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Abstract. Recently we proposed and investigated the feasibility of a novel ap-
proach for gamma-ray single-sided in-depth sensing and tomography of dense
optically opaque media. The approach is based on graydar (Gamma RAY De-
tection And Ranging) principle, that is, time-to-range resolved detection of the
backscattering-due radiative returns from the probed object irradiated by pulsed
gamma-photon pencil beams. It was shown analytically and by simulations that
under Poisson noise conditions such an approach would enable one, at reason-
able sensing-photon fluxes and measurement time intervals, to accurately deter-
mine the location, the material content, and the mass density of homogeneous
ingredients within homogeneous surroundings as well as the mass (or electron)
density distribution within one-material objects. At the same time, being quite
general, the idea of graydar sensing should have considerably wider applied po-
tential. In the present work we make a step to extending our knowledge about
the applicability of the graydar approach. Concretely, we have investigated by
simulations based on some theoretical reasons the possibility of detecting and
characterizing homogeneous one-material ingredients in one-material surround-
ings with non-uniform spatial density distribution. As a result it is shown that
one may find, locate and recognize, without noticeable shadowing effect, homo-
geneous one-material objects with relatively low contrast (say, the components
of plastic landmines) hidden in one-material medium (say, soil) with strongly
spatially varying density.

1 Introduction

The high-energy (gamma or X-rays) photons interact with the electron and
nuclear structures of atoms through various elementary absorption and scat-
tering processes [1-3]. The character and the intensity of these processes is
conditioned by the photon energy and, specifically, by the kind and the den-
sity of atoms of the related material. This fact underlies different single-sided
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and high-resolution gamma or X-ray techniques (methods) [4-12] for non-
destructive evaluation of material substances that are not transparent for opti-
cal or microwave radiation. These methods are intended for determination of
the electron-density distribution within the investigated objects and are usually
based on the dependence of the energy of the Compton single-scattered photons
on the angle of scattering. A common difficulty here is the lack of any clear
approach for taking into account the extinction within the object. Besides, some
of the methods [7—12] require too complicated image-reconstruction algorithms
like those in computer-aided tomography [13—15]. Other ones [4—6] require rel-
atively long data-collection time.

The graydar (Gamma RAY Detection And Ranging) approach [16-18] is free of
the above-mentioned difficulties. It would allow one in principle to determine
simultaneously, in a relatively simple unambiguous one-sided way and with con-
trollable accuracy and resolution, the distributions of the extinction (linear at-
tenuation) and (Compton or annihilation) backscattering coefficients within an
object of interest. In turn, the knowledge of both the distributions should allow
one to determine the distribution, inside the object, of different substances and
their mass density.

The theoretical basis of the graydar approach has been developed in Ref. [16],
where we have formulated the graydar principle and the graydar equation. We
have also proposed and discussed there some ways of ensuring §-pulse sens-
ing under single-scattering conditions, and thus of ensuring the validity of the
(9-pulse single-backscattering) graydar equation. The capabilities of the graydar
sensing have been demonstrated in two typical cases. In the first case the graydar
line of sight (LOS, sensing beam axis) penetrates homogeneous regions (with
constant extinction and backscattering coefficients) of different substances. In
the second case the probed object consists of only one material having nonuni-
form spatial density distribution. On the basis of the graydar equation we have
obtained, for both the cases, analytical rules and expressions for determination
of the extinction and backscattering coefficient profiles along the LOS and the
corresponding statistical and systematic errors due to Poisson noise. The simu-
lations performed confirmed the analytical results and showed that, from a sta-
tistical point of view, one may realize gamma-ray single-sided, in-depth sensing
and tomography of optically-opaque, dense media, achieving depths of sensing
of the order of centimeters and decimeters at ~ 105 — 107 photons/s sensing
fluxes of gamma-photons (of energy 511 KeV) and ~ 10* — 10? s measurement
time.

The procedure of laterally scanning the LOS and obtaining two-dimensional
(2D) images (sections) of the probed objects is simulated in Refs. [17] and [18].
In the former work it is shown that, at a number of 10° sensing photons deposited
along one LOS, one may establish (with 2-3 mm longitudinal and transversal
resolution) the presence, the disposition, the shape, and the kind of different
homogeneous ingredients, cavities and flaws within a homogeneous surround-
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ing material (aluminum); the presence of more than one flaw along one LOS
is shown to not lead to noticeable shadowing effect. In the latter work it is
shown that the approach is capable of finding, identifying, and imaging down to
5% density-contrast, homogeneous ingredients (plastic TNT landmines) in ho-
mogeneous soil, at depths to 20 cm, with spatial resolution of 1 to 10 mm, for
measurement time of 10 to 1000 s, and positron-emission activity of the positron
source of 50 - 300 mCi.

The main purpose of the present work is, after a brief review on the leading
ideas and some recent results concerning the graydar approach, to investigate
analytically and by simulations the peculiarities of a more general case of gray-
dar sensing compared to those mentioned above. This is the case when one
should detect and evaluate homogeneous ingredients (e.g., explosives) hidden in
one-material surroundings (soil) with non-uniform density distribution.

2 Theoretical Description of the Graydar Approach

2.1 Graydar Principle

Like the lidar (LIght Detection And Ranging) principle, the graydar principle
consists in general in time-to-range resolved detection of the backscattering-
due radiative (gamma-ray) return from a probed object irradiated by narrow-
beam, pulsed gamma radiation (Figure 1). Considering commonly an inelastic
scattering process, we may denote the incident-photon energy by FEf, and the
return-photon energy by FEj,. During the detection procedure the radiative re-
turn is transformed into an electrical signal (return signal) F'(¢) measured as a
function of the time delay ¢ after the instant of emission of the corresponding
sensing pulse. Under single-scattering conditions there exists one-to-one corre-
spondence t = 2z/c¢ (z = ct/2) between the time ¢ and the LOS distance z to
the sensing-pulse front that is the front of the scattering volume contributing to
the signal at this time; c is the speed of light. Also, if At is the sampling inter-
val in the time domain, Az = c¢At/2 will be the sampling interval in the range
(along the LOS) domain. Thus we will obtain, in practice, a time-to-range re-
solved graydar (return signal) profile F' = F(t = 2z/c, At = 2Az/c) = F(z =

‘ Pulsed gamma-ray emitter

‘ Gamma-ray detector |«

I

Acquisition and processing block

Figure 1. [lustration of the graydar principle.
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ct/2, Az = cAt/2). The main theoretical instrument (for quantitative analysis)
concerning graydar is the so-called graydar equation [16] that describes the rela-
tion between the graydar profile F(t = 2z/c¢, At = 2Az/c) and the parameters
of the radiation-transceiving system, the energy F; of the sensing gamma pho-
tons, and the LOS distribution of the physical characteristics (extinction and
backscattering coefficients) of the medium under investigation. The most useful
(leading to clearest results) form of the graydar equation is obtainable when the
pulse length I, = c7, (7, is the pulse duration) and Az are smaller than the
least variation scale of the material characteristics inside the probed object. In
this case the timing uncertainty At¢, due to inertness and noise in the transceiv-
ing electronics should be less than At [16]. As an idealization, we shall further
assume that At, << At. Since it has not been possible so far to generate suf-
ficiently short gamma-ray pulses (e.g., with 7, ~ 100 ns) with a high (say 10°)
number of photons per pulse, we have proposed to use an approach [16, 19, 20]
based on employing annihilation-photon pairs for realization of a gamma-ray 6-
pulse-like sensing procedure. This approach is briefly described in the following
subsection 2.2. The scattering mechanism of concern here will be the Compton
effect. In this case there are two mutually complementary ways of selecting the
single-backscattering photons alone. The first way consists in ensuring as nar-
row as possible field of view of the radiation-receiving system. At the same time,
the field of view should cover the sensing photon beam in order to avoid the loss
of signal (single-backscattered) photons. Thus, the transversal beam size deter-
mines the possible minimum transversal-resolution cell that is important, e.g.,
when laterally scanning the LOS to obtain 2D or 3D (three-dimensional) im-
ages of the internal structure of the probed object [The achievable minimum
range-resolution cell (along the LOS) is equal to Az.] The other way for sep-
aration of the signal photons is based on the dependence of the energy of the
Compton-scattered photons on the scattering angle. So, according to the Comp-
ton formula (e.g., [1]), for Ey = 511 KeV the signal (once only backscattered)
photons will have (Compton) energy Fi,. = 170 KeV. Consequently, the sig-
nal photons would mostly be those of the detected ones whose energy is close
upon 170 KeV. The energy selection of the signal photons would be effective
when sensing light to medium-weight materials. For heavy materials there will
be a relatively large [21, 22] Doppler broadening of the signal-photon energy
spectrum around the Compton energy Ey,.. Then the energy-selection approach
seems to not be of use. In any case, this question requires a separate profound
investigation.

2.2 Graydar Equation

Consider a monostatic sensing system emitting a narrow beam of gamma pho-
tons of energy I (incident on the probed object) and detecting the Compton
backward-scattered photons of energy E},.. The mean incident photon rate and
the total measurement time (the duration of the sensing procedure) will be de-
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Figure 2. Principle block-scheme of experimental arrangement for gamma-ray lidar-type
in-depth sensing of optically opaque media.

noted by qg and 7', respectively. Further, one may consider each incident photon
as a d-like sensing pulse and specify the corresponding eventual registered sig-
nal photon by its energy E}, = Ey,. and arrival time ¢ (with respect to the instant
of emission of the sensing photon). To mark the instants of emission of the in-
cident photons one may use [16, 19, 20] sensing photon beams resulting from
electron-positron annihilation within a converter irradiated by positrons from a
radioactive source (Figure 2). As a result of annihilation, two gamma photons
of energy Fy = 511 KeV are simultaneously emitted in opposite directions. A
portion of the continuously emitted photons is formed as a sensing beam and
directed through a collimator to the probed object. The backpropagating photon
of each ”’sensing” pair through the collimator reaches a scintillator and gen-
erates a start light pulse. The corresponding signal (once only backscattered)
Compton photon of energy E}, & Ey,. = Er/3 reaches another scintillator and
produces a stop light pulse. Both the light pulses produce in turn, through a
photomultiplier, a couple of two time-shifted electronic (start and stop) pulses.
These output pulses are further amplified and processed to determine simulta-
neously both the energy and the arrival time of each detected photon. If zy, is
the maximum LOS range within the investigated object, the maximum arrival
time from it will be 7., = 22,/c. The mean time interval between two suc-
cessive incident photons is 7, = ¢y ! When the time-coincidence condition
t < Tam << Ty is satisfied one can most probably expect that the acts of
sensing-photon emission and return-photon detection are unambiguously con-
nected. During the measurement period 7', into the probed object, along one
LOS, will be deposited go1" sensing photons. At the same time one will obtain
a realization N1 (Ey.,t = 2z/c, At = 2Az/c) of the energy-selected time-
to-range resolved graydar profile N1 (Ey. ,t = 2z/c, At = 2Az/c) describing
the mean number of accumulated signal (at energy FEy.) gamma-photon counts
per one resolution cell At = 2Az/c with arrival times between ¢ and t + At cor-
responding to acts of backscattering between the points z and z + Az along the
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LOS. The graydar profile is described by the following graydar equation [16]:
NT(Ebc 5 t s At) = NT(Ebc VAN AZ)

= g AT ()3 expl— [ 42 al)) = dan AT ()8, (1)

where S(z) = ((z) exp{— f;ﬂdz’ a(z')} is the so-called (in the lidar practice)
S- function, d = ﬂ(rﬁ —12), rq and 7 (<< rq) are respectively the radii of the
(circular) scintillating detector’s layer and collimator’s aperture, 2 is the longi-
tudinal coordinate of the “entrance” into the investigated object (see Figure 1),
n(z) is the receiving efficiency of the experimental setup that is usually equal
to unity [16], 8(z) [m~!/st] is the LOS profile of the volume backscattering
coefficient, and a(z) = af(z) + ap(z) is the profile of the two-way extinc-
tion (linear attenuation) index, a(z) [m™!] and ay(2) [m™!] are the extinc-
tion (linear attenuation) coefficients for the incident and signal photons, respec-
tively. Equation (1) is the maximum-resolved (J-pulse) single-backscattering
graydar equation. It is valid when one use §-like incident pulses, narrow-enough
(matching the incident photon beam) field of view of the signal-photon receiver,
sufficiently fast and precise photon-registration electronics (At, << At), and
photon-energy analyzers of nearly ideal energy resolution. In the further anal-
ysis we shall assume that these validity conditions are satisfied and only the
photon-counting Poisson noise disturbs the measurement process.

The graydar equation (1) contains two unknown functions, the profiles 5(z) and
a(z), that comprise information about the material properties along the LOS.
Consequently, to solve this equation with respect to «(z) and 5(z) one should
use some additional prior to the experiment or posterior information about the
investigated object or the measurement conditions. Based on this conception, as
mentioned above, in Ref. [16] we have solved Eq.(1) in two cases. In the first
case the LOS penetrates alternating homogeneous one-material regions. Then,
within each region, the logarithm of the graydar profile is a decreasing linear
function of z with a slope equal to the linear attenuation coefficient. In this case,
the linear tendency revealed by the experimental data is the posterior information
indicating each homogeneous region. In the second case, as a prior information,
the probed object is assumed as consisting of one only material with possibly
non-uniform mass density. Then the ratio of the extinction coefficient to the
backscattering one is constant.

In the following analysis we shall continue and generalize the above-described
preceding investigations and results. Namely, we shall investigate analytically
and by simulations the potentialities of the (one- and two-dimensional) lidar-type
gamma-ray sensing of one-material media with non-uniform density distribution
containing homogeneous one-material ingredients.
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3 Single-Sided Graydar Sensing and Tomography of One-Material
Media with Spatially-Varying Density Containing Homogeneous
Ingredients

In this case a sensing gamma-photon pencil beam would intersect one-material
homogeneous regions A; = [z; 1, z;2] (i = 1,2,...7) with constant backscatter-
ing and two-way extinction coefficients, 3; and «;, respectively (see Figure 3).
The space out of these regions (the intervals [29, 21.1], [21,2, 22.1], [22,2, 23,15+
[2j-1,2, 25,1, [%),2, #m]) is assumed to be occupied by some one-material sub-
stance with non-uniform density distribution. At the same time, the graydar
ratio b in this surrounding space is constant, that is, b = ((z)/a(z) = const;
B(z) and «a(z) are, respectively, the LOS profiles of the backscattering and the
two-way extinction coefficient of the surrounding substance.

The length of a homogeneous one-material region A; is obviously equal to [; =
zi 2 — %;,1. Taking the logarithm of the graydar equation (1), for such a region
we obtain [16, 18]

Zi,1

InS(z) =g — / a(z)dz" — (2 — zi1)a; . ()
Z0

Equation (2) shows that within each region A; the logarithm In S(z) decreases
linearly with z, with a slope «;. When the experimental data suggest a linear
tendency in the behaviour of In S(z) within some interval A;, one can use two-
parametric linear regression analysis (straight-line least-square approximation)
of In S(#) to determine «;. In this case, the root-mean-square (rms) error in the
determination of «; is obtained as [16,23]

q;—1 gi—1 qi—1

o =17 Ny gt — (D Nop/ai)?/ (D N B
p=0 p=0 p=0

where ¢; = l;/Az, and N,, is the value of N in the pth voxel within A,. Eq. (3)
is derived by using the fact that at large-enough values of Nt (say, Nt > 5) the
fluctuations of In S are practically equal to the relative photon count fluctuations

Surrounding medium

Ee A A m

A
Epe

»
>

0 20 211 212 Zi1 Zi2 %1 %2 Zm b4

Figure 3. Illustration of sensing one-material medium with non-uniform density distribu-
tion containing homogeneous one-material ingredients.
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(]ﬂ — N7)/Nt whose variance is <[(]<7:p — Nt)/Nt]?) = N;'5 () denotes

o~

the ensemble average, and Nt = (Np).

Let us further consider the solution of Eq.(1), with respect to «(z), for the sur-
rounding area (out of the regions A;), e.g. (most generally), in the interval
[2k,2, Zk+1,1] between Ag and Agi;. In this case (b = const) for a(z) we
obtain

o) =i el [ a@) - [ sy @

20

where S1(2) = S(2)/b, and exp [— f;"’Q a(2')d2] = exp[— [[V" a(2')d2’ —

20
Zi:ll f;;’“ a(2)dz — Zle l;cv;]. According to Eq.(4), an estimate &(z) of
a(z) is obtainable in the form

Zk,2

a(z) = 81(2)/ {exp [~ /

a(=')d] - / S()dY, )
zZ0 Zk,2
where S, (z) is an experimental realization of S1(z), and &/(z’) denotes the cor-
responding estimates of «(z’) first obtained for 2z’ < zj 2. Because of the com-
plicated non-local, recurrent character of the expression of «a(z) [see Egs.(4)
and (5)], the root-mean-square (rms) error 6o = ([a(z) — a(z)]?)*/? cannot
be derived in a compact and clear, physically viewable form. The behaviour
of this error, depending on z, will be traced below in the results from simula-
tions. In any case one may expect that, like in [16], it will be accumulated and
will strongly increase with increasing z. So far as 8(z) = ba(z), the corre-
sponding estimate 3(z) based on the same experimental realization S (z) will
be B(z) = ba(z). The rms error 63(z) in the determination of 3(z) will ob-
viously be equal to §3(z) = bda(z), and the relative errors 03(z)/3(z) and
da(z)/a(z) will obviously coincide, that is, da(z)/a(2) = §3(z)/6(z). With
the same accuracy, the recovered profile p,.(z) of the mass-density distribution
p(z) of the surrounding matter is assessible as [16] p,(z) = a(z)/(1s + ),
where pr and pp, are the mass attenuation coefficients for the incident and the
signal photons, respectively.

Let us mention at last that, based on Eq.(1), the expression of the backscattering
coefficient 3 for each homogeneous one-material region Ay is obtained in the
form

21,1 k—1 Zi41,1 k
Br=>5(z=2k1) exp [—/ a(z')dz'—Z/ a(z')dz'—Zliai] (6)
o i=1v %i.2 i=1

According to Eq.(6), the error 43, in the determination of () should depend on
(accumulating) the error da(z). Therefore it would be impossible to find any
clear explicit expression of 60 [see above the comments about da(z)]. Thus,
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the behaviour of d 0} is expedient in principle to be studied by simulations. In
the following analysis, based mainly on computer simulations, we shall mostly
concentrate our attention on tomographic problems requiring the determination
of the spatial distribution of the extinction coefficient o alone. Assuming suffi-
ciently fine signal-photon discrimination and fast data acquisition and process-
ing, we shall simulate only the Poisson-noise influence on the imaging process.

4 Simulations

To study and illustrate the possibilities of detecting, locating, and identifying
homogeneous objects hidden in inhomogeneous one-material media, we shall
consider a model of a plastic TNT landmine buried in a silty soil [24] with spa-
tially varying mass density. Since the influence of the airy component of soil
on the processes of scattering and absorption of gamma rays would be neg-
ligible, one may interpret the varying mass density as due to varying poros-
ity. The photon count fluctuations are simulated on the basis of the assump-
tion that they have Poisson statistics. Then the only parameter of importance
is given by the graydar profile. This is the mean number of photon counts
Ny (BEye,t = 2z/c,At = 2Az/c) accumulated for the measurement period
T and corresponding to acts of backscattering between z and z + Az. At given
models of a(z) and 3(z) (including «; and 3;), the model of the mean graydar
profile is calculated according to Eq.(1). Then its realizations are obtained by
using a Poisson random-number generator. A schematic drawing illustrating the
detection and characterization of the landmine is shown in Figure 4. The sim-
ulated experimental parameters are chosen to be: 2y = 10 cm, Az = 1mm,
rq = 2.5 cm, 7. = 0.1 cm, By = 511 KeV, E},. = 170.33 KeV, and n(z) = 1.
It is also assumed that the angular divergence of the incident photon beam is 1°.
Then, if the positron-emission activity of the radionuclide employed is 300 mCi,
the mean sensing photon flux will be gy = 1.68 x 10% s~1. Also, the radius of
the sensing beam in the soil will be about 3 — 5 mm. Correspondingly, the
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»
»
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Figure 4. Illustration of landmine detection.
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sampling step of the lateral scan employed to obtain 2D images of the probed
medium is chosen to be 8 mm. The soil density is considered as varying along
the LOS according the law

p(z) = puf(z = 20), )

where p,, = 1.3g/cm?, and function f(2) = 1+ (2/2,) exp(—z/zp) describes
the density variations along the LOS; f(z) = 0 at z < 0. Assume also that
zp = 1 cm. The composition of the soil, and its basic density, extinction and
backscattering coefficients are given in Table 1. The landmine is assumed to

Table 1. Characteristics of soil, TNT and Bakelite used in the simulations.

Soil TNT Bakelite
Element Fraction by weight (%)
H 2.1 2.2 5.7
C 1.6 37.0 775
N 18.5
0 57.7 423 16.8
Al 5
Si 27.1
K 1.3
Ca 4.1
Fe 1.1
Density [g/cm?] 1.3 1.6 1.25
am™ 29.2 36.603 28.54
Be [m ™" /sr] 0.588 0.748 0.584

be a cylindrical, 8 mm thick plastic casing containing pure TNT as explosive
with sizes approximating those as in real mines of Type 72: 6.4 cm in diameter
and 3 cm in height. The characteristics of the plastic (bakelite) and TNT are
also given in Table 1. The detection and recognition of such a type of mines
is relatively most difficult because of their non-metallic casing and minimum
sizes, and the lower density of TNT (1.6 g/cm?) compared to that of RDX
(1.8g/cm3). The mine sample is considered as buried (in the soil) in differ-
ent depths D = (z — 2g), gradually increasing from D = 1 cmto D = 15 cm,
where the soil density has different values. Let us note here (see also Table 1)
that the values of the extinction and backscattering coefficients, respectively,
of soil, a(z) and 3(z), bakelite, c, and Sy, and explosive (TNT), a, and .,
are determined mainly by the material density. Correspondingly, the contrast
deawp e(2) = (ab,e — a(z))/ . between ay, or ae and «(z) will be mainly de-
termined by (practically equal to) the contrast dqpp c(2) = (pb.e — p(2))/Pbe
between the soil density p(z) and the density py, or p. of bakelite or TNT. Ac-
cording to the model accepted of soil density [Eq.(7)] and the data given in
Table 1, the values of d.cy, and d.c are obtained to be -0.175 and 0.083 at
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Figure 5. Realizations of the graydar profiles (compared with the expected ones given by
solid curves) obtained at mine burial depths of 3 cm (a), 6 cm (b), 9 cm (c), and 12 cm

().

D = 3 cm, -0.038 and 0.19 at D = 6 cm, and -0.024 and 0.20 at D = 9 cm
and 12 cm. The corresponding values of d.pp and d.p. are -0.195 and 0.066 at
D = 3 cm, -0.055 and 0.176 at D = 6 cm, -0.04 and 0.187 at D = 9 cm and
12 cm. Since the thickness of the plastic casing is relatively small, at large
depths and low density contrast between bakelite and soil (|6.pn| < 5% at
D > 5 cm) it might be impossible to distinguish the casing. Then the task to
be solved would consist in the detection and recognition of the explosive TNT
alone. The corresponding simulated logarithmic graydar profiles along the LOS,
obtainable for 7' = 100 s are shown in Figure 5, where one can see the regions
of linear decrease of In S [In N1 (FEy. , 2, Az)] for bakelite (at D = 3 cm) and
TNT. The recovered profiles of extinction are compared with the premised mod-
els in Figure 6. One may notice here that at a depths between 0.4 and 2 cm
the soil density should exceed that of bakelite and TNT. The differences (devi-
ations) obtained S&b = Qpy — o, and g&e = Qe — Qe between the recovered
values, oy, and a.,, and the true (premised) ones, oy, and a,, of bakelite and
explosive (TNT), respectively, are Sap, = 2.83 m~ ! and da, = —0.95 m~ at
D = 3 cm, 3&6 =037TmtatD =6cm, 5&8 =076mtatD =9 cm,
and 6o, = —1.7 m~! at D = 12 cm. These values are lying within the inter-
val [—20ap e, 20 6], Where dau, o is the rms error [evaluated on the basis of
Eq.(3)] in the determination of the extinction coefficient vy, or a,. The corre-
sponding relative errors @b = b, /ay, and @e = dae /e are @b = 10%
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Figure 6. Recovered profiles of the extinction coefficient (triangles) compared with the
models corresponding to the graydar profiles given in Figure 5.

(at D = 3 cm) and 8,0, = 2.5% (at D = 3 cm), 1% (at D = 6 cm), 2% (at
D = 9 cm), and 5% (at D = 12 cm). Thus, it turns out that v, and o, may
be determined with a relatively high accuracy allowing one to detect, locate, and
recognize a mine at relatively low values of the contrast o, o O 6cpp.e (SE€
above). One should note as well that the mine is detectable and clearly dis-
cernible even at depths of 15 cm, without any noticeable shadowing effect of
the preceding (along the LOS) soil layers with higher density.

An interesting result from the simulations performed is revealing the behaviour
of the error in the determination of the extinction (density) distribution of soil
(or other surrounding substance) along a LOS intersecting homogeneous one-
material ingredients. Like in the absence of ingredients [16], the statistical rms
error ;(z) = {([an(2) — (an(2))]?)*/? is accumulated and increases with in-
creasing z, due to the recurrent character of algorithm (4). At the same time,
depending on the concrete realization of the graydar profile, a positive or nega-
tive bias dpa(z) = (a:(2)) — a(z) may arise with more or less sharply increas-
ing (with z) module |0 (z)| (see Figures 6 and 7). It is seen in the Figures
that the bias module is of the order of the range of the fluctuations of a,(z) (see
also [16]). Therefore, the bias visibly arises at some depth where the fluctuations
of a,(z) become noticeable. For some realizations of the graydar profile there
is no bias (Figure 7, asterisks). In such cases the natural bias, that is intrinsic to
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Figure 7. Recovered profiles of the extinction coefficient (compared with the expected
one) for three realizations of the graydar profile for soil without mine.

non-linear inverse algorithms like Eq.(4), is as if compensated for in any way. In
any case, the above-described chaotic behaviour of the recovered profile «,(z)
would be of interest as an independent mathematical problem.

The results from simulating the procedure of obtaining a 2D (tomographic) im-
age (vertical diametrical section) of a mine buried in depth of D = 6 cm in soil
are illustrated in Figure 8. The simulation consists in reproducing a lateral scan
with T" = 100 s per one position of the LOS and scanning step of 8 mm. To
avoid considering the inessential by now boundary effect, we suppose that the
diameter of the sensing gamma-ray beam is exactly integer times involved by
both the radial thickness of the mine casing and the radius of the TNT bar. It is
seen in Figure 8 that the mine shape and material contents are well discernible.

The simulations performed for the case of a longer measurement time 7" and/or
a higher incident photon rate g, (a greater statistical volume gy7") demonstrated
the expected higher efficiency of the graydar sensing. So, at T = 200 s or
1000 s a mine is detectable and discernible (with accuracy and contrast near
those at 7' = 100 s) to greater depths. The corresponding depths of arising a
bias in the determination of a(z) [p(z)] are also greater compared to the case
when 7' = 100 s. At fixed depths the sensing accuracy is perceptibly increased
with increasing 7. As a result, a better quality is achieved of the recovered 2D
images of the mine explosive.
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Graydar profile (photon counts)
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Figure 8. (a) LOS graydar profiles obtained without (1) and with (2) a mine. Model (b)
and recovered (c) 2D extinction image (vertical diametrical section) of a mine buried in
soil. The grey level bar is in units of m™*.

5 Conclusion

In this work, after a brief review on the leading ideas and some recent re-
sults concerning the graydar approach to sensing dense, optically opaque media,
we investigated analytically and by simulations a new case of probed medium
compared to those considered formerly. In this case the medium to be eval-
uated consists of one-material surroundings with non-uniform density distri-
bution containing homogeneous one-material ingredients. A working formula
[Eq.(4)] was derived for recovering the profiles of the extinction and backscat-
tering coefficients of the surrounding medium when the LOS penetrates dif-
ferent homogeneous ingredients. The simulations conducted confirmed the va-
lidity of Eq.(4) and showed that under Poisson noise conditions one could de-
tect, locate, and accurately distinguish and recognize the explosive of a plastic
TNT landmine buried in soil with non-uniform density distribution. The dura-
tion of the measurement procedure per one LOS was supposed to be 100 s at
1.68 x 10° photons/s incident photon flux (300 mCi positron emission activ-
ity of the radionuclide employed at 1° angular divergence of the sensing pho-

346



Gamma-Ray Lidar (GRAYDAR) in-Depth Sensing of Optically Opaque Media

ton beam). The simulated longitudinal (along the LOS) and transversal sensing
resolution was, respectively, 1 mm and 8 mm. A relatively high recognition
accuracy has been achieved (< 5%) at burial depths of 3 cm to 15 cm and a
relatively low extinction or density contrast (8 — 20%). Thus, even at a relatively
large depth of 15 cm (weak return signal) a mine is detectable and clearly dis-
cernible without noticeable shadowing effect of the upper soil layers having a
higher peaky-shaped density.

Also, the results from simulations revealed an interesting effect observed for-
merly [16] and following from the non-linear recurrent character of the algo-
rithm [Eq.(4)] for retrieving the profile c(z) of the extinction coefficient of the
surrounding medium. The effect consists in that, except the expected accumula-
tion of the statistical error with increasing z, a chaotic bias in the determination
of a(z) may arise and become visible at some depth of sensing. Depending
on the concrete realization of the graydar profile, the bias may be positive or
negative and more or less sharply increasing with increasing z. In some cases
the bias is absent. Such a chaotic instability in the behaviour of the recovered
profiles a,(z) could be of an independent mathematical interest.

As a whole, from a somewhat idealized point of view based on considering the
Poisson noise alone, one may conclude that it is possible to realize single-sided
gamma-ray in-depth sensing and tomography of dense one-material optically-
opaque media with non-uniform density distribution and homogeneous one-
material ingredients inside. In light materials like soil (with density of 0.9
to 1.9 g/cm®) one may find and identify low-contrast ingredients, such as ex-
plosive TNT having a density of 1.6g/cm3, to depths of about 15 cm. In
this case the measurement time per one LOS may be of the order of 100 s at
10 — 107 photons/s intensive beams of sensing gamma photons (of energy
511 KeV). Since the light materials contain mainly light elements (Table 1),
the Doppler broadening of the Compton energy would be negligibly small and
would not affect essentially the energy selection of the signal photons and thus
the rejection of the parasitic photons due to background and multiple lateral scat-
tering. The problem about the timing uncertainty when measuring the arrival
time of the signal photons is technological and is connected with the develop-
ment of fast data acquisition and processing techniques.

A common natural result following from the simulations performed is that in-
creasing the measurement time 7" and/or the sensing photon flux ¢ (i.e., increas-
ing the statistical volume ¢y7") leads to enlargement of both the depths of accu-
rate detection and evaluation of ingredients and the depth of arising a bias of the
recovered LOS density distribution of the surrounding medium. At a fixed depth
the sensing accuracy increases, which leads to a better quality of the obtained
images of the probed medium and a better discernability of different ingredients
of interest.
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Figure 8. Model (b) and recovered (c) 2D extinction image (vertical diametrical section) of a
mine buried in soil. The level bar is in units of m™.
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