be determined only by field testing.
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