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Gamma-Ray Backscattering Tomography Approach
Based on the Lidar Principle

Ljuan L. Gurdev, Dimitar V. Stoyanov, Tanja N. Dreischuh, Christo N. Protochristov, and Orlin I. Vankov

Abstract—An approach is proposed, and its potentialities
are studied, for single-sided gamma-ray in-depth sensing and
tomography of dense opaque media. The approach is based
on lidar (LIgth Detection And Ranging) principle or, in the
present case, graydar (Gamma RAY Detection And Ranging)
principle, that is, time-to-range resolved detection of the backscat-
tering-due radiative returns from the probed object irradiated
by pulsed gamma-photon pencil beams. The basic analysis and
data processing delta-pulse single-scattering graydar equation is
formulated by analogy with the lidar equation and is shown to be
applicable, under some determinate conditions, to the problems of
gamma-ray in-depth profiling of dense media. It is shown analyt-
ically and by computer simulations that the approach developed
in the work would enable one, at large-enough but reasonable
sensing photon fluxes and measurement time intervals, to deter-
mine with good controllable accuracy and resolution the location,
the material content, and the mass density of different homoge-
neous ingredients inside the probed object as well as the mass (or
electron) density distribution within one-material objects. This
approach can be widely applied, e.g., for nondestructive material
examination in industry and aviation, detection of landmines and
explosives, investigating the constitution of archeological artifacts,
etc.

Index Terms—Compton scattering, gamma-ray, lidar, non-
destructive evaluation, tomography.

I. INTRODUCTION

ACTIVE remote-sensing methods and instruments such as
microwave radars, optical radars (lidars), and acoustical

radars (sodars, sonars) have been widely used for in-depth
or surface probing of atmosphere, ocean and earth [1]–[5].
The recent active sensing methods are based mainly on the
so-called lidar principle [2], [3]. This principle consists in the
detection of backscattering-due radiative returns (at angle )
from the probed media after irradiating them by penetrating
narrow-beam pulsed (as a rule) radiation. The radiative return
is thus transformed into an electrical signal (return signal)
measured as a function of the time delay after the instant of
pulse emission. In this way a temporal return signal profile

is obtained. Let us suppose that within the investigated
medium (object) the frequency dispersion is negligible and
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the speed of propagation of the sensing radiation is prac-
tically constant. Then, under single-scattering conditions,
there exists one-to-one correspondence
between the time and the line-of-sight (LOS) distance to
the sensing-pulse front that is in fact the front of the scattering
volume contributing to the signal at this time [2], [3]. (The
LOS is the pulsed-beam axis.) Consequently, one can write
in this case that , which
is an expression of the basic feature of the lidar principle.
That is, the return signal profile detected in the time domain
contains range-resolved information about the radiation-matter
interaction (absorption and scattering) processes and the related
material characteristics along the LOS. The “time-to-range-re-
solved” (lidar-type) approach for profiling physical media could
be advantageous for various applications where single-sided
sensing is required (e.g., [6]–[9]). In such cases, by irradiating
the investigated object and detecting the scattered radiation
from only one accessible side and laterally scanning the LOS,
one can obtain three-dimensional (3D, tomographic) images of
the object. For shortening the data acquisition time one can also
use a set of parallel or fan-shaped sensing beams. For instance,
a similar (but double-sided) tomographic approach (implying
mainly optical sensing) [10] allows one to obtain the internal 3D
distributions of the extinction and backscattering coefficients of
a translucent object. The image-reconstruction algorithms are
derived in this case on the basis of the so-called lidar equation.
They are stable and accurate, and simpler and faster than other
known tomographic techniques, including those underlying the
conventional (transmission-based) computer-aided tomography
and various later versions of it [11]–[14]. The range-resolution
scale (along the LOS) is determined here by the (larger of the)
characteristic pulse length and the sampling interval

, and by the noise level and bandwidth [10], [15];
is the characteristic pulse duration, and is the sampling

interval (the digitizing step) in the time domain. The value of
is usually assumed to be less than the least variation scale of

the investigated extinction and backscattering inhomogeneities.
When the pulse length , the range resolution scale
can be reduced from to a value of the order of by using
deconvolution techniques [15]. Thus the maximum-resolved
return signal profile is obtained. This profile can also be called
the short-pulse or -pulse return signal profile because it is di-
rectly obtainable by sufficiently short sensing pulses (physical

pulses). The transversal (with respect to the LOS) sensing
resolution is conditioned by the sensing-beam lateral size and
the angle of view of the radiation-receiving system. The angle
of view should be as small as possible in order to ensure high
transversal resolution and to restrict the penetration of parasitic
radiation due to background and lateral multiple scattering.
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At the same time, the receiving-system field of view should
match the sensing-pulse radiative spot in order to achieve the
maximum receiving efficiency.

The high-energy (gamma or X-ray) photons interact effec-
tively with the electron and nuclear structures of atoms through
a large set of elementary absorption and scattering processes
[16], [17]. These depend only on the photon energy and the
type and density of materials encountered. Therefore, being
connected with these processes, the radiative response of an
object irradiated by gamma or X rays should in general contain
information about the material components and their dispo-
sition and mass density within the object. Certainly, this fact
underlies various single-sided high-resolution non-destructive
characterization techniques [6]–[9], [18]–[26] for gamma or X
ray sensing and tomography of material substances that are not
transparent for optical or microwave radiation. These methods
are usually based on the dependence of the energy of the
Compton single-scattered photons on the angle of scattering.
They are intended for determination of the distribution of the
electron density within the investigated objects. Some methods
of this type [18]–[20] are characterized with well resolved
and localized scattering voxels, however these are achieved
only with relatively long data-collection times. Other methods
[21]–[26] require multidirectional (e.g., fan-shaped) irradiation
of the object and/or similar detection of the scattered radiation,
as well as complicated image-reconstruction algorithms. In the
latter case, the detected single-scattered photons within each
energy interval have no local character at all. They are a result
of Compton scattering from vast zones within the object rather
than small elementary one-to-one corresponding areas. Then,
to achieve good spatial resolution one must solve ill-posed
inverse problems like those in the conventional computer-aided
tomography (e.g., [13]). Solving such problems requires one
to overcome serious difficulties to obtain stable and reliable
unambiguous solutions. One more difficulty here is the lack of
any clear approach for taking into account the extinction within
the object. This difficulty concerns all of the aforementioned
methods including those with well-resolved scattering voxels.

The lidar-principle-based approach is free of the above-men-
tioned difficulties. Instead, it would allow one to determine
simultaneously, in a relatively simple unambiguous one-sided
way and with controllable accuracy and resolution, the dis-
tributions of the extinction and (Compton or annihilation)
backscattering coefficients within an investigated object. In
turn, the knowledge of both the above distributions in case of
gamma sensing should provide opportunities to find simultane-
ously the distributions, inside the object, of different substances
and their mass density as well as of the electron density. Cer-
tainly, such an approach would enable one to determine the
image and the disposition of some object, say a landmine [6],
hidden in any surrounding material.

The main purpose of the present work is to investigate ana-
lytically and by simulations the possibilities of using gamma
radiation for single-sided lidar-type characterization (in the
above sense) of dense bodies. For this purpose we have first
considered in Section II the gamma-return signal equation
that describes the relation between the single-scattering return
signal profile and the parameters of the radi-
ation-transceiving system, the energy of the sensing gamma

Fig. 1. Illustration of the graydar principle.

photons, and the LOS distribution of the physical character-
istics of the medium under investigation. Depending on the
sensing radiation, the return-signal equation (as it can be
called in general) is usually concretely referred to as: the “lidar
equation”, in the case of laser (optical) radiation; the “radar
equation”, in the case of microwave radiation; and the “sodar
or sonar equation”, in the case of acoustic radiation. In the
case of gamma radiation it can be referred to as the “graydar
(Gamma RAY Detection And Ranging) equation”. The cor-
responding instrument (experimental arrangement) could be
referred to as the graydar. In addition to the general form of the
graydar equation, we have considered in Section II the reduced
(concerning the maximum-resolved signal profile) short-pulse
graydar equation as a basis on which methods can be developed
for gamma ray sensing of dense media. Correspondingly, an
approach is suggested and described for ensuring a regime of
-pulse sensing by using fluxes of annihilation gamma-photon

pairs. We have also discussed here the meaning of the material
backscattering and attenuation coefficients and the conditions
under which the detected radiative return can be considered as
a result of single backscattering. On the basis of the short-pulse
graydar equation we have introduced and discussed in Sec-
tion III the notions informative depth of sensing and informative
zones of sensing concerning, respectively, homogeneous and
inhomogeneous objects. In the next two Sections we have
proposed and investigated the feasibility of some methods for
recognition of different ingredients within a probed medium
and determination of their disposition and mass density, as well
as for determination of the mass-density distribution inside
one-material objects. In Section VI we have summarized the
main results and conclusions obtained in the work.

II. GRAYDAR (GAMMA-RETURN SIGNAL) EQUATION AND

MEASURING CONCEPTION

A. Graydar Equation

Let us generally consider a monostatic pulsed sensing system
emitting a narrow pulsed beam of gamma photons of energy

and detecting the backscattered gamma photons of
energy at each moment after the pulse
emission (see Fig. 1). In this case the single-scattering graydar
equation should be in principle an analog of the lidar equation.
At the same time, the concrete form of the graydar equation
should be additionally influenced by some specific features of
gamma-ray interactions with matter. First, the gamma-photon
backscattering is inelastic in general. And second, the gamma
photons behave as rather corpuscles than waves, which means
that photon counting is a natural mode of detecting the graydar
return (the backscattered gamma photons). Taking into account
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Fig. 2. Block-scheme of experimental arrangement for realization of the
gamma-ray backscattering tomography approach.

these features, the most general graydar equation can be written
in the form (see also [10], [15])

(1a)

where is the mean number
of backscattered signal gamma photons of energy that are
registered between the moments and after the pulse
emission and are a result of single backscattering of incident
(sensing, of energy ) photons when the pulse front moves
within the layer between and is the (like
differential) temporal sampling interval; is
the mean temporal pulse shape function defined as the mean
shape of the pulsed incident photon flux normalized
to the mean number of photons per pulse, and is a time
variable;

(1b)

is the detection efficiency indicating what fraction of the
return gamma photons, incident on the photon detector, is
registered, and are respectively the radii of the
(circular) photosensitive detector and the collimator’s aperture
(Fig. 2), [m /sr] is the volume backscattering coeffi-
cient that is usually connected with a scattering-conditioned
photon-energy conversion from to is the longitudinal
(LOS) coordinate of the “entrance” into the investigated object,
and [m ] and [m ] are the volume extinction
(linear attenuation) coefficients for the sensing and signal
photons, respectively; is the range-dependent receiving
efficiency that corrects for use of the approximate expression

of the solid angle of acceptance of the
radiation-receiving system as with

in the far field and less than one in the near field. In
graydar we mostly have a direct detection of the backscattered
photons so that for all ranges the receiving-system angle of
view coincides with the aperture angle to the scattering volume.
Therefore, one may set to one, that is, . So (1a)
describes the relation between the return signal, the parameters

of the experimental setup, and the material characteristics along
the LOS. We suppose here that the photon registration system
is sufficiently fast and precise, having nearly ideal energy and
time-to-range resolution. The probing range-resolution cell
is then of the order of the pulse length , if . In the
case of sufficiently short pulses, whose length is shorter than
the least variation scale of , (1a) is reducible to the form

(2)

where is an experimental constant, and
is the two-way extinction index. Equa-

tion (2) is the maximum-resolved (short-pulse, -pulse, [10],
[15]) graydar equation. Since function can be determined
by calculation and/or calibration procedures, this equation con-
cerns two unknown functions, and , containing infor-
mation about the material properties along the LOS. Certainly,
to extract this information one has first to solve (2) with respect
to and . One should however ensure beforehand con-
ditions for (2) are valid. Such a condition is to use extremely
short gamma-ray pulses of an extremely high number of gamma
photons, which is a serious contemporary scientific and tech-
nological problem remaining unsolved so far [27]. In the case
of relatively long pulses one can in principle use deconvolu-
tion techniques to obtain (2) from (1a), and thus a resolution
interval . In this case however there are no effective
approaches for accurate determination of the gamma-ray pulse
shapes whose knowledge underlies the deconvolution proce-
dures. To avoid these problems we suggest to use an original ap-
proach for ensuring a regime of -pulse sensing by using fluxes
of annihilation gamma-photon pairs. This approach is described
and discussed in the following subsection.

B. Conception of Delta-Pulse Sensing by Annihilation
Gamma-Photon Pairs

Because of the random nature of gamma emission and detec-
tion processes, we must think in terms of Poisson fluctuations.
Therefore, (1a) and, respectively, (2) have a statistical meaning
and involve mean quantities such as and

. These quantities are usually estimated on the basis of the
results [ and ] from

acts of sensing ( sensing pulses) as

(3a)

(3b)

(3c)

where the cap denotes the statistical estimate, , and
denotes the ensemble average. In the case of a stationary

medium (implied here) the profiles of and should
be considered as deterministic functions of . If [s ] is the
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pulse repetition rate and [s] is the total measurement time, we
shall have . Then, instead of (2), for the mean number
of photon counts accumulated during
the period per one resolution cell, between and or,
respectively, and , we can write

(4)

where is the
corresponding mean rate of accumulating photon counts, and

is the mean sensing photon rate during the mea-
surement process. As we have already mentioned, producing
well-defined short-enough gamma ray sensing pulses of suf-
ficiently high number of photons has not been achieved so
far. Therefore it is worth searching for other ways to realize
time-to-range resolved return photon detection. Such a way is
based on the use of sensing beams consisting of gamma photons
resulting from electron-positron annihilation taking place, e.g.,
within a converter bombarded by positrons from a radioactive
source. In this case, every incident photon is coupled with an
identical simultaneously-emitted backpropagating one. The
latter is used as a means for exciting a reference electronic start
pulse marking the instant of emission of the sensing photon.
Assume that the mean incident photon rate is . Then the
mean time interval between two successive incident photons
will be . Let us also denote by the maximum
possible “round-trip” time interval from the emission of a
sensing photon to the detection of the eventual corresponding
backscattered photon. If, for instance, is the maximum
LOS distance within the investigated object, the value of
will be of the order of . When one can most
probably expect that the acts of sensing-photon emission and
return-photon detection are unambiguously related. Then each
incident gamma photon could be considered as a sensing delta
pulse, which enables one to measure each round-trip time
and to determine the photon count distribution with respect
to time and range (and energy, through energy selection), i.e.,

. Obviously, the requirement
imposes an upper limit on

. We should note here that annihilation gamma photon pairs
are used in both positron emission tomography (PET) and
time-of-flight (TOF) PET [28]–[30]. In the latter, the interval
between the acts of detection of each of the paired photons is
used to position the corresponding positron-emitting nucleus
and to determine as a final result the distribution of such nuclei
within the probed body. Also, the idea of using annihilation
gamma photon pairs for single-sided scattering localization
probing of dense media has been proposed by Radko [31], and
developed recently by Gerl et al. [6], [7]. There are various
positron-emitting isotopes of potential use for producing anni-
hilation photons, such as Na (with half-life y),

Ge/ Ga ( d), Co ( d), Cu
( h), Rh ( d), each of them having
some advantages and disadvantages. For instance, Na has a
relatively long half-life and decays by positron emission 90.6%

of the time. However, it emits a 1.274 MeV photon simulta-
neously with each annihilation photon pair. This would give
rise to significant noise problems. At the same time, despite the
shorter half-life, the positron emission from Ge/ Ga is ac-
companied by a substantially less probable % emission
of 1.077 MeV gamma rays. In general, the approach of using
paired particles (associated particle technique) for marking
the instant of emission and the direction of propagation of the
sensing particles has been applied not only to photons but to
other particles as well, e.g., neutrons [6]. The tight temporal
and angular correlation of the paired annihilation photons is
essential for realizing graydar sensing although the photon
energy ( KeV) is not so high in this case. The use of
higher-energy sensing photons would be advantageous because
of the larger penetration into the tested object and the possi-
bility of improving the realizable timing. Therefore, it would be
expedient to search for associated particle schemes providing
higher-energy sensing photons. On this way one may consider,
for instance, the possibility of using time-correlated photons,
in the energy range of MeV, deexciting nuclear states with
sub-picosecond half-lives (populated via beta decay) like in the
nucleus of Co. A difficulty in this case is that the angular cor-
relation between these photons is not well defined. Therefore,
a complicated multi-detector array would be needed to register
the starting photons. Also, uncertainties in the coincidence
conditions may increase the random noise to an unacceptable
extent. Nevertheless, given a sufficiently sophisticated detector
arrangement, a graydar system may be based on such a decay
scheme.

A general block-scheme of an experimental arrangement for
realization of the measurement concept is represented in Fig. 2.
The necessary gamma-photon pairs are produced through
electron-positron annihilation within a converter irradiated by
positrons from a radioactive source. As a result of annihilation,
two gamma photons of well known energy ( KeV)
are simultaneously emitted in opposite directions. A portion
of the continuously emitted photons is angle-selected by the
collimator to form a narrow sensing beam. The backpropa-
gating (reference) photon of each “sensing” pair through the
collimator reaches a detector (e.g., scintillator), thus generating
a start light pulse. The corresponding backscattered Compton
photon of energy [16], [17] hits the sensitive (scin-
tillating) layer of the detector and produces a stop light pulse.
The diameter of the detector must be small enough that the re-
turn path of each registered backscattered photon is practically
the same as the outbound path of the corresponding sensing
photon. In other words, the maximum difference between
both the path lengths should be consistent with the required
transversal and range resolution. It is assumed that both the light
pulses illuminate the photocathode of a joint photomultiplier
(PMT) and produce a couple of two time-shifted electronic
pulses corresponding to the start and stop pulses. To increase
the time shift between the electronic pulses, the stop pulse
additionally passes a fiber-bunch delay line. Employing joint
PMT contributes to reducing the jitter effects due to fluctuating
supply voltages. The length of the fiber line (the delay) should
be optimally large to avoid unacceptable increase of the timing
fluctuations due to attenuation of the stop light pulse. The PMT
output pulses are further amplified and processed additionally
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to determine simultaneously both the energy and the arrival
time of each gamma photon. As a final result one has to obtain
the energy-selected time-to-range resolved return signal profile

.
In general, two crucial experimental problems should be

solved in order to realize a satisfactory lidar-type gamma-ray
instrument. The first problem is the extremely high precision
in the determination of the time interval between the emission
of each sensing photon and the arrival of the corresponding
backscattered photon. For instance, to achieve a spatial resolu-
tion of one millimeter one should ensure a TOF measurement
accuracy of about 7 ps. The second problem consists in the ne-
cessity of an optimum energy selection of the incoming photons.
Solving these problems would allow one to avoid blurring and
to obtain clear-cut images of the investigated objects. A factor
of primary importance for this purpose is the availability of suf-
ficiently fast signal processing methods and facilities including
as-fast-as-possible signal photon detectors. The speed of the
detectors conditions, for instance, the imaging resolution of TOF
PET that is reduced at present to a value of several centimeters
[28], [29]. The contemporary progress [30], [32], [33] in the
development of high-speed scintillation detectors (with sub-
nanosecond decay times), with high-enough energy resolution,
brightness, and proportionallity, permits one to expect that the
TOF PET measurement resolution will soon be reduced, say,
below 100 ps ( cm). Certainly, one should expect a parallel
development of the signal-processing techniques [34] for im-
proving their timing resolution, thus ensuring a better spatial
resolution of both the graydar and TOF PET.

In the following analysis we shall continue consid-
ering ideal-resolution lidar-type sensing in order to reveal
mainly the Poissonian noise effect on the performance of
the sensing methods being developed. The graydar profile

is obtained, in practice, by
histogramming the photon counts (with respect to the ar-
rival time ) with some chosen step . Then
the premised minimum range-resolution interval is equal to .
When the timing resolution interval (the timing uncertainty)

is much less than the accumulated photon counts
attached to the interval will really correspond to
scattering events occurred within the range interval
along the LOS. Thus an ideal-resolution sensing is achieved
with respect to the premised resolution. When
the photon counts associated with the interval will
involve scattering events occurring within the range interval

whose length is approximately
equal to . Also, photon counts resulting from
scattering events within the range interval will
be spread over the interval in the
arrival time domain. In this case a smoothing takes place (a
convolution) with some relevant spread function. When
exceeds the least inhomogeneity scale within the probed object,
the worsened resolution of the graydar profile will lead to dis-
tortion of the retrieved internal structure. If the spread function
is known or appropriately approximated (e.g., by Gaussian
shape with known width) one may restore the higher-resolution
profile on the basis of the smoothed one by using deconvolution
techniques (e.g., [15]). In this way the retrieval quality would
be improved. When the sensing resolution interval
is of the order of . In the simulations performed below we

consider an “ideal-resolution sensing” with 1 mm sampling
(histogramming) interval. That is, the timing uncertainty is
implied to be less than 7 ps. When ps or 200 ps the
minimum directly achievable resolution interval will be of the
order of 3 mm or 3 cm, respectively.

C. Gamma Photon Scattering and Absorption Processes
Conditioning the Specific Volume Backscattering and
Extinction Coefficients of a Medium

As we have already mentioned, for known experimental
parameters, such as , and , and prescribed (re-
quired) values of the measurement accuracy, the measurement
time , and the resolution interval , one should determine
experimentally the graydar signal profile or

. Then the unknown functions to be determined
on the basis (as solutions) of (4) are the profiles of the volume
backscattering coefficient and the two-way extinction
coefficient . As noted above, the values
of and depend on the kind and the density of the related
substances. Consequently, the knowledge of functions and

allows one in principle to determine the distribution [in
] of different material components and their

density within the investigated object. Such a 3D distribution is
obtainable as an ensemble of one-dimensional ones.

The volume backscattering coefficient describes the
backscattered (at angle ) photon flux per unit solid angle, unit
range along the LOS, and unit incident photon flux. The most
typical scattering mechanism within dense media, especially
when KeV, is the Compton scattering;
is the energy threshold for electron-positron pair production.
For the Compton backscattering coefficient , according
to its quantitative definition, we have obtained and used in
calculations the following expressions. First, for a monoatomic
substance we have

(5)

where is the ratio of to the electron rest energy
KeV; [kg/m ] and are, respectively, the mass den-

sity and the atomic number of the substance, which may depend
on the coordinate , i.e., and
is the electron number density; [m /sr] is the
differential Compton backscattering cross section [16], [17] de-
pending on is a differential solid angle, is the scattering
angle; [mol ] is Avogadro’s number, and

is the atomic mass number. For a polyatomic substance we
have

(6)

where , and
and are, respectively, partial mass densities, atomic

numbers, and atomic mass numbers of the different (of number
) constituent atoms. One can also represent as

where . In general, the value
of may depend on . The electron number density

.
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Another process of potential use for producing backscattered
photons is annihilation of electron-positron pairs produced by
the incident photons. In this case the incident gamma photon en-
ergy should exceed the threshold energy KeV.
For the “annihilation backscattering” coefficient , taking into
account the isotropy of the process, we have obtained the fol-
lowing expressions:

(7)

for monoatomic substances, and

(8)

for polyatomic substances, where [m ] is the total
cross section of electron-positron pair production by a gamma
photon of energy in the Coulomb field of a nucleus
of charge is the monoatomic number density,
and is the partial number density of the -th
constituent atom in the polyatomic case.

The extinction (linear attenuation) coefficients and de-
scribe the attenuation within a medium of the corresponding (in-
cident or backward) unity photon flux per unit length along the
LOS. According to the quantitative definition of extinction coef-
ficient, we have obtained below expressions of and con-
cerning the cases of monoatomic and polyatomic substances.
So, for monoatomic substances we have

(9)

where , and [m ] is a total atomic
cross section taking into account all essential processes of
absorption and scattering leading to photon losses from a beam.
Such essential processes that are usually taken into account
are [17] photoionization, coherent Rayleigh scattering, inco-
herent Compton scattering (including radiative corrections and
double Compton effect), electron-positron pair production in
the Coulomb field of the nuclei, and triplet production (of two
electrons and one positron) in the field of the atomic electrons.
The interaction processes usually considered as inessential in
this case are photonuclear interactions (taking place within too
narrow energy bands), Delbrück scattering, nuclear Thompson
scattering, and nuclear resonance scattering.

For polyatomic (molecular or other composite) substances
the extinction coefficient is given by the expression

(10)

TABLE I
VOLUME COMPTON BACKSCATTERING COEFFICIENTS � AND EXTINCTION

COEFFICIENTS � OF DIFFERENT SUBSTANCES

where and .
Let us finally introduce one more notion of primary impor-

tance, the mass attenuation coefficient , characterizing the
attenuation cross section per unit mass and depending only on
the photon energy and the kind of the substance. The value
of is just the tabulated one (together with and )
and is expressible as the extinction coefficient divided by
the mass density , that is . According to (10) the
mass attenuation coefficient for the forward or backward radi-
ation is given by

.
Equations (5)–(10) show that materials of different atomic

composition and density should indeed have different specific
volume coefficients of backscattering and extinction. Conse-
quently, at known values of these coefficients for different
substances of interest, one could in principle identify the
substances and determine their disposition, and even mass
density, by using the lidar-principle-based gamma-ray sensing
procedure. In Table I we have represented the values of
and for various “light”, “middle”, and “heavy”
materials in their common natural state, for
and KeV. Soil A ( kgm ) and Soil B
( kgm ) are, respectively, a carbon rich loam
soil [35] and a typical silty soil [36]. For evaluating and

we have used recent information [37], [38] about the mass
attenuation , the effective ratio ,
and the mass density of a great variety of monoatomic and
polyatomic materials.

D. Single-Backscattering Conditions

Like the lidar equation, the graydar equation is strictly valid
only under single-scattering conditions. At the same time, in
dense media, as implied here, the multiple scattering cannot be
neglected. In the latter case, the graydar equation would still
be valid, but only with respect to the return gamma photons
that have undergone a single act of backscattering (at angle
or close to it) and many possible acts of forward scattering (at
angle 0 or close to it). To select these photons one should first en-
sure a sufficiently narrow field of view of the radiation receiving
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system. It should however cover the incident beam in order to
avoid the loss of signal photons. The field of view thus condi-
tions the transversal sensing resolution. Because of the inelastic
backscattering supposed to be employed, a more reliable sepa-
ration of the necessary (signal) photons would be achieved by
using additionally energy selection (see also in [9], [39]) based
on some optimum choice of an energy-discrimination window.
Such a window must maximally “transmit” the desirable pho-
tons and “reject” the ones due to background and multiple lat-
eral scattering. Certainly, to achieve a clear-cut energy selection
one should use high-resolution photon detection systems. When
the incident gamma photons have energy KeV, the
single-backscattering photons returned by free electrons at rest
will have (Compton) energy KeV. Then, by com-
bined angular and energy selection (around 170 KeV) one could
effectively separate the true signal photons.

In any substance the electrons are mostly bound in atoms and
are in motion. This leads, in general, to violation of both the
Compton angular dependence of the energy of the scattered pho-
tons and the Klein-Nishina expression of the angular differential
cross-section of the Compton effect (e.g., [17], [40], [41]). For
an incident photon energy of 511 KeV the Klein-Nishina cross-
section retains its validity [40]–[42]. However, the Compton en-
ergy is already only a peak energy of a more or less large
spectrum owing to Doppler broadening [41], [43]. Then the
width of an energy-selection window should match the width
of the Doppler spectrum in order to avoid the loss of (once only
backscattered) signal photons. For lighter materials the Doppler
broadening is relatively smaller as a rule and the energy-selec-
tion approach may still be effective. For heavier materials the
broadening is larger and one may rely mainly on the angular se-
lection of the incoming photons and on time coincidence tech-
niques to reduce the number of false photon counts.

Rough estimates of the FWHM of the Doppler spectrum of
backscattered annihilation photons, for some relatively light and
heavy materials, may be indirectly (somewhat intuitionally) de-
duced from some theoretical and experimental results obtained
at different incident-photon energies and scattering angles. So,
based on the experimental results obtained in [43], one may ex-
pect that at KeV the FWHM of the backscattering
Doppler spectrum from lead (Pb, ) would be about
50 KeV; the FWHM for aluminium (Al, ) turns out to
be noticeably smaller. At the same time the theoretical and ex-
perimental data for tin (Sn, ), represented in [41], could
not lead to any determinate conclusion about the width of the
Doppler line.

Let us consider at last one more, important detail concerning
the Doppler broadening. Namely, the Doppler photons of
different energies will have different attenuation coefficients.
Therefore, the “overall backward extinction” might differ
from that for the Compton energy . The difference for lighter
materials (say, Al) should be negligibly small because of the
narrower Doppler spectrum and the feeble (and practically
linear) energy dependence of the attenuation coefficient near
170 KeV [37], [38]. For heavier materials (say, Pb) the energy
dependence of the attenuation around 170 KeV is strong and
non-linear [37], [38]. Nevertheless, it is not excluded, because

of averaging, the change of the extinction to be unexpectedly
small. However, the concrete estimation of this change is
possible only on the basis of available concrete data about
the Doppler-broadening spectral lines at KeV and
scattering angle of 180 .

Concluding the discussion, we should remark that in the sim-
ulations described below we have supposed an ideal selection of
the informative (signal) photons and a full rejection of the false
ones. Certainly, the problems concerning the real-data aquisi-
tion, processing, and interpretation require a separate profound
investigation.

III. INFORMATIVE DEPTH OF SENSING

In comparison with optical radiation, gamma radiation
penetrates considerably deeper through opaque dense media.
Nevertheless, its penetration is restricted by the processes of
absorption and scattering. The depth of penetration of gamma
photons, from which one can still obtain a sufficiently powerful
signal and, respectively, sufficiently accurate information about
the medium depends on: the required measurement accuracy,
the necessary resolution interval conditioning the max-
imum achievable range resolution, the measurement time (of
accumulating photon counts), the mean incident photon flux

, the energies and of the incident and signal gamma
quanta, respectively, the atomic numbers and the mass densities
of the constituent atoms. Such a depth may be called the infor-
mative depth of sensing (IDS). It is a basic characteristic of the
potential efficiency of sensing various media under different
experimental conditions and requirements.

If we naturally assume that the detected and accumulated
photon counts have Pois-
sonian statistics, the relative signal measurement error will be

. This means that the more intensive the signal
photon flux the higher the measurement accuracy (the less the
relative error). Thus, the value of is an indicator of the mea-
surement accuracy that conditions in turn the accuracy of deter-
mining and and the information they contain. If the
maximum admissible signal measurement error is ,
the corresponding minimum number of photon counts to be ac-
cumulated is . Since in
homogeneous media the signal photon flux decreases with the
increase of , at some limit value of the number of ac-
cumulated photon counts for the measurement time will fall
to , i.e., . When , the
results for will not satisfy the informativity requirement be-
cause then . So the penetration depth
to the limit point is in fact the informative depth of
sensing. For homogeneous media the value of can be deter-
mined by (numerically) solving the following equation arising
from (4):

(11)

Estimates of for some “light”, “middle”, and “heavy”
materials in natural state, at and chosen to have some
different values and mm, are given for illustration in
Table II. It is supposed that: KeV, KeV,
the detection efficiency is , the receiving efficiency



GURDEV et al.: GAMMA-RAY BACKSCATTERING TOMOGRAPHY APPROACH BASED ON THE LIDAR PRINCIPLE 269

TABLE II
INFORMATIVE DEPTH OF SENSING (IDS) FOR VARIOUS SUBSTANCES AND

DIFFERENT VALUES OF q T AND N

cm, and cm. It is also as-
sumed that the angular divergence of the incident photon beam
is 1 , which corresponds to a beam-cone solid angle of

sr. Then, for instance, if the positron-emission activity of
the radionuclide employed is 300 mCi ( positron-
yielding decays/s), the mean sensing photon flux will be

s . It is the portion of isotropically-emitted annihi-
lation photons per second involved in the beam cone. The results
for in Table II are given for different values of , which en-

ables one to estimate the necessary accumulation time at given
radionuclide activity and vice versa. The value of for a ho-
mogeneous medium, under given experimental conditions, de-
termines in fact the upper limit of the range interval
(or the depth interval ) along the LOS where one can reli-
ably establish the presence of imbedded inhomogeneities such
as air cavities or other material ingredients.

The return signal profile from an inhomoge-
neous medium may in general be a non-monotonic function of

such that within some intervals
along the LOS, and elsewhere. Since the signal
from the intervals is informative, i.e., it is measured with
the required accuracy, they may be called the informative zones
of sensing (IZS). The IZS are directly determinable from the ex-
perimental data.

IV. SOME APPROACHES FOR DETERMINATION OF AND

AND EXTRACTING THE RELATED INFORMATION

A. Alternating Homogeneous Regions Along the LOS

A common material configuration that may be probed by the
graydar technique consists of layers of different materials that
are homogeneous within each layer. Let us denote the corre-
sponding intersection intervals along the LOS and their lengths
respectively by and .
When a region is an informative zone of sensing, one can in
principle determine the internal values of

and . For this pur-
pose (4) can be written in the form

(12)

where , and is the so-called (in
the lidar practice) function [2], [44].

1) Determination of the Extinction Coefficient : After
taking the logarithm of (12) we obtain the relation

(13)

that outlines each homogeneous region where falls
linearly with a slope . When the experimental data suggest
a linear tendency in the behaviour of within some in-
terval , one can use linear regression analysis for approx-
imation of and determination of . In this case one
may expect a high accuracy in the determination of even at
relatively strong fluctuations (low number) of the stored signal
photon counts . The approach for determination
of based on (13) is similar to the slope (logarithmic-deriva-
tive) method known from the lidar practice [2], [44].

2) Statistical Error in the Determination of : The error in
the determination of through two-parametric linear regres-
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sion analysis (straight-line least-square approximation) of
is obtained in the form (see, e.g., in [45]):

(14)

where , and is the value of in the th voxel
within . When deriving (14) we have taken into account
the fact that at large-enough values of (say, )
the fluctuations of are practically equal to the relative
photon count fluctuations whose variance is

.
3) Sensitivity of Measuring : The sensitivity of measuring
may be characterized by the minimum thickness of a

layer of the corresponding substance that can be found at the
maximum-admissible relative error .
The estimate of the minimum thickness follows from the
requirement expressed by using the
estimate of given by (14). So we obtain

(15)

Equation (15) shows that the sensitivity of measuring is
higher ( is smaller) for heavier materials (larger ) and
larger .

On the basis of (15) and the results given in Table I we have
evaluated for various substances and different values of the
maximum admissible relative error and the minimum
number of photon counts . The results obtained show that
the heavy materials (lead, platinum, gold, silver) are best resolv-
able (in the above sense) in comparison with the middle-weight
(Fe, Al, CaSO , teflon) and the light (earth, polyvinilchloride,
backelite, water) materials. For illustration, we have represented
in Table III the results for concerning different kind of
materials such as gold, aluminum and soil. As one can see,
the corresponding values of are from submillimeters to
centimeters.

4) Determination of the Backscattering Coefficient : If all
homogeneous regions , before the considered one ,
are also informative zones of sensing, the corresponding extinc-
tion coefficients are determinable in the same way as .
Then on the basis of (13) one can determine the backscattering
coefficients and . Concretely, for we obtain

(16)

TABLE III
MINIMUM DETECTABLE LAYER THICKNESS l AT DIFFERENT VALUES OF

q T;N , AND �

Then the relative error in the determination of is es-
timated as

(17)

B. Identification of Different Substances and Determination
of Their Mass Density

1) Identification at Known Mass Density: When the values
of and within a homogeneous region are known, it is
possible to distinguish the kind of the material within this re-
gion by using data like those given in Table I concerning mate-
rials in their common natural state with known mass densities.
As we have already noted above, the disposition of the different
homogeneous regions along the LOS is determined by the cor-
responding successive experimentally-observable intervals
where, within each one, falls linearly with a slope
[see (13)].

2) Substance Identification at Unknown Mass Density and
Determination of the Mass Density and the Electron Concen-
tration: The kind of the material within every region can
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be distinguished as well at unknown value of its mass density.
For this purpose one should use as indicator the specific ratio

. The relative statistical error in the determination
of is obviously . In the
lidar practice the ratio is usually called the lidar
ratio. By analogy, it may be called here the graydar ratio. After
the substance within is identified, the value of is obtainable
on the basis of (5), (6), (9) or (10). For instance, on the basis of
(9) or (10) the mass density is expressible as

(18)

where and are the mass attenuation coefficients within
the region for the incident photons (of energy ) and
the signal photons (of energy ), respectively. For a known
substance and its mass density , the electron concentration
(number density) is obtainable as [see (6) and the accompa-
nying text]

(19)

C. One-Material Objects

Within an one-material object, the value of the ratio
is constant all over the object

volume , independently of the mass-density distribu-
tion . Then, because of the relation
the graydar equation will contain in fact only one unknown
function, or . In this case the graydar equation has
the form [see (12)]

(20)

and is analytically solvable with respect to and . Cer-
tainly, for absolute evaluation of and the
object substance (the value of ) should be known. Once func-
tions and are determined, the LOS distributions
and of the mass and electron density, respectively, can
also be determined by using (18) and (19). The solution of (20)
with respect to is

(21a)

Let be an experimental realization (estimate)
of the graydar profile . Then, according to (21a),
the corresponding estimate of the profile is express-
ible as

(21b)

where .
For estimating the relative error in the

determination of in this case we consider the esti-
mate as function of the random variables and

that obviously obey the equalities

and . Then
the following expression of is obtained by linear error
transfer based on (21b), (21a), and (20):

(21c)

where the relations are used, given by (20), of with
and
, and . Equation

(21c) shows that increases exponentially with and
may have an unacceptable value, even at large values of

and . The relative error will have
an acceptable value only when the additional condition

is satisfied.
For instance, if we require that the maximum
depth of accurate sensing will be

(21d)

where . When , the
value of the relative bias is
evaluated like and is shown to be of the order of . This
means that for the linear error transfer is correct, and the
estimate obtained is accurate and practically unbiased. On
the contrary, when a sharp increase in ambiguity occurs
with increasing , raising the (statistical and systematic) error
in the determination of .

A general conclusion following from the considerations in
this Section is that by using the methodical arsenal of the lidar
remote sensing one can achieve more effective detailed and ac-
curate single-sided gamma-ray sensing of dense opaque media.
For instance, unlike the optical sensing, the gamma-ray sensing
allows one to find different substances and determine their dis-
position and mass density within the investigated object. This
is due to the fact that gamma-ray backscattering and extinction
coefficients of the most frequently met substances are (or could
be) known (evaluated and/or experimentally determined).
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V. SIMULATIONS

In this Section we represent results from simulations we
have conducted to examine and illustrate the performance of
the approaches developed here for gamma-ray single-sided
in-depth (and in-width) sensing of dense media. In order to
avoid inessential details, we have simulated gamma-ray sensing
along only one LOS. Besides, we have simulated the influence
on the measurement accuracy of the natural statistical signal
fluctuations alone, in accordance with the preceding error
analysis. The influence of other measurement errors such as
signal-photon-selection and backscattering-positioning errors
will be analyzed and simulated in later studies. The simulations
reproduce the Poisson fluctuations of the expected signal from
each voxel along the LOS, without performing any true radi-
ation-transport modeling. Then the only parameter of impor-
tance for the simulations is the mean number of photon counts

accumulated for the measurement time and
corresponding to acts of backscattering between and .
At given profiles (distributions along the LOS) and
of the extinction and backscattering coefficients, respectively,
the return signal profile (the graydar profile) is
calculated according to (4). Once the mean graydar profile is
determined, its realizations
[see (3a) and (4)] are generated by using a Poisson random
number generator based on a Gaussian approximation to the
Poisson distribution.

During the simulations the parameters , and
may be varied in any way. At the same time, the remaining
parameters are chosen to have the following constant values:

cm, cm, and cm at
1 divergence of the incident photon beam. In this case one may
achieve in principle a range resolution of 1 mm at a transversal
resolution of about 1 cm.

A. Successive Homogeneous Regions Along the LOS

To investigate the behaviour of the statistical measurement
error in the determination of the extinction coefficient we have
considered the following disposition of homogeneous material
regions along the LOS: region of length

cm, containing aluminum; region of length
cm, containing air; region of length

cm, containing PVC; region of length
cm, containing iron; and region of length
cm, containing earth (Soil B). The corresponding dis-

tributions of the extinction and backscattering coefficients, at
natural mass densities, are represented in Fig. 3(a) and (b). The
sampling interval supposed is mm. The mean graydar
profile for is represented in Fig. 3(c) together
with one of its simulated realizations; the different one-mate-
rial areas are seen to be well distinguished. In case of some
rare, say, gaseous layer (like region ) the signal will be so
feeble that the values of and would not be accurately de-
terminable. In such case one could guess that there is a cavity of
air or other gas. The values of and extracted from the sim-
ulated graydar profile by using linear regression analysis, are

Fig. 3. Recovered in-depth distribution (solid curves) of the extinction (a) and
backscattering (b) coefficients compared with the true ones (dashed curves).
(c) The mean graydar profile (solid curve) and a simulated realization of it
(circles) as a function of the sensing depth. The value supposed of q T is equal
to 1:68 � 10 .

compared in Fig. 3(a) and (b) with those input to the simula-
tions. The established deviations are within the corresponding
intervals and . It is also seen that
since PVC and earth have nearly equal values of and (and

) they are distinguishable only when the measurement er-
rors are less than the corresponding small differences.

B. One-Material Objects With Inhomogeneous Mass Density

Consider an object of soil whose density varies along the LOS
according to the law

(22)

where is the density under some natural conditions, and func-
tion describes the density vari-
ations along the LOS; at . Assume also that

cm. Two values of will be considered, 900 kgm
and kgm , corresponding to Soil A and Soil B
(see Table I). Then the extinction and backscattering coeffi-
cients, and , respectively, will vary like , that
is, and , where and
are the quantities given in Table I. The sampling interval is
chosen to be mm. Functions concerning both the
soil types are given graphically in Fig. 4. The corresponding
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Fig. 4. Recovered in-depth distributions in soil of the extinction coefficient (1,
circles; see left y axis) and the corresponding graydar profiles (2, squares; see
right y axis), at q T = 1:68� 10 , for Soil A (a) and Soil B (b). The models
of �(z) and the mean graydar profiles are also given by solid curves.

mean graydar profiles , at ,
and their realizations are also represented there.
The profiles recovered by using 21(b) are compared in
the figure with the premised profiles . Up to some value
of equal to 20 cm, for Soil A Fig. 4(a), and 10 cm, for Soil
B Fig. 4(b), the deviations observed are within the intervals

that widen with the increase of [see (21c)].
For larger values of the deviations increase sharply and am-
biguously. When the profile is known one can determine
with the same accuracy the estimate of the backscattering coeffi-
cient profile . Then the recovered profiles,
and , of the mass density and the electron concentration,
respectively, are obviously readily obtainable with the same ac-
curacy as and
[see also (18) and (19)].

Let us briefly address the question about the radiation dose
absorbed in a sample during a measurement procedure. To ob-
tain an upper bound of the dose, we shall assume that practically
all the energy loss of the sensing beam along a path (to a depth)

in the sample is absorbed. Then, the estimate of the mean ab-
sorbed dose Do for this region is expressible as

(23)

with denoting the cross-section area of the beam. The cor-
responding dose rate will be . The values of Do
and DR reach their maxima and , respectively, when

. In this case, from (23) we obtain that

(24a)

(24b)

where is the energy-beam intensity, and is
the deposited-energy fluence. According to 24(a) and 24(b), the
maximum dose and dose rate are related to an initial volume
(in the sample) whose thickness (along the beam axis) is equal
to the mean free path of the photon, . Let us further as-
sume that s (see Section III), and

that is the maximum value used in the simula-
tions (ensuring sufficient backscattering signal) corresponding
to a measurement time s. Then, for KeV
( J) and cm ( m ) we obtain
that J s m , and J m . With
these values of and , based on (24a) and (24b) and tab-
ulated data for [37], we have estimated and for
Al, Fe, Au, backelite, PVC, and Teflon. The results obtained
for Au are: Gy and Gy
s . The results for the remaining substances are approximately
equal: Gy and Gy s . Such
quantities are essentially below those ( MGy and

Gy s ) causing noticeable changes of the material
properties (e.g., [46] and [47], [48]).

As a whole, the results from the simulations confirm
the conclusions following from the analysis performed in
Section IV. The general conclusion is that one could success-
fully and non-destructively sound dense opaque objects by
gamma-photon pencil beams. As a result one can establish the
presence, the disposition, and the density of different ingredi-
ents within the investigated objects. The density distribution
within an object of homogeneous composition can also be
determined.

VI. SUMMARY

In this work we have proposed and studied the feasibility of
an approach for single-sided in-depth gamma-ray sensing of
optically-opaque dense media. The approach is based on the
so-called lidar principle consisting in time-to-range resolved de-
tection of the backward (signal) photon flux returned from the
investigated object. 3D imaging of the object is attainable by lat-
eral parallel scan of the LOS or by using simultaneously some
suitable set of sensing beams.

The -pulse single-scattering return signal (graydar) equa-
tion, which is the basis for quantitative analysis and data
processing is formulated, taking into account the inelastic
character of the gamma-photon scattering and the natural
photon-counting mode of detection of the signal photons. This
equation is a simple and effective relation between the known
experimental parameters, the measured time-to-range resolved
return signal profile, and the unknown longitudinal (along the
LOS) distribution of specific material characteristics such as
the volume extinction and backscattering coefficients. The
graydar equation is shown to be valid when one uses -like
gamma-ray sensing pulses, narrow-enough field of view of the
signal-photon receiver, and (energy) selection of the detected
once-only backscattered photons. An approach is proposed
and discussed for achieving -pulse sensing by using sensing
photon beams resulting from electron-positron annihilation. In
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this case, the backward twin of each sensing photon is used for
producing a reference electronic start pulse marking the instant
of emission of the sensing photon.

The volume extinction and backscattering coefficients of
various motoatomic and polyatomic, light, medium and heavy
substances have been evaluated in order to be used for nu-
merical evaluations and computer simulations. The introduced
notions IDS, for homogeneous media, and IZS, for inhomo-
geneous media, represent regions along the LOS, from where
the signal photon flux is intensive enough to ensure accurate
extraction of the information it contains. The IDS in different
materials, under various experimental conditions, have also
been evaluated.

The central problem of interest here consists of determining
the extinction and backscattering distributions within the object
under investigation. This is done on the basis of a set of graydar
profiles measured along parallel or fanned lines of sight, and has
been analytically solved for illustration in two typical cases.

In the first case, each incident gamma photon beam pen-
etrates alternating homogeneous one-material regions within
the probed object. The analytical solution of the graydar equa-
tion in this case allows one to determine the extinction and
backscattering coefficients within each region and, thus, the
corresponding substance, e.g., in some natural state with known
mass density. At unknown mass density the material of each
homogeneous region is discernible on the basis of the specific
ratio of the extinction coefficient to the backscattering one.
Once the material is identified, its mass density is determinable
by using the value obtained of the volume extinction coeffi-
cient and that of the mass attenuation coefficient taken from
tables [37], [38]. The relative error in the determination of the
extinction and backscattering coefficients and the mass density
is shown to be less than the graydar signal measurement error.
The measurement sensitivity is also evaluated and is shown to
be higher for heavier materials.

In the second case, one-material objects with nonuniform in-
ternal mass-density distributions are considered. The analytical
solution obtained here from the graydar equation, with respect
to the extinction (or backscattering) coefficient profiles, allows
one to determine the longitudinal profiles and, at last, the 3D in-
ternal distribution of the mass density. It is shown that at some
depth in the object, depending on the incident photon flux, the
error in the determination of the mass density is of the order of
the graydar signal measurement error. However, with increasing
depth the error increases exponentially and some ambiguous in-
stability arises. An accurate mass density measurement at rela-
tively large depth of sensing is possible only in the case of suffi-
ciently intensive signal supposing intensive incident photon flux
and long measurement time.

The computer simulations we have conducted confirm and
illustrate the analytical conclusions about the feasibility of the
approach developed in the work. The general conclusion is that
one can successfully realize single-sided gamma-ray, in-depth
sensing and tomography of optically-opaque, dense media,
achieving depths of sensing of the order of centimeters and
decimeters at – photons/s intensive sensing beams of
gamma-photons (of energy 511 KeV) and – s measure-
ment time. Certainly, the challenging experimental problems

should be solved beforehand about ensuring fine-enough dis-
crimination of the instants of emission of the sensing photons
and the arrival times and energy of the backscattered photons.
Additional experimental issues include the real-data acquisi-
tion, processing, and interpretation.

The approach developed in the work can be widely applied
in the field of non-destructive evaluation of flying apparatus,
nuclear reactors and other vast-scale industrial apparatus, de-
tection of landmines and explosives, investigation of archaeo-
logical artifacts and so on.
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