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g (57) Abstract: Detecting and analyzing gamma rays scattered from inspected object (105) which is irradiated by a mono-energetic
gamma camera source (110). The measurement system (100) includes a gamma radiation source (110), a radiation detector (115)
functioning as a gamma spectrometer and a modulating unit (120) which may be located between inspected object (105) and detector

=

(115) and the modulating unit (120). The measurement system (100) utilizes the energy-angle relationship of the Compton scattering
process enabling reconstruction of the three-dimensional density distribution within inspected object (105).
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TITLE OF THE INVENTION:

NON-INVASIVE STATIONARY SYSTEM

Gammas

REFERENCE TO RELATED APPLICATION:

[0001]  This application claims priority of United States Provisional Patent
Application Serial No. 60/360,012, which was filed on February 28, 2002. The
subject matter of the earlier filed application is hereby incorporated by

reference.

BACKGROUND OF THE INVENTION:
Field of the Invention:

[0002] This invention relates to systems and methods employing the
encoding of scattered gafnrria fluxes for determining three-dimensional density
distributions within an object or body to identify the pfesence of contraband
within the object, or to identify internal characteristics within the object or

body, or to detect medical abnormalities in a human body.

Description of the Related Art:

[0003] There is a recognized and growing need for improved capability to
“see” inside closed boundaries of objects and for accurate measurement of their
internal characteristics. For instance, inspection devices are needed to examine
baggage and containers to enhance security and search for contraband at
airports, government facilities, public buildings, and other possible targets of
terrorism. Inspection devices can be installed at check points to scan baggage
and other types of containers so that their contents can be characterized and
inspected for contraband such as explosives, weapons, drugs and other illicit
substances. Non-invasive inspection devices have also become an important
tool for on-line monitoring of characteristics of materials undergoing industrial
processing within tanks and pipes. ,

[0004] In the medical field, inspection devices; especially non-invasive
devices, provide many life-saving benefits. They are used by physicians and

medical personnel to assist with the diagnosis and treatment of medical
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abnormalities in a human body and to mitigate the need for expensive and risky

surgical procedures.

[0005] Imaginginspection systemshave evolved from simple X-ray imaging
systems providing two-dimensional images, to more sophisticated automated
systems capable of three-dimensional imaging. Such current devices and
techniques include Computer Assisted Tomography (CAT), Positron-Electron
Emission Tomography (PET), and Magnetic Resonance Imaging (MRI).
However, these conventional devices and techniques generally rely on multiple
sources and/or complex arrays of detectors, and require a relative scanning
motion between the inspected object and the principal system components.
Such operating conditions result in significant complexity, size, cost, inspection
time, and radiation exposure. A need exists for faster baggage-screening
devices having good imaging capabilities to defect and identify contraband;
‘detection machines are needed that search and accurately detect a wider range
of contraband including nonmetal weapons explosives and components of
weapons of mass destruction; further, a need exists for cheaper and smaller

inspection devices.
SUMMARY OF THE INVENTION:

[0006] According to an embodiment of the invention, provided here is a
three-dimensional image-generating device. The three-dimensional image-
generating device includes a radiation source, a modulating unit and a radiation
detector. The radiation source is configured to irradiate an object with gamma
rays. The modulating unit is configured to encode gamma flux scattered from
the object as the gamma rays interact with the object causing the object to
generate scattered gamma rays. The modulating unitis configured to identify
the spatial origin of the scattered gamma rays as the scattered gamma fays pass
through the modulating unit. The radiation detector is configured to detect
gamma rays scattered from within the object and passiﬁg through the
modulating unit.

[0007]  According to another embodiment of the invention, a measurement
system is provided. The measurement system includes a modulating unit

configured to receive gamma rays scattered from within an object irradiated by
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mono-energetic gamma rays and to modulate gamma fluxes of the scattered
gamma rays with a periodic function. The modulating unit is also configured
to implement an enceding process. The encoding process tags a plurality of
solid angle segments of the scattered gamma flux individually with different tags.
The modulation unit is further configured to encode the gamma fluxes. The
encoded gamma fluxes are used in combination with the energy-angle
relationship of the Compton scattering process to determine a three-dimensional
distribution of local scattered gamma flux within the object.

[0008] According to another embodiment of the invention, provided is a
three-dimensional image generating system including a measuring device. The
measuring device is configured to identify and separate object-derived gamma
fluxes originating from a plurality of isogonic slices within an object. The
measuring device is configured to determine a spatial distribution of scattered
gamma flux. The scattered gamma flux determination includes a magnitude of
gamma fluxes of the gamma rays arriving from points located in portions of
isogonic shells internal to the object and eliminates non-object derived gamma

fluxes arriving from locations excluding the object.
BRIEF DESCRIPTION OF THE DRAWINGS:

[0009] Figure 1 depicts an inspection system according to an embodiment

- of the invention;

[0010]  Figure 2 shows an energy-angle relationship for Compton scattering
of X-rays or gamma photons which may be employed in an embodiment of the
invention;

[0011] Figures 3A-3C illustrate configurations of isogonic surfaces and -

volumes which may be employed in an embodiment of the invention.

[0012]  Figure 4 depicts a rectangular modulating unit (Modulating unit)
according to an embodiment of the invention;

[0013] Figure 5 is an illustration of the virtual projection of the modulation
unit’s nodal windows upon spheroidal isogonic surfaces according to an
embodiment of the invention;
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[0014] Figure 6 depicts a rectangular modulating unit designed for rotary
oscillation of rectangular gamma attenuating elements according to an

embodiment of the invention;

[0015] Figure 7 illustrates a polar modulating unit including attenuator
elements consisting of a circular disk with concentric circular tungsten bands

of varying thickness according to an embodiment of the invention;

-[0016]  Figure 8 illustrates a polar modulating unit including tungsten
attenuator elements consisting of concentric circular bands of constant thickness

. and varying widths according to an alternate embodiment of the invention;

[0017]  Figure 9 shows a virtual projection (viewed from the detector), of a -
rectangular array of nodal windows on isogonic shells and surfaces within and
around a proximate region of the inspected object, forming virtual voxels from_

which scattered gammas emanate and travel toward the detector;

[0018] Figures 10A-10B illustrate operational flowcharts according to a
method of the invention;

[0019]  Figure 11 is a system of equations (Egs. 15) for solving a set of linear
algebraic equations according to an embodiment of the invention;

[0020]  Figure 12 illustrates parameters relating scattered gamma photon flux
* to mass density within the inspected object; and

[0021]  Figure 13 illustrates parameters used in density reconstruction.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS:

The Inspection System

[0022]  The invention, as illustrated in FIG. 1, provides a straightforward,

non-invasive, rapid, and economic method for irﬁaging an unknown volumetric

density distribution within an object with opaque boundaries. The invention

may be implemented by detecting and analyzing gamma rays (or X-rays)

scattered from an inspected object 105, which is irradiated, for example, by a

mono-energetic gamma source 110. The measurement system 100 may include

a gaMa radiation source 110, aradiation detector 115 functioning as a gamma |
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spectrometer, and a modulating unit 120, which may be located between
inspected object 105 and detector 115, as shown, or alternately between source
110 and inspected object 105. Alternatively, the gamma radiation source 110,
the radiation detector 115, and the modulating unit 120, each may be configured
as a single, stationary component of the inspection system. All three of these
measurement system components may also have a fixed orientation, and may
be positioned on the same side or on opposite sides of the inspected object 105.
[0023] Gamma flux transmitted from the mono-energetic source 110
irradiates inspected object 105 and interacts with the object 105, which may
cause a measurable fraction of scattered gammas generated within the inspected
object 105 to travel from inspected object 105 to detector 115. The scattered
gamma stream 113, which is the number of gamma photons pass.ing through
nodal windows within the modulator, is attenuated according to a periodic
function (such as a sine or cosine function) by the modulating unit 120. This
modulation acts effectively as an encoding process that tags those single-
scattered gamma rays 113 that reach detector 115 after interacting with the
material within the inspected obj ect 105, or within a pre-selected region of the
inspected object 105. ' The measurement system 100 also utilizes the energy-
angle relationship of the Compton scattering process, as discussed below. This
Compton energy-angle relationship, coupled with the encoding and decoding
of the gamma rays scattered from inspected object 105 and passing through
modulating unit 120, enables the reconstruction of the three-dimensional density
distribution within inspected object 105.

[0024]  One of the many features provided by the invention ié the design and
application of a gamma modulation unit to tag components of the areal
distribution of gamma flux across any cross section of the gamma stream, after
the gamma rays are scattered from inspected object 105. To enable the
invention to locate scattering points within the inspected object 105, the
invention may utilize the modulation unit 120 to determine the two-dimensional
distribution of scattered gamma flux within inspected object 103.
Conjunctively, the invention utilizes the Compton energy-angle relationship for
scattered gamma rays to determine a third coordinate thereby identifying each
scattering point in three-dimensional space. With the identification of all three

coordinates, and measurement of the intensity of scattered gamma flux, a
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reconstruction of the -three-dimensional gamma flux distribution and
corresponding mass density distribution in inspected object 105 may be
realized. |
[0025]  For personnel safety and to reduce background radiation, source 110
may be shielded in the lateral and rear directions by a radiation shield 130. The
radiation detector 115, which may also be stationary, may record single-
scattered gamma rays 113 that are projected from inspected object 105 after the
original gamma rays 112 from the source interact with atoms within inspected
object 105. Detector 115 is a gamma spectrometer that can register a high count
rate of single detection events (i.e., single gamma photons). A multi-channel
pulse height analyzer 135 (MCA) and a data analysis unit 140, sorts the
detection events according to the energy of the detected gamma photon, by
registering the energy spectrurh of all scattered gamma photons detected by the
detector 115 within a specified time period. .

[0026] Modulating unit 120 imposes a periodic time-dependent attenuation
on the otherwise constant incident flux of the gammas as the scattered gamma
rays 113 pass through modulating unit 120 on their way to detector 115. While
FIG. 1 shows the modulating unit 120 located between inspected object 105 and
detector 115, in an alternative embodiment which is not shown, modulating unit
120 may be placed between source 110 and inspected object 105. In this
alternate embodiment, modulatlng unit 120 perlodlcally attenuates the original
gamma rays from the source as the gamma rays travel toward 1nspected object
105. In the embodiment, as shown in FIG. 1, where modulating unit 120 is
located between inspected object 105 and detector 115, the modulating unit’s
cross-sectional area may be oriented perpendicular to the mean direction of the
gamma flux of the scattered gamma rays incident upon detector 115.
Alternatively, in situations where the modulating unit 120 is positioned between
radiation source 110 and inspected object 105, the modulating unit’s cross-
sectional area may be oriented perpendicular to the mean direction of gamma
rays from source 110 incident on the inspected object 105. ’

[0027] Modulating unit 120 may be further configured to include a plurality
of nodal windows 125, as shown in FIGS. 6-8. As the scattered gamma rays
113 encounter the modulating unit 125 (Fig. 1) and pass through the nodal
windows 125, modulating unit 120 imparts a unique time-varying attenuation
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on the gamma flux (i.e., gamma stream intensity) in each of the nodal windows
as the scattered gamma rays exit each window 125. The time-dependent
changes imposed upon the gamma flux transmission may vary with the position
of each window in the areal cross-section of modulating unit 120. This time-
dependent feature helps to enable a determination of the locations of the
scattering points and the values of the gamma fluxes traveling from these
scattering points within the corresponding sections of inspected object 105,
through the moduléting unit 1'20, and incident on the detector 115.
[0028] Dimensions of the inspection system’s components, their relative |
poéitions, and processing of data can be adjusted to optimize measurements for
a wide range of sizes and shapes of inspected objects. ‘
[0029] The invention provides several features and benefits. One such
feature is that the invention provides.a three-dimensional extension of the
Compton-scattering geometry, which includes the functional and physical
coupling among a gamma source, a scattering point (SP) 122 within an
inspected object, and a detector. Figure 2 illustrates the energy-angle
relationship for Compton scattering of X-rays or gamma photons. Here, a
primary gamma photon of energy E, interacts with an atomic electron to yield |
a secondary gamma photon scattered at an angle € from the original direction
and having a reduced energy E. A secondary electron is scattered at an angle
6 * to conserve momentum. The Compton energy-angle relationship for
scattering of gamma photons resultsin a récognition that a scattering point (SP)
122 located on a circular arc passing through the source 110 and the detector
115, may be situated at any other point on that circular arc without changing the
- scattering angle (FIGs. 3A-3C). Rotation of this “isogonic” (equal angle) arc
about the chord that connects the source 110 and the detector 115 results in a
virtual isogonic surface, anywhere on which the scattering point 122 may be
located and yield the same angle of scattering (and thereby, scattered photons
having the same energy). The portion of these virtual surfaces within the
inspected object constitutes “isogonic slices,” which may be utilized in the
analysis of scattered gammas and identification of their origins. The modulator
unit 120 may produce a designated periodic sine or cosine time-variant
attenuation of the gamma flux distribution throughout the cross-section of the

gamma stream incident upon the modulator unit to encode the flux of the
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gamma rays in every nodal window of the modulating unit. The gamma flux
encoding provided by the modulating unit 120 enables the identification of the
‘point of origin of gamma rays, which have undergone scattering in the inspected
object, and are discriminated by the detector (based upon their measured
energy) from othér gamma rays arriving at the detector from other isogonic
slices. Utilizing gamma rays transmitted from a single mono-energetic source
and measured by a single detector spectrometer, the invention also provides a
method for simultaneous spatial-encoding, which may be performed by the
modulating unit, and energy-encoding of Compton-scattered gamma flux
traveling from the inspected object to the detector. A Fourier transform analysis
may be included in the decoding process to analyze the measured detector count
rates, thus enabling a determination of the three-dimensional distribution of
scattering points and corresi)onding three-dimensional mass density distribution
within a stationary inspected object irradiated by mono-energetic gammas.
[0030] As amore detailed description of the components shown in FIG. 1,
the radiation source 110 can be any radioactive isotope emitting mono-energetic
gammas having energies, for example, in the range of approximately a few
hundred KeV to the MeV range. The radiation source 110 may be, for example,
cesium-137, which emits mono-energwetic gamma rays having an energy of 661
Kev or sodium-22, emitting gamma photons at 1.27 MeV. Alternatively, in
addition to the use of isotopic sources, the gamma radiation source may be any
generator of mono-energetic gamma photofls. Radiation source 110 may be
stationary and housed in a radiation shield 130. During the measurement, the
radiation shield 130 may include an opening on one side to permit gamma
radiation to stream out in a conical solid angle large enough to irradiate a
portion or the entire inspected object 105. When selecting the strength of the
source to be used in a particular applicétion, factors such as the desired
inspection time, size, density, distance, and geometry of the inspected object
may be considered. ' V
[0031]  Another physical attribute that may be considered in conﬁguring the
invention is that the lateral dimensions of the radiation source may be selected
to be significantly smaller in comparison to the linear dimensions of the overall
inspection system and the inspected object. If, in this example, the size of the
~ inspected object and the distance of the inspected object from the source are
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more than two orders of magnitude larger than the size of the radiation source,
the radiation source can be approximated by a point source, which will simplify
the mathematical analysis, as discussed below.

The Modulating Unit

[0032] The gamma flux modulating unit 120, as shown in FIGS. 1, 4, 6, 7,
and 8, incorporates time-dependent gamma attenuators 145 placed in the path
of the scattered gamma flux 113 traveling from inspected object 105 to detector
115 (or alternatively, from the radiation source 110 to inspected object 105).
Each gamma attenuator 145 functions as an attenuating element of its
associated nodal window 125. The modulating unit 120 is configured to
encode each individual solid angle segment of the gamma flux before the
gamma flux arrives at detector 115. Subsequently, the resulting signals are
subjected to further processing. The encoding by modulating unit 120 provides
a unique time-varying tag at any moment in real time during which the gamma
rays 113 pass through the modulating unit 120. Modulating unit 120 acts upon
either the original or scattered gamma rays, depending upon the location of the
modulating unit, in order to encode the gamma flux and thereby assist in a
simultaneous determination of the spatial origin and flux intensity of the
scattered gammas. |

[0033] Inasimplified version of the rectangular modulating unit 120 shown
in FIG. 4, each attenuating element 145, located in a column, may be attached
to a common thin vertical rod 155, with spacing between adjacent elements in
the column equal to or close to the vertical dimension of the window 125. A
frontal view of the exemplary modulating unit column in FIG. 4 shows a series
of connected elements alternated by vacant spaces, which make up a total of K
passages in each column through which gamma rays may stream. The number
K of passages may or may not be the same as the number N of nodal windows
125 in a column. This embodiment incorporates the sharing of one common
attenuating element 145 by a pair (125a and 125b) of adjacent nodal windows
in each column of the modulating unit, as shown in FIG. 4 when the attenuator
145 slides in an upward and downward motion..

[0034]  The time-variant oscillation that modulating unit 120 imposes on the
intensity of the gamma fluxes which pass through the modulating unit, is not
uniform across the area of the modulating unit. Modulating unit 120 may be



WO 03/073938 PCT/US03/05833

. configured, in an embodiment, so that the time-variant oscillation varies in a
two-dimensional space, across the plane (the cross-sectional area) of the
modulating unit. FIG. 4 illustrates a view of the cross-sectional area of -
modulating unit 120 which may be designed to represent a matrix of window-
like openings, referred to as “nodal windows” (N'Ws) 125 and their associated
attenuating elements 145. Each attenuating eélement or attenuator 145 exhibits
aunique time-dependent oscillatory gamma attenuation upon the portion of the
gamma ray stream moving through the particular nodal window 125 towards
detector 115 (or alternately, toward the inspected object 105).

[0035] The exemplary modulator unit 120 shown in FIG. 4 is designed for
periodic translatory oscillation (e.g., sinusoidal) of the gamma attenuating
elements. In the coordinate system selected, x is the lateral direction across the
face of the modulating unit, y is perpendicular to the plane of the modulating
unit (in the mean direction of the gamma flux), and z is the vertical direction in

- the modulating unit plane. Attenuating elements 145 may be rectangular slabs
of tungsten mounted on vertical rods that move in the vertical direction. The
array of such attenuators is made up if K rows and 7 columns in the (%, z) plane.
Each elementary areal space in the (x, z) plane is designated as a nodal window
(NW). 125 and is identified by the subscripts i (along the x direction) and &
(along the z direction) representing the row and column, respectfully, in which
the NW resides. The term nodal window may be représented by the symbol
NW in the Figures. In each column, there may be an open space between
adjacent attenuators, so that as the rods supporting the attenuators in each
column oscillate up and down, each NW is alternately blocked and unblocked.
Each depicted attenuator serves two vertically adjacent NWs in a column,
causing the opening of one window to correspond to the closing of the adjacent
window. All attenuators in the same column are connected to a common rod.
A solenoid-driven sliding actuator may be used to substitute for the cam
mechanism shown in Figure 4. While electric power is convenient for the
rotary drive, other power sources may also be used. The attenuators in each
column can move along guide tracks, indicated by the vertical dashed lines.
Alternately, upper and lower shaft bearings may be designed to serve as guides
for shafts. ‘

[9036] The modulating unit 120 may be placed in the path of the gamma

10
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rays so that the cross-sectional area is perpendicular to the average direction y,
of the fluxes transmitted from inspected object 105 and arriving at the detector
115 (or alternately, from the source and arriving at the inspected object). The
design and arrangement of the nodal windows 125 and their attenuating
elements 145 enables the imposition of a unique time- dependent oscillatory
attenuation of the particular gamma flux segment that passes through each
window. By employing multiple windows, with each attenuating element
moving independently of other elements, modulating unit 120 uniquely encodes
each segment (defined by the nodal window) of the gamma stream Cross section
incident on the modulating unit (or alternately, coming from the source 110 and
incident on the inspected object 105). Each of the solid-angle segments of the
gamma stream is associated with its particular NW 125, and defines a solid
angle through which the particular gamma flux propagates. The solid angle is
the angle that the nodal window subtends with the detector 115 (or alternately,
the source 110 when the modulating unit is positioned between the source and
the inspected object) as the apex of the subtended angle. As a result, for the
detected gamma rays which are scattered from any volumetric element (voxel)
within the inspected object 105, the voxel’s center being the scattering point
(SP) 122 as shown in FIG. 5, and the resulting local flux intensity can be
characterized and identified by association of the nodal window’s location with
respect to the corresponding voxel within the inspected object 105. The term
voxel, which is derived from volumetric pixel, pertains to elementary, small, but
measurable finite-difference volumes. The term local flux refers to the gamma
flux emanating from the point of scattering SP within the inspected object 105.-
More precisely, the term local flux refers to the averaged flux from within its
associated voxel.

[0037]  Each attenuating element or attenuator 145 exhibits a unique time-
dependent oscillatory gamma attenuation; - the functional time variance
generated within each nodal window 125 of the modulating unit represents the
encoding of passing gamma fluxes and is window-specific. The functional time
variance may be accomplished by means of translatory or rotary movement of
the attenuating element 145 relative to the individual nodal window’s frame
147. The frame of the nodal windows can be either a hardware component, Or

a virtual frame that defines the nodal window’s boundary, resulting in virtual

11
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nodal windows. The movement of the attenuating element causes a partial
blocking of the nodal window, as shown in FIG. 4, and affects the magnitude
of each solid-angle segment of the gamma ray stream as the gamma rays pass
through the modulating unit 120. This translatory movement may be generated,
for example, by attaching rotary drivers 150, as shown in FIG. 4, to the base
frame 148 of the modulating unit 120 to vary the position of the attenuating
elements 145. The rotary drivers 150 of the modulating unit 120" enables
movement of attenuating elements 145, through the use of any known
connection devices such as a hinge connection, linking device, or rotating shaft.
[0038] - Inthe embodiment shown in FIG. 4, of the total number of columns
I: only the first and second of these columns including their rotary drivers are
shown attached to their cam mechanisms, which can be driven by an electric
motor. The rotary drivers may be designed to produce a sinusoidal oscillatory
motion along the vertical axis of the modulating unit 120. The rotational
motion of the rotary drivers 150 is transferred to the oscillating attenuating
elements 145 to vary the time function of their attenuation. Thus, this
movement of the attenuating elements 145 affects the flux of passing radiation..
within each solid-angle segment leavihg the modulating unit 120, traveling on
its way to the detector 115. A computer, capable of executing data procéssing
instructions, can be coupled with or integrated within system 100 to control and
execute the analytical functions of the invention. Also, through the use of a
computer or similar device (not shown) the motion of the attenuating elements
145 may be programmed to result in amplitude modulation (AM), phase
modulation (PM), frequency modulation (FM), or a combination thereof.
'[0039]  The design of the modulating unit 120 can be configured or modified
so that the invention can be utilized in a variety of modulating unit.
configurations. However, as discussed above, the physical attributes of the
inspected object may be a factor for consideration in designing the modulating
unit for a particular application. The system 100 can be designed (among other
options) to include a rectangular modulator 120a (FIGS. 4 and 6) or a polar
modulator 120b (FIGS. 7 and 8). In the rectangular embodiment, modulating
unit 120 may be configured as a two-dimensional rectangular array of gamma
attenuating elements. The attenuators 145 may be fabricated in a number of

different ways, for example,' as discrete elements, virtual portions of a number

12
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(I) of helical (twisted) strips, or as a single monolith sine-curve shaped
attenuating block (not shown), that slides laterally across the nodal window’s
cross-sectional area. The rectangular modulating unit in FIG. 6 may be
designed for rotary movement, causing periodic flux variation in rectangular
gamma attenuating elements 145 which may utilize the same coordinate system
as for the modulating unit shown as in Figure 4, retainiing the same notations
for rows and indexing in the array of attenuators 145. Attenuating elements 145
may be rectangular slabs of tungsten mounted on vertical rotating rods. The
illustration shows a modulating unit with 10 columns and 10 rows,
corresponding to N = IK = 10 x 10 = 100 NWs. Representative sets of
attenuators 145 are shown only in columns #1 and #2. Attenuator elements are
shown in various orientations on the driving shaft. The attenuation that each
element offers is maximum when the face of the element is aligned with the
face of the modulator unit frame (perpendicular to the direction of incoming
gammas), e.g., in the NW corresponding to i = 1, £ = 10 in the illustration. The
attenuation is least when the attenuator element is perpendicular to the face of
the Modulating unit (e.g., in the NW corresponding to 7 = 1, k= 6 in the
illustration). The attenuation in each column can be made unique by the
imposition of a different velocity of rotation of the supporting shafts.
Uniqueness within the same column is achieved by the variation of the angular
orientation of elements on each shaft (resulting in a phase lag). The thickness
or height of particular attenuators can also be varied. The attenuation in a
representative NW is characterized by the modulating function a(g, #). Init, p,
is the phase lag of NW #g. The driving mechanism for each column shown
employs electric motors, but other power sources may also be used.

[0040]  Practical values for oscillatory modulation frequencies, selected by
a user, may be within an order of magnitude of one per second. A suggested
size for the modulating unit 120a may be between approximately several inches
and a few feet in the lateral direction (perpendicular to the yb axis, representiﬁg
the average direction of the gamma-propagation trajectories), with the thickness
(in the direction of gamma-propagation) of the modulating unit’s attenuator
elements of the order of a fraction of an inch. The attenuator thicknesses may
be influenced by the kind of gamma attenuating material selected. The
modulator unit dimensions may be influenced by the scale of the overall size of

13
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the inspection system, especially considering the dimensions of the inspected
object and the distance from the source and the detector.
[0041] Inthe simplified illustration of the rectangular modulating unit 120a
shown in FIGS. 5 and 6, tungsten attenuating elements 145 are arranged in a
matrix of I columns and K rows, forming a two-dimensional rectangular array
of nodal windows 125, with the surface area of the window-array oriented
perpendicular to the average direction y, of the oncoming gamma rays. The
dimensions of the nodal windows may be the same or may vary throughout the
entire modulating unit. Likewise, the thickness of the attenuating elements may
be uniform, or vary from window to window.
[0042]  Observing the dynamics of the system 100, when vertical driving rod
155 is in the lowest position, each nodal window 125 in the column is either
clear or covered by an attenuating element. The invention may be designed so
that ‘when the rod is in the lowest position, all odd-numbered nodal windows
may be blocked (providing maximum attenuation of their incident gammas),
and all even-numbered nodal windows are clear (providing no attenuation of
their incident gammas). When drive shaft 155 is at the highest position of its -
translatory oscillation, the situation is reversed so that all odd-numbered nodal
windows are clear, while all even-numbered nodal windows are blocked and
provide maximum attenuation to the incident gammas. As drive shaft 155
moves between the lowest and highesf positions, all nodal windows undergo
some degree of attentuation between the minimum and maximum attainable
with their respective attenuating elements. The blocked and clear states of
window transmission may vary in a sinusoidal (or other trignometric function)
manner as a consequence of the changing positions of attenuating elements,
which is time-variant, as controlled by the sinusoidal (or other trignometric
function) oscillation of the vertical drive shaft 155. | 4
- [0043] In each column of modulating unit 120a shown in the example
configuration of FIG. 4, a single vertical drive rod 155 supports several similar-
sized gamma-attenuating slab-shaped attenuating éelements 145. If each
attenuating element slab 145 is shared by two adjacent nodal windows, the
number of nodal windows for each column is N=2 x 5 =10 NWs (for five such
“elements in a column). Each of the attenuating elements 145 may be designed

- with its unique thickness and height. All the attenuating elements 145 in a
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column may move at the same frequency since they are driven by the same drive
shaft. However, the invention may also be configured so as to include separate
(for example, concentric) drive shafts to control each attenuating element 145
individually so that the oscillation frequency of the elements may differ from
each other. Also, each such individually-controlled attenuating elements 145,
when moving independently of the others, could do so with its own time delay
(phase lag) in motion. '
[0044] - Similar tothe distinctions caused by varying the size (and/or even the
material) of individual attenuating elements 145 within the columns of the
rectangular modulating unit, operational distinctions in phase and frequency
may also be incorporated to further generate unique variations of the gamma
flux attenuation in each nodal window. The attenuating elements 145 can be
oscillated up and down, individually or as a group, or by varying in time.the
position of individual attenuating elements within its associated nodal window.
As depicted in FIG. 4, additional columns of attenuating elements are placed
adjacent to the first column, making a total of / columns within the modulating
unit. Each of these columns can be operated at a different oscillation frequency.
For example, if /= 40 such columns are included in the system, then the total
" number of uniquely oscillating absorbing elements would be 40 x 5=200. This
embodiment provides twice that number (400) of uniquely-modulated nodal
windows, since one attenuating element 145 serves two adjacent nodal windows
125, as discussed above and shown in FIGS. 4 and 6. Thus, the areal cross-,
section within the volume of the inspected object would include 400 pixels,
corresponding to 400 voxels for each isogonic slice.
[0045]  Ofcourse, one having ordinary skill in the art will readily understand
that the number of pixels (and the corresponding spatial resolution), may be
- designed to any convenient configuration, and\the parameters of the modulating
unit may also be of variable design. For instance, FIG: 6, which depicts an
option for the operating rectangular modulating unit 120a, includes the vertical
shaft 156 that turns the individual twisted rotating attenuating elements, instead
of the vertically-moving elements as shown in FIG. 4. ' .
[0046] FIGS. 7 and 8 illustrate an alternative embodiment depicting a polar
modulating unit 120b. The polar modulating unit 120b may be designed using
“the same general concept as that of the rectangular modulating unit 120a, with
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a few notable exceptions. The polar modulating unit 120b includes a circular
disk 152 fabricated of gamma attenuating material such as tungsten or lead.
The disk 152 may be divided into a set of / concentric bands 153, all of which
can have the same value of radial width 47", Either the radial width or the
thickness of the tungsten attenuator in each of the concentric bands 153 may be
varied in order to generate a sinusoidal attenuation of the gamma flux. In other
words, the amount of attenuation experienced by the portion of the gamma flux
passing through a nodal window 125 of the disk 152 may be dependent on the
designed variable radial width or the variable thickness (governing the -
attenuating power) of the attenuating material at the location of the nodal
window 125. That nodal window 125 is a virtual entity, contained in a fixed
position on the virtual stationary array of nodal windows superimposed on the
rotating disk 125 of the modulating unit 120b. The nodal window area may be
defined by the expression [ r* « Af* + Ar*]. Asindicated in FIG. 8, the symbol
AB* denotes the sector angle (of the order of degrees), the symbol »* denotes the
radius, and the symbol Ar* denotes the width of the radial band. Reiterating the
explanation provided with regard to the embodiment of the rectangular
modulating unit 120a, variation in the attenuating power ata nodal window 125
may be the result of either a variation in thickness of material in the direction
of propagation of gamma rays as they travel toward the detector/spectrometer
115, or a variation in radial width of the material inside the concentric bands
153. -

[0047]  In the polar modulating unit 120b, frequency modulation (FM) and
phase modulation (PM) executed simultaneously providé apreferred method of
effectively encoding each individual solid angle segment of the gamma flux
passing through the modulating disk and arriving at the detector. This encoding
is specific to particular locations on the virtual stationary circle, on which a
nodal window 125 is defined by the radial band of width Ar*, radius r*, and
polar angle §. These geometric pointers are associated with representative
scattering points, i.e., the centers of scattering voxels, with their finite-
difference area defined as conical projections of the virtual shadow ofthe nodal
windows on the isogonoic slices within the inspected object, as viewed from the
detector. '

[0048]  FIG.7, specifically, depicts how the time-varying attenuation may be
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generated in the invention when the thickness of the material is varied in the
direction of propagation of the gamma rays in the polar modulating unit 120b.
" FIG. 8 illustrates an example of how the invention’s modulating unit may be
designed by varying the radial width of the attenuating material. The detector
115 views the inspected object by sensing scattered gamma rays impinging on
the detector. For each pair of values (r*, 0) the corresponding gamma-
attenuating material performs a periodic attenuation according to the size and
shape 'of the attentuating material and its motion. The radial band # 7 has i
peaks of the sine curve, the next radial band has (i + 1) peaks, etc. The number
of peaks defines the modulation frequency for the band under consideration for
any given speed of rotation of the disk. In general, the polar modulator shown
in both FIGS. 7 and 8, can be designed to rotate with a constant, relatively slow
angular velocity (of the order of 1 to 10 revolutions per second) about its center.
[0049]  As an example , five concentric bands (with average radii % 75%
r¢¥, r*, and rg*) are shown in the polar modulator 120b in FIG. 7. There is a
graduat1on of shading, from very light to very dark, going along the
circumference. In this embodiment, the dark regions represent the positive peak
areas of a sine-wave variation in thickness of the attenuator material-or
maximum thickness—and the light areas represent negative peak areas, or
minimum thickness. The attenuation of gamma rays passing through the disk
is greatest at the location of the dark areas (where the material is thickest), and
least at the light areas (where the material is thinnest). The band centered at a
radius 7,* has seven very dark areas, representing seven complete sine-wave
cycles. Each positive peak in that band is separated around the circle by an
angular interval Af= 51.4 degrees. The next outer band, 7*, has eight cycles,
separated by an angular interval A = 45 degrees. As the disk 152 turns
through one complete rotation of 360 degrees, each band may be out of phase
with the next outer band by one complete sine-wave cycle. The sine-wave
frequency isabit hlgher for each successive outer band. For example, the band
at rg* experiences elght cycles in the same time period (one rotation of the disk)
that it takes the next inner ring to experience seven cycles. The next two inner
bands exhibit six and five cycles, respectively, with increasingly lower
frequencies. This illustration can be expanded to incorporate any number of

concentric bands. Further, the positions of bands having specific frequencies
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of oscillation, may be ordered in any sequence.

[0050] During a steady rotation of the disk 152, the traversed arc-length

measured with respect to a stationary point next to the disk is proportional to

time. Therefore, phase modulation PM is a characteristic that naturally occurs

. in this embodiment. For such a situation, the following may be implied:

consider two adjacent nodal windows 125 in the same radial band of the polar
modulating unit as shown in FIG. 7. Ifthe attenuation in the left nodal window

corresponds to a peak of the sine wave, then the right nodal window

experiences a smaller, slightly delayed, off-peak attenuation. With clockwise

rotation of the modulating unit 120b, the sine-wave peak moves to the right

nodal window, leaving -the left nodal window with a smaller off-peak
attenuation. - The difference in the attenuation between these two nodal

windows is characterized by a time lag which is proportional to the phase angle

difference A3 between the left and the right nodal windows on the radial band.

Related to the use of phase modulation, the sizes (thus, the boundaries) of the

nodal windows in the polar modulating unit are also completely adjustable.

Analogous to the options described with respect to the rectangular modulating
unit employing rotating elements with helical attenuators 120a, the user of the.
polar modulator may also select values of the phase angle increment A merely
by entering a numerical parameter into the data processing computer program,

“without any adjustment of the physical apparatus.

[0051] Forexample, if the measurement system is set to resolve a difference
in gamma intensities corresponding to ABequal to a 10 degree phase shift, then
the polar modulator system would have K = 360/10 = 36 phase delays

(corresponding to 36 nodal windows along a column of a rectangular
modulating unit 120a). The user can select the design of a system with /
selected concentric bands. If I = 20 is selected, there would be K=1= 36 x
20 = 720 pixels of information per virtual slice of the inspected object, which
pixels are available to reconstruct the image of one isogonoic slice within the
inspected object. Use of finer phasé resolution (e.g., by choosing AL less than
10 degrees).together with additional radial bands in the modulator disk 152 can
provide for several thousand pixels in a reconstructed image of an isogonic
slice. Using 720 pixels per slice, if 20 slices are considered (i.e., 20 energy
values of scattered gammas), the resulting resolution would be represented by
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720x 20 = 14,400 voxels inside inspected object 105.
[0052] While in FIG. 7, the thickness of the attenuator in the direction of
gamma-propagation directly controls the nodal window-associated attenuation,
that attenuation is controlled in FIG. 8 by varying the radial width of the band
so that the gamma-attenuating area of the band at any point along its
circumference varies in a sinusoidal manner, as depiéted by the shaded area
specifying the attenuator material exposed to gamma rays in a band’s sector.
[0053]  The design in FIG. 8, being is analogous to the design of FIG. 7 in
regard to the periodic sine variation of attenuation, enables: (a) amplitude
modulation (AM) as aresult of the changing thickness of the attenuator material
along the circumference of the disk; (b) frequency modulation (FM), utilizing
the radial variation of the number of sine wave cycles; and (¢) phase modulation
(PM), having intrinsic phasé delays among adjacent virtual nodal windows on
each particular radial band, with a wide range of practical options for selection
of the phase angle 44 (i.e., time delay) between adjacent nodal windows.

© [0054] In both polar modulating unit designs, the use of band-related FM
supports the determination of the sub-total of gamma fluxes—i.e., all fluxes
passing through any particular annular band—which is a component of thetotal
flux passing through the entire cross-section of the modulating unit disk, i.e.,
through all its annular bands. |
[0055] Regardless of the configuration, the modulating unit 120 constitutes
a two-dimensional matrix of periodic, time-varying gamma attenuators, which
modulate the gamma fluxes passing through the attenuator-associated nodal
window. - (
[0056]  Further, in an alternate embodiment of the invention, the modulating
unit maybe configured in a three-dimensional geometry, wherin the modulated
gammas pass through more than one layer of nodal windows and their
associated attenuators to serially-éncode the individual streams of radiation.
The Integrated Modulator o
[0057] As an alternative embodiment, instead of utilizing a separate
modulator unit as described in the preceding discussions, the invention rnay be
configured so that a modulator is incorporated as an integral part of either the
detector or the radioactive source. :
[0058]  To integrate the modulation unit within the detector system 115, the
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system 100 may be configured by adapting the detector/spectrometer into a
mosaic, with individual read-out from each element of the mosaic [is possible].
Such a configuration would allow the signals, generated by the incoming
gamma rays incident on each mosaic detector element to be segregated and
processed separately. Electronically controlled modulation of the bias voltage
(in the case of a semiconductor detector) or a varying mosaic light filter (in the
case of a scintillator and photo-multiplier tube detector) may impose the
modulating function a(g, ¢), as described below, on the incoming signals. This
signal perturbation would be equivalent to the operation of the external
modulating units described earlier.

[0059] Alternatively, the modulation unit may be integrated with the
radioactive source system according to the following manner. A customized
stationary attenuating slab may be precisely shaped to produce a varying
attenuation (along its length) of gammas traveling in a direction approximately
perpendicular to the surface of the slab. As the source is raised from its storage
position to irradiate the inspected object 105, the source would travel past the
shaped attenuating slab. Thus, the source’s two-stroke motion in and out of the
shield cask would result in a designed modulation of the passing gamma flux
according to the slab design, generating a transient (time-dependent) attenuation
of the source gammas. This will result in a modulation of these gamma rays
analogous to the a(g, ) modulation function impressed by the attenuator
elements in the modulating unit.

Radiation Detector Requirements »

[0060] Referring back to FIG. 1, the radiation detector 115 may be a gamma
spectrometer, which is a device that detects individual gamma photons that
impinge upon the detector 115 and provides an output signal that is proportional
to the energy of the detected gamma photons. The size of the detector may be
configured to be small in comparison to the size of the inspected object 105 and
to the distance between the detector 115 and the inspected object 105. In the
analysis performed by the invention, the detector may be approximated as a
point in space, to simplify the geometriCal assumptions in the analysis.
[0061] During operation of the system 100, optimal positioning of the source
and detector is partially dependent on the size and shape of the inspected object
105, with the cone of radiation efnerging from the source directed toward the
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inspected object 105, encompassing the region to be inspected.
Compton Scattering of Gamma Rays
[0062] The operation of the inspection system 100 also takes advantage of
the relationship between the energy of scattered gamma rays and the angle of
' scattering, expressed as the Compton Law, and explained by H. Semat,
Introduction to Atomic Physics, Rinehart & Company, Inc. Publishers, New
York, 1947, pp. 144-145 and JR. Lamarsh, Introduction to Nuclear
Engineering, 2d ed., Addison- Wesley Publishing Company, 1982, pp. 81-88.
Both of these publications are hereby incorporated by reference. '
[0063]  As shown in FIG. 2, the Compton Effect refers to the process in
which a gamma photon or X-ray of energy £, incident on a target, interacts
with the atomic electrons in the target material. This process results in a
scattered photon being emitted at an angle @ from the direction of the incident
photon with a reduced energy E’ and a recoil electron emitted at an angle 6*.
[0064]  The relationship between the energy of the scattered photon and its
angle of emission has been established and reviewed by a number of authors.
Lamarsh notes that the energy-angle relationship for Compton scattering is
given by the expression in Equation (1) below.
| E’= E,E,/[E,l-cos §) + E|] ' - Eq. (1)
E’is the energy of the scattered photon,
E, is the energy of the incident photon,
'Bis the angle of deviation of the scattered photon from the
direction of the incident photoh, and
E,= m,c* = 0.511 MeV is the rest-mass energy of the recoil
electron.
[0065] For a mono-energetic incident gamma flux and defined source
Jocation, the Compton relationship allows one to determine the angle (i.e., the
h direction) from which the scattered gammas originated, based on the
measurement of the energy of detected scattered gammas. A gamma ray
detector/spectrometer 115, such as described above, may be used to separate out
the energies of the gamma counts registered by the detector 115. Employing
such instruments over a broad range of energies enables system 100 to
simultaneously measure the energies and the intensities (count rates) of all

detected gamma photons, which are predominantly scattered within the
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inspected object 105. This measured energy spectrum of scattered gamma
photons and their associated count rates (proportional to the magnitude of the
flux of scattered gammas) are geometrically related to the corresponding
directions and locations in the examined space.
Formation of Isogonic Surfaces
. [0066] A triangle, as shown in FIGS. 3A-C, may be formed by three points
in a plane including the location of the radiation source at point S; the location
of the scattering point at point SP somewhere within the inspected object; and
~ thelocation of the detector at point D. The distance between the point S and the
point D is L" (the base of the triangle), shown as segment 172.
-[0067] The Compton energy-angle relationship can be illustrated by the
. geometrical attributes of such a triangle. For example, if a half-circle is drawn
above a triangle’s base, with the circle’s center in the mid-point of the base,
wherever the upper tip of the triangle is located on that arc, the subtended angle
from that tip (towards the triangle’s base) will always be 90 degrees (as shown
by Case II of FIG. 3b). This axiom can be extended to the more general case:
t if the system deals with a smaller (flatter) arc of the circle rather than a half-
circle — meaning that the center of a new circle would be below the middle of
the base of the triangle — all the new subtended angles will again be equal
among themselves, but smaller than 90 degrees (Case I of FIG. 3a). Each tip-
angle is a function of the length of the new arc’s radius; that depends on how
far the center of the new arc is below the mid-point of the triangle’s base.
Conversely, if the center of a new arc is above the triangle’s base, such an arc
would not be flatter, but more curved (Case III of FIG. 3c). The arc’s center
location and its radius are known functions of the distance L" and the scattering
angle 6, as derived and initially published by N. Kondic, Density Field
Determination by an External Stationary Radiation Source Using a Kernel
Technigque, Symposium on Poly-phase Flow Meésurement, ASME Winter
Annual Meeting, San Francisco, CA, December 1978. The subject matter of
. this publication is also hereby incorporated by reference.
[0068] The above observations may be applied to two-dimensional space.
However, it is within the scope of the invention to extend and apply these
‘observations to three-dimensional space. Any of the arcs considered here can
be rotated about the triangle’s base, which is denoted as the line that joins the
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source and detector points referred to as the S-D segment 172 in FIGS. 3. Such
a rotation creates a surface, which, in the case of relatlvely flat arcs, may
resemble a blimp 200, as shown in FIGS.3aand 5. In this manner, the constant
scattering angle is actually associated with all points on the arc-generated
surface of rotation, where each such surface’s shape corresponds to a particular
value of the scattering angle 6. These surfaces are referred to as isogonic
surfaces, since each surface of rotation is the locus of scattering points for
gamma photons emanating at the same scattering angle. The portion of the
isogonic surface within the inspected object is referred to as the isogonic slice
(FIGS. 5 and 9); it forms the loci of scattering points producmg gamma fluxes
within the cone of view of the detector (the y, axis is in the mean direction of
the inspected object’s depth measurement). When the scattering angle 0
changes, the shape of the rotating isogonic surface will change (it will become
more flat or more curved), and according to Eq. 1, the energy of the scattered
gamma rays will also change. FIGS. 3A-3C illustrate the dependence of the
isogonic surface’s shape on the scattering angle 6. From a flat blimp shape 200,
corresponding to smaller scattering angles, that shape becomes a sphere when
Greaches 90 degrees. When the scattering angle increases beyond 90 degrees,
the contour swells into a double spheroidal shape. FIGS. 3A-C illustrate the -
geometric aspect of Compton’s Law that lends itself for application by a device
which may be employed in the invention. In summary, Compton’s Law may be
applied to the invention by utiliiing any of the three typés of isogonic surfaces:
Case I — Oblong rotary surface with pointed poles (the SD segment is located
above the circle’s center) (FIG. 3a); Case II— Sphere (the SD segment passes
+through the center of the circle) (FIG. 3b); and Case XII — double spheroidal
rotary surface with indented poles (the SD segment is below the circle’s center)
(FIG. 3C).
[0069] The application of Compton’s Law to the inspection measurements
~ performed by the invention allows the system 100 to yield information on the
distance along the path of gamma rays emanating from the source, with
scattering points forming a defined curved isogonic surface (FIG. 5) of aknown
shape that intersects with the distance axis y, along the gammas’ trajectory. The
novel modulators (described above) are used in a determination of the

distribution of single-scattered gamma fluxes across the isogonic surface, i.e.,
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along the two remaining axes of the inspected three-dimensional density field,
these being x and z for rectangular modulators, and r* and z for polar
modulators.

[0070] The modulating unit 120 may consist of a two-dimensional matrix of
time-varying gamma attenuators145, which modulate the fluxes passing through
them. The modulating unit 120 is placed in the path of the gamma rays, either
between the source and the inspected object or alternately, between the
inspected object and the detector. Considering the latter position, each
particular segment of “local” scattered gamma flux of constant intensity
(associated with a particular voxel) incident upon a particular nodal window of
the modulating unit can be encoded in time, by varying its intensity in time
while passing through a nodal window. The modulation, i.e., the encoding
imposed on flux segments, is the same for all flux segments coming out of the
voxels (volumetric pixels) located along a given axis y, within the inspected
object. Such flux segments pass through the g™ nodal window which is
associated with a particular axis y,. The modulation may be decoded from the
signal output of the detector 115, employing a multi-stage data-processing
system to yield the flux of scattered gamma rays as a function of three
coordinates of the scattering point (or voxel): two directions (x, and z,) across
the modulating unit 120, the third being the dépth ¥, within the inspected object
105. The third coordinate may be obtained from the known location of isogonic
surfaces, derived from the gamma energy-angle relationship cited in describing
the Compton scattering process, as discussed above (Claims 0047 through
0059).

[0071]  Inaccord with the cited Compton Law, for a particular source energy
E,, anywhere in the surrounding space where the scattering angle is constant,
the Compton scattering phenomenon: (a) results in the same measurable energy
of scattered gammarays, and(b) hastooccur on a particular isogonic surface,
noting that the location and shape of such surfaces are independent of the
presence, shape, material, and size of any inspected object and its internals.
[0072] Therefore, from these geometrical attributes, the invention
demonstrates that, when amono-energetic radiation source emitting gammarays
into the surrounding space is placed at one fixed end-point of the isogonic arc

and the detector is placed at the other fixed end-point of the same arc, an
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isogonic surface (that includes all the arcs fofming it) can be completely defined
for a given energy of the scattered gannnés. That surface of rotation comprises
all the loci within the surrounding space, which send constant-energy single-
scattered gammas in the directions specified by the scattering angle € including
the direction of the detector.

[0073] TFor any scattering angle and the corresponding shape of the
associated isogonic surface, within small finite energy intervals in which finite
numbers of scattering events occur, gamma photons can be detected. Each
isogonic surface may be associated with a certain finite thickness, so that, in
practical apphcat1on the invention deals w1th thin volumetric entities built upon
the isogonic surfaces. These entities are termed i isogonic shells. Since the
source and detector are external to the inspected object, the w1dely extended
isogonic shells virtually intersect with the inspected object. The portion of the
isogonic shells that extend beyond the boundaries of the inspected object (as
illustrated in FIG. 5 ) need not be considered. The useful portion of the

isogdnic shells, which are confined by the object’s boundaries are termed -

-isogonic slices. Since the isogonic slices are geometric notions rather than -
”physical entities, they are referred to as virtual slices. The virtual slices are thin
three-dimensional portions of the fully-extended three-dimensional virtual
isogonic shells. The intersections of the inspected object and isogonic shells
can result in various geometrical conﬁguratioﬁs of virtual slices, some of them
illustrated in FIGS. 5 and 9. '
[0074] The pyramidal projection 220 of the rectangular mbdulating unit’s

" nodal windows (FIG. 9) may intersect all the isogonic surfaces and their
associated thin shells, thus projecting curved quasi-rectangular patterns upon
the slices within the inspected object 105. As can be seen in FIGS. 5 and 9, the
contour of these patterns follows the shape of the curved isogonic. slices
introduced earlier. Since each such slice is a portion of its corresponding
isogonic shell (which is the loci of all the scattering events resulting in gamma
rays of the same energy emerging from that shell and registered at the detector),
the total number of observed slices is the same as the number of isogonic
surfaces and shells. That number, equal to J = j,.. is also equal to the

number of energies (E,, E,, . .. E,.. .. Ej’) of single-scattered gamma rays

g
considered in the analysis as well as of the number of energy bins utilized in the
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multi-channel pulse height analyzer.
[0075] FIGS. 5 and 9 depict an illustration of spatial scattering geometry
upon spherodial isogonic surfaces with scattering angles < 90 degrees. As
indicated in FIG. 1 and stated earlier, the gamma rays that are emitted by the
radioactive source, prior to scattering interactions within the inspected object,
retain their original energy and direction (radiating isotropically from the point
source). However, the scattered gamma rays, which are generated when the
primary gammas interact with atoms, are predominately generated within the
space inside the inspected object, which is filled with virtual isogonic slices,
defined earlier to be of small, but finite thickness. An example of the
orientation and size of the virtual slices is depicted in FIG. 9. This sub-division
‘of the inspected object’s volume into a finite number of virtual slices aids in the
data acquisition and processing, and is related to the desired spatial resolution
and optimal placement of the source, detector, and the inspected object.
[0076] Referring to FIG. 9, the grid 21 5 (with N nodal windows
corresponding to N voxels 144 per slice), represeﬁts the virtual projection upon
the surface of isogonic shell #/, of all N nodal windows in the modulating unit
120. Gamma rays from the radioactive source scatter in any of the J isogonic
shells; for simplicity, only shells 165a, 165b, and 165¢ (in the vicinity of the
inspected object) are shown in FIG. 10A. A portion of the scattered gamma
rays passes through the modulating unit as they travel toward the detector (D)
115, where gamma counts caused by detection of gamma rays arriving from
particular isogonic shells are stored in separate bins of the MCA 135. The
energy of the detected gamma rays (which are registered by the
detector/spectrometer and MCA) provides a direct link to the isogonic slice (#J
#2, ... #i, ... or #J) from which the gammas are scattered.
[0077] In summary, single-scattered gamma rays which reach the detector
are generated within a selected number J of virtual shells. The portion of each
virtual shell 165 that is within the inspected object is called a virtual slice, and
represents a thin volumetric section of the inspected object. Each shell 165 is
virtually illuminated by an expanded, pyramidal (for the case of the rectangular
modulator—or conical, for the case of the polar modulator) projection 185 of
" the modulating unit. This virtual projection 185 occurs from the pyramid’s apex

at the detector, looking towards the inspected object. Since the Y,-axis passes
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through that apex (which is the center of the detector) and the center of the
modulating unit’s cross-sectional area, the y,-axis also passes through the
centers of the modulator’s projection on all virtual slices, thus specifying their
location, as indicated in FIG. 9. Since the energy E, “of each scattered gamma
ray geometrically defines a specific j-th isogonic slice, the value of y, ; (which
is the inspected object depth coordinate) at the intersection of the y-axis and the
J-th isogonic virtual slice becomes known, and can be denoted by y,(E;") =

Yo, Accordingly, based on a measurement of the energy of single-scattered
gammas, the system can determine one of the spatial coordinates y,, of any j-th
slice, on which the scattering points are located within the inspected object.
Regarding the scattered gammas, the output signal of the gamma
detector/spectrometer D is continually inputted into the MCA 135, which sorts
the various scattered gamma counts according to their voltage pulse height
(energy). Each of the J energy bins of the MCA 135 stores and displays the
gamma counts during any given measurement period. These counts correspond
to the detected scattered gamma photons having energy values within the bin’s
narrow energy band AE, ] with energy E; “in the center of the band. The number
of counts stored in the j* bin represents sub-totals of the gamma fluxes and
encompasses all scattered gamma photons from within a particular entire
isogonic shell. Therefore, the counts consist of gamma fluxes from all
individual voxels within the isogonic slice 165 (within the inspected object) and
the portion of the isogonic shell 165 outside the object. All of these gammas
have the same energy, E;. The total set of gamma fluxes scattered from the
observed portion of the inspected object is the sum of 'sub-total modulated
fluxes, encompassing all gémmas scattered from all J isogonic slices (summed
up from all J bins of the MCA 135), and which pass through the mbdulating
unit 120. Another aspect of the invention is to identify and separate gamma
fluxes which originate from scattering events occurring in a large number of
volumetric elements included in an isogonic slice. These elements are
individual voxels 144 having a known location and shape. The separation of
fluxes enables the invention to calculate the magnitude of local fluxes coming
from the individual voxels 144. Atthe same time, the invention is also capable
of eliminating from consideration those single-scattered fluxes arriving at the
detector from portions of isogonic shells 165 external to the inspected object.
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Those fluxes do not bear information on the density field inside the inspected
object.
Operational Diagram of the Inspection System
[0078]  FIGS.10A-10B provide adiagram ofthe process of generating three-
dimensional images according to an embodiment of the invention. In Step 1,
an inspected object is irradiated by gamma rays emanating from an isotopic
source 130. The isotopic source 130 may be, for example, a mono-energetic
gamma source having a constant stream of gammas with energy E,. Asshown
in FIGS. 1-2, when the gamma rays interact with atoms inside the inspected -
object 105, scattered gammas 113 having energy E' are emitted from voxels
within the inspected object and a measurable fraction of the scattered gammas |
113 travel in the direction of the modulator 120 and the detector 115, in this
particular embodimerit.
[0079] In Step 2, the single-scattered gamma flux ¢ ;, having energy E/,
which emanates from the virtual isogonic slice #j in the inspected object, passes :
through the q' nodal window of the modulating unit, and detected by the
detector, is determined by the invention. By applying the Compton Law foran
incident gamma energy E,, the scattered gamma ray energy E' (6 ) can be
determined using Eq. 1. The invention may be configured so that one of the
objectives of this embodiment of the invention is to concentrate on only the
count rates from gammas scattered within that portion of the shell 165 which
is inside the inspected object, onto which portion the modulating unit’s field of
view is projected, as depicted in FIGS. 5 and 9. As previously discussed, that
portion of the isogonic shell 165 is referred to as a virtual isogonic slice. Since
only gammas scattered from within these virtual slices carry the signature of
flux- and density-distribution within the inspected object, only these gammas
are of interest to this embodiment ofthe invention and therefore are encoded by

* the modulating unit 120.
[0080]  The invention determines the values of N local densities (one per
NW) within each of J intersections of the virtual projection of the modulator (as
viewed from the detector) with J particular isogonic shells 165, whereby these
intersections define the virtual isogonic slices of interest. Before calculating the
local densities, the invention, in Steps 2-5, identifies the location matrix and
intensities of N unmodified single-scattered gamma fluxes. The location matrix
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is the same for material densities and local gamma fluxes. The term “local”
refers to the location at the point of scattering and its associated voxel within
the inspected object. The location matrix of the volumetric pixels (voxels)
within the inspected object may be defined by the location and shape of the
isogonic slices, as well as orientation and design of the modulating unit and
detector. These single-scattered gamma fluxes are the time-independent gamma
fluxes generated by single Compton scattering inside the inspected object and
incident upon the modulating unit on their path towards the detector. After
passing through the modulating unit, the magnitude of these fluxes becomes
somewhat reduced from that of the incident gammas, and the fluxes become
time-dependent upon passage through the oscillating attenuator elements of the
modulating unit. | '

[0081] The scattering events and attenuation phenomena within the
inspected object are carefully considered using the appropriate equations that
characterize them. These events and phenomena enable an unambiguous.
numerical characterization of the density distribution within the irradiated
inspected object. | |

[0082] The scattering formula, shown below as Eq. 2, describes the
relationships of variables associated with gamma scattering phenomena, and can
be used to calculate the scattered gamma flux. The formula is applicable when

no modulation takes place in the paths of the gammas.
¢jq = (Q*)(C*)[(AV/R *z)jq (,qu—qu*) (llly]q*)z(PaP /)jq] ij !
= (Q*)(]qu*)(p Po P/)jq (ijA) (C;jq*) Eq 2

[0083] In the above equation:
@, = the gamma flux, expressed as the number of gamma photons
per second passing through one cm?® of area A* perpendicular to the
trajectory of the gammas, at a distance H*, which is the distance -
between the scattering point (SP) and the center of the area through
which gammas pass, anywhere ‘along the distance axis 4. The 4 axis
may coincide with the y axis. |
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R,* = the distance from the source’s center to the scattering point
(SP), which is defined—in the manner of other indexed
parameters—by the pair of location subscripts jg, where j specifies
the scattering slice and its corresponding gamma energy, and g
specifies the location of a nodal window within the modulating unit.

Q* = the source strength (in Curies), related to the number of

gamma photons emitted per second.

C* = (3.7 » 10'%/(4m) — a constant, that transforms the unit of
Curies into the number of disintegrations per second over the unit
solid angle, i.e., the number of gammas emanating from the source

per steradian per second.

AV, = the volume of the scattering voxel (volumetric pixel), a.
small, but finite size volume, that generates a measurable stream of
gammas, considered as the average stream value exiting that voxel,
and associated with its center-point—which is the scattering point
(SP).

p = the electron density (proportional to mass-density of material)
in the voxel.

K* = the local Klein-Nishina scattering probability (a tabulated
physical property). The probability of single-scattering of gamma
photons in the Compton process was calculated by Klein and Nishina

" on the basis of relativistic quantum mechanics, and is discussed by

Irving Kaplan in Nuclear Physics, Addison Wesley Publ. Co., 2"
Ed., March 1964, which is incorporated by reference.

G* = a composite geometrical parameter, grouping known

constants, distances, areas, and volume, appearing in the above -
equation, corresponding to scattering from SP.
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P, = probability that the incident gamma photons from the source
will not interact with the attenuating substance of the inspected
object during their transit inside the inspected object, prior to

scattering.

P’ = probability that single-scattered gammas emanating from the
~ inspected object will not interact with the attenuating substance of
the inspected object during their transit inside the inspected object,

after scattering.

P” = probability of the non-attenuation of gamma photoﬁs resulting
from their transit through both walls of the inspected object (upon

entering and exiting the object).

-[0084] - The following two equations and the subsequent text define the non-
attenuation probabilities P,, P “and P “appearing in Eq. 3. The abbreviation exp .

stands for the exponential function (where expn = ¢e").
By = e [k, (E,) /o) dr ] Eq. 3a
Py, = exp [~ k'(E;") [p(h) dh) ~ Baq.3b

[0085] The invention requires integrations from the scattering point (SP),,
to the boundaries of the inspected object, defined as limits of the above

integrals, along the - and /-axis, respectively.

The variables » and % are spatial coordinate axes in the direction of
gamma propagation, associated with distances R* and H*,

respectively.
k,(E) denotes gamma energy-dependent specific flux attenuation

coefficients for source gammas (of energy E, ), expressed as
reaction area per electron.
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k(E") is the gamma flux attenuation coefficient for scattered
gammas (E'= E,”); here, the subscript j (used with P’and E”)
refers to a specific value of the energy E,”of scattered gammas.

- The term k“is expressed in the same units as k.

[0086] When thef integral(s) in Eq. 3 are replaced by the product of a
constant material density and the known path length of gammas through that
material, P, and P,” become the directly-calculable non-attenuation
probabilities for gammas transmitted through such materials, and is denoted by

~ P”. Thus, the term P “can pertain to the boundary of the inspected object, a
shielding structure, or an element within the modulating unit that is designed to
partially block the transmitted gammas.
[0087] Eq. 2 can be re-grouped to define the term ¥ in Eq. 4 below, as a
property of the interrogated density field within the inspected object. This
property expresses the interrelationship betweenthe field of local gamma fluxes
and the field of material densities, needed for carrying out the subsequent .

density field reconstruction task.
#,=(PP,P"), = @ /Q*K) (G*P"),] Eq.4

[0088]  Inaddition to the local (poinf) density, density integrals appearing in
Eq. 3 are included in the P-terms of the above group; in a numerical analysis,
each such integral can be expressed by an equivalent sum of local densities
along a straight line, which is the integration axis.
[0089] In summary, the scattering equation, Eq. 2, describes the flux of
single-scattered gammas streaming throughout a region having an unknown
distribution of mass density, traveling along the / axis, through a unit area at a
distance H* from the scattering point. The equation includes known or
directly-measurable geometric and physical parameters, such as dimensions and
. - physical properties of the media through which the gammas pass within the
inspected volume. . |
[0090] In Step 3, the modulating unit 120 encodes the gamma fluxes by
causing a unique periodic oscillation to be imposed on the fluxes within each
nodal window of the unit. A steady flux of mono-energetic gammas emanates
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from the source S, and streams along a group of diverging straight lines which
intersect with the virtual slices within the inspected object, as depicted in FIGS.
1, 5 and 9. Numerous gammas will scatter within the inspected object, as well
as on portions of the isogonic shells 165 outside the inspected object. These
latter extraneous gammas contribute to steady or random background noise
signals registered by the detector. In order to eliminate or mitigate their effect,
shielding may be used around the source and the detector to block extraneous
multiple-scattered gammas. Further, analysis or data processing may be
employed to eliminate or calculate the undesired scattered gamma fluxes, as
well as the fluxes due to background noise, both categories of which do not
driginate from directly within the inspected object, and accordingly, cannot be
associated with any reconstruction of the inspected object’s internal density
distribution. Additionally; single-scattered fluxes originating from within the
inspected object may be calculated and their points of origin identified; the
' locations of these points cover all virtual slices, and thereby include all voxels
within the volume of the inspected object, which means that the distribution of
scattered gamma fluxes and corresponding mass densities within the entire
volume of the inspected object can be mapped.
[0091] The known gamma flux from the source S irradiates all the virtual
isogonic slices within the inspected object. A substantial fraction of these
source gammas generates the scattered gamma fluxes, according to Compton’s
law, described by Eq. 1. The scattering equation, Eq. 2, gives information on
the portion of un-modulated scattered gammas that reaches a specific 100aﬁ0n, ,
e.g., the detector 115. Two observations should be noted:
. All of the detected single-scattered gammas coming from
each of the virtual slices stacked along their trajectory leave the
scattering voxels 144 and stream toward the detector. They are
encoded as they pass through the modulator, similar to the situation
depicted in FIGS. 5 and 9; |
e  The sub-division of the modulating unit area into N nodal
windows—oriented to intercept gammas streaming toward the
detector, and the window’s virtual projection on the isogonic slices
within the inspected object translates into a subdivision of the thin
volume of each virtual isogonic slice into N voxels 144, the size of
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which determines the resolution of the reconstructed density image.

FIGS. 5 and 9 illustrate how the modulating unit’s pattern of N nodal

windows translates into N voxels on each of J virtual slices.
[0092] Since only gammas scattered from within virtual slices carry the
signature of flux- and density-distribution within the inspected object, only
these are of interest to the invention in this embodiment. The field of view
defining the projected pyramid (for the rectangular modulating unit),
incorporates the entire matrix of N nodal windows (NW). As explained earlier
and shown in FIGS. 4 and 6 through 8, a small oscillating attenuator element in
each of these windows (or one element shared by two adjacent windows)
encodes the gamma flux ¢, passing through the window, enabling a unique
identification of each angular segment of the gamma flux. This temporal
encoding modulation differs from window to window. Such an operating
arrangement, coupled with the Compton scattering law, provides the basis for
the non-invasive determination of density distribution in an object. The
Compton scattering law provides information on the scattering angle of single-
scattered gammas, which is associated with a particular isogonic slice within the
inspected object. That isogonic slice is, in turn, associated with the distance (y
or k) from the detector traveled by single-scattered gammas. Additionally, the
encoding by the modulating unit provides information on the location of the
nodal window’s projections on the virtual slices inside the inspected object
105. Thus, the role of the modulating unit is to label the gamma flux that
passes through each nodal window of the modulating unit by a window-specific
periodic attenuation of the gamma flux. The un-modulated. single- and
multiple-scattered fluxes, propagating externally to the virtual projection of the
modulator or the inspected object (as viewed from the detector), as well as any
other detected constant or randomly fluctuating background radiation, are
eliminated by the integration that takes place in Step 8 of Fig. 10B.
[0093] In any particular nodal window of the modulating unit, the
attenuation function imposed on the gammas by a modulating attenuator
element can be described by the periodic function a(q, t), with ¢ denoting the
location of the element (the nodal window’s attenuator) within the modulating
unit, and ¢ being real time.

[0094] = Forany energy E, of scattered gammas, the single-scattered gamma
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flux incident upon NW #g, constant in time, as a specific expression of Eq. 2,
is denoted by ¢@),. Along its propagation direction, the periodic transient flux
ex1t1ng the same nodal window is equal to the product of the steady incident
flux and the relative transmission area of the nodal window, where the relative
transmission is a function of time denoted by a(g, ), and is expressed by Eq. 5
below. The term “relative® means that the gamma transmission is normalized
to that which would occur if the attenuation caused by the nodal window was
zero (for the case of no gamma-attenuating material present in the nodal
window). The partial attenuation according to the function a(g, t), which is a
physical modulating function, is represented by the equations shown below.

alg, ) =S,* +4,sin (@,1+p,) | Eq. 5a
- S," + 4, [(sin w,#)(cos p,) + (cos @, f)(sin p,)]) Eq 5b

= S,* +(4,c0s Pg) Sin wy t+ (4" sin p,)cos w,? | | Eq. 5¢
=S¢+ A,;’ sin w, ¢+ 4, cos w,1 Eq. 5d

[0095] InEgs.5, S, *isreferredtoas the shift constant since it can move the
a(g, t) function along the time axis, while A' is the amplitude of the a(g, ?)
function; w, is its frequency and p, is the delay, or phase-angle corresponding
to the time delay p” = p/w. A variation in frequency, of course is inherent in
frequency modulation (FM). The terms A,  and 4 , are the combined
amplitudes, formed by the product of 4, with the indicated trigonometric
functions of the phase angle. The structure of Eq. 5¢ shows that phase .
modulation (PM) is mathematically equivalent to a dual—amphtude modulation
(AM). As an observation of Eq. Sa: when seeking an efficient and simplified
design and operation of the modulation unit, the invention can be configured to
vwork with more than one kind of modulation (such as FM or PM, rather than
solely with AM), or designed to combine all three of these modulation modes
in various ways. |

[0096]  After the completion of the modulation-encoding process performed
in Step 3, in step 4 of FIG. 10A, two kinds of fluxes travel toward the
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detector—(1) those fluxes from single-scattering within the inspected object,
and (2) fluxes unrelated to the inspected object density distribution.
[0097] Thus, in Step 4 of FIG. 10, the invention observes the single-
scattered gammas that emanate from any representative jg-th voxel (from the
Jj-th slice in the inspected object, and passing through the g-th NW of the
modulating unit 120) before reaching the detector/spectrometer. The symbols
below that are used in subsequent equations represent the following quantities:
P, = the sfeady flux of single-scattered gammas having energy
E,; incident on the g-t2 nodal window of the modulating
‘ unit; Eq. 2 also addresses such a flux;
a(g, t) = thetime-dependent attenuation function expressed by Eq. 5,
imposed on the gamma flux incident on the modulating
unit’s nodal window #g,
An = the geofnetrical unobstructed area of the detector as seen
through the nodal window #g; |
@, = theangle of incidence of the gamma flux (measured
between the trajectory of the gammas and the surface vector
of the detector. This angle is zero for gammas arriving
perpendicular to the plane of the areal surface of the nodal
window #q. |
The subscript g that encompasses indices 7 and % (as shown in FIG. 10) may
be used in three respects: 1) to indicate those fluxes of gammas scattered
from any among J isogonic slices within the inspected object, and pass
through NW #g of the modulating unit; 2) to indicate a unique attenuation
function a(g, ) of the ¢ NW; and 3) to specify the angle of incidence of the
gamma flux at NW #g, as will be discussed shortly. ”
[0098] The following Egs. 6a and 6b describe the periodically varying
-gamma stream having photons of energy E;”at the exit of window #g of the
modulating unit, that reaches the detector due to the convergence of paths
depicted in FIG. 9. '
[0099] The relationship among the important count-rate and flux-related
‘ magnitudes may be demonstrated by the following example. The unknown
- constant local flux of single-scattered gammas @,,, enters the modulating unit’s
nodal window. These gammas exit that nodal window at a somewhat reduced
intensity given by the quantity [¢, a(g, #)]. That term, when multiplied by the

i
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detector’s area A, expresses the stream of modulated gammas leaving NW #g
of the modulating unit and traveling in the direction of the
detector/spectrometer. That product has to be multiplied by the detector
efficiency 7,,. Dual subscripts / and ¢ are used with this detector efficiency
term to indicate its dependence on the gammas’ energy, and on the nodal
window’s location in the modulating unit, respectively. That location also
affects the incidence angle «, , of gammas arriving at the detector. Since the
cosine of that angle specifies the fraction of the arriving gammas that will enter
the detector, the following equation, encompassing all the listed parameters,
expresses the detector count rate D, ” which corresponds to the local scattered
gamma flux ¢,, and local mass density 0.

'Df‘]/ = [¢1q AD 77j'q cos a',q ][a(q: t)] o Eq 6a
which equation contains the group
(@ Apmcos el = D, o Eq. 6b

[0100] In Step 5 of FIG. 10B, the detector/spectrometer output signal is
fed into the MCA 135 which sorts the detected signal pulses into bins, each
corresponding uniquely to a particular scattered energy of the detected
gammas. The invention can be configured so that a selection may be made

in terms of bin width AE,, which defines energy resolution; the number of
bins, and the full range of energy values to be covered may also be selected.
In this application, the count rate D, {?) of each bin varies periodically with
time because gamma fluxes undergo temporal modulation during their
passage through the nodal windows of the modulating unit. |

. . represents the detector’s

Jq
response to unmodulated single-scattered gammas passing through anyj

[0101] Based on its constituents, the symbol

particular fully open nodal window #g. Once the value of such aresponse
term is numerically détennined, the matrix of flux values ¢, , that the system
seeks, can be calculated from the matrix of these @, values defined above,
since other parameters in Eq. 6b are known.

[0102] When &, is used in Eq. 6a, a convenient working form becomes:
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D, = ®,a(q 1) Eq. 6¢

The known function a(g, t) is retained as a term separate from @, within the
D, “term so that the invention can use the Fourier Transform involving the
product la(g, ) * b(n, )] inthe course of data processing.

[0103] In order to calculate the @, -matrix, one proceeds by considering
all the JN values of detector count rates corresponding to local gamma
fluxes incident on the nodal windows of the modulating unit. Thus, the data
processing may start from the measurable information, namely the sub-total
count rates, such as D;, which are registered in the j* bin of the
detector/spectrometer’s MCA. That count rate, through qu | encompasses
the effects of all @, contributions. The relation of D, with its constituents,

D..” and with the total count rate D¥, (that is formed by the summation of all

Jja>»
J sub-total count rates D)), is glven by the following two equations:

N
D=2, a(q,t)+ 245 XD,+ @ - Eq.7

g=1 g=1

J .
D* = %D, E : - Eq.8

j=1"

[0104]  The 2™ summation term in Eq. 7 is expressed by the abbreviated
symbol @, that encompasses gamma fluxes ¢, of energy E;, which are
traveling toward the detector and are unrelated to the inspected object’s
internal density distribution. These gamma fluxes might undergo multlple or
single scattering wherein at least one of the scattering events occurs external
to the inspected object; some of those fluxes are due to background radiation.
The physical reality is that the group of registered gammas, denoted by 45
contains fluxes that may have been scattered randomly one or more times in
various objects and at various distances from the detector. They include the
following radiation components:

«  un-modulated single-scattered gammas from portions of the
isogonic shell external to the isogonic slices (external to the
inspected object); | :

. multiply-scattered (modulated and un-modulated) gammas,

|l
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as well as background radiation of various origins.
[0105]  All of the radiation components listed here may have an energy EJ:
and therefore will be registered in the " energy bin of the MCA 13 5. However,
none of the undesired components yields useful information on the inspected
object’s density field. All of these signals have no systematic time-variation;
but their magnitude could either be measured separately or calculated. In the
latter option, they can be subtracted from the bin-registered count rate D;; also
they could be mathematically eliminated during the data analysis. The
recommended data processing incorporates application of -the Fourier
Transform. |
[0106] In condensing information given earlier on the modulation of fluxes,
itis observed that, as a consequence of the modulating unit’s design, directional
orientation, and operation, gamma fluxes incident upon nodal windows of the
modulating unit may become appropriately encoded while passing through the
modulating unit’s nodal windows; such encoding makes possible the
determination of the following: |
. In the first operation, the 2D, ‘summation term, seen in Eq‘. 7 1s
important for further data processing, because it includes all the
useful single-scattered gamma fluxes—contained in the &,
terms—pertaining to the scattering occurring in the /" isogonic slice
within the inspected object. These slices are important because
only detected gammas which scatter once within such slices carry
the signature of the gamma flux and mass density distribution
within the inspected object. Also, as indicated earlier, J of these
virtual slices fill the volume of the inspected object.
. Individual count rate-related terms are @,, from Egs. 6b and 7,
which terms were included within the directly-measured D, term.
@, corresponds to gamma flux components ¢, incident on the
modulating unit’s nodal windows, where each component of
gamma flux is associated with a particular jq voxel of the
inspected object. This second operation of determining all (V) of
. the needed local magnitudes @, is expanded to all J isogonic .
virtual slices, resulting in the determination of (JN) such terms,
covering the entire inspected object’s internal scattered gamma
flux-distribution. This distribution is subsequently converted into
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the three-dimensional mass (density) distribution and a
corresponding computerized visual image.
[0107] In Step 5 of FIG. 10B, the set of output signals from the MCA are
split into J sets of signals. Because of the Compton scattering energy-angle
relationship defined in Eq. 1, the sorting of output signals from the detector
based on their energy also becomes a sorting by scattering angle 6. In the
MCA bin #, the energy E,’= E{6) of scattered gammas is associated with
the registered gamma counts D;(7) in that particular energy bin.
[0108] The count rate registered in each energy bin should be processed N
times (where N is the maximum value of ¢, thus defining the total number
of nodal windows in the modulating unit). Therefore, N is also equal to the
number of unknown scattered fluxes to be determined (emanating from N
voxels in the j- th isogonic slice of the inspected object); these fluxes are
incident upon the modulating unit. Consequently, as illustrated in Steps 6
" and 7 of FIG. 10B, each of the J sets of D;(?) signals is further split into N

equal signals by a signal splitter, and sent to N multiplying black boxes
shown in Step 7. For the 1* signal-splitting level performed in Step 5, input
signals for each signal splitting box differ from input signals for other signal
splitting boxes. However, for each particular (j*) signal-splitting box of Step
6, all the split signals exiting any of these individual boxes are identical
among themselves. The latter group of equal split signals from the j-th box,
of course, differs from groups of signals exiting other similar boxes where
the subscript j has a different value. Such signal-splitting enables the
concurrent processing of a/l measured counts. While the following analysis
and derivations are outlined based on a representative 7" value of the energy
of scattered gammas, they are fully applicable to any other energy value of
scattered gammas.
[0109] In Step 7, a set of time-varying b(n,1) sine functions are
electronically generated by a function generator 182. In this stage of the
process, the invention introduces a new dimensionless transform-function,
denoted in its general form as Fy(n, ¢). The term “transform” refers to this
function’s role in performing the Fourier Transform that will be outlined

* below. The transform function has to be selected to match the modulating
function a(g, 7), expressed in Eq. 5 , as is done by the example of a specific
function F, (1, t), given by Eq. 9. \
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b(nt) =B,*+B, sin A,t+ B,"cos At Eq.9
[0110] The above function b(k, t) mimics the a(q, ?) function from Eq. 5.

The transform function b(n, ) serves as a time-dependent multiplier of the
detector output signal D,(%), as 'will be shown later in Eq. 11. The above
transform function represents the n-set (where » is a positive integer, taking
' values from n = 1,ton = N) of periodic oscillations, mathematically similar
to the g-set of the a(g, ¢) functions. The gamma flux modulating functions
a(g, t) are physically generated by the time-dependent attenuation of the
modulating unit. On the other hand, transform functions b(n, t) are
electronically-generated digital functions. One noted difference between the
a(q, t) functions and the b(n, 7) functions is that in the b(n, ¢) function, there is
no need for a separate reference to the phase-lag addressed in the earlier
discussion of the a(g, ¢) function in Eq. 5. Also, within the b(n, t) function an
operator can choose and vary the values of parameters such as the shift constant
B*and amplitudes B “and B “by computer control (in some solution procedures,
one or more of the listed B-coefficients might be chosen to be zero or one). To
the contrary, the operator can vary the hardware-related A-parameters of the a(q,
t) function only by changing the nodal window and attenuator configuration of
‘the modulating unit.
[0111] The circular frequencies @, and A, appearlng in functions a(g, ?)
and b(n, 1), respectively, are defined to assume only discrete values, appropriate
for the application of the Fourier Transform. These frequencies obey the
relationships defined in Eq 10:

w, =1 ¢*T, with g* = f; (@) or f;(i) incorporated ‘in'a(q, f) Eq. 10a
A, = m n*/T, with n* = £, (n) with A,, incorporated in b(n, t) ‘Eq. 10b
Aléo, n* can be expressed as: n* =f;(i) of n*=f.(q) Eq. 10c
[0112]  The use of functions £, /. and f;, as choices in the group of Eq;. 10
depends on the analysis approach selected, as will be shown in Steps 8 and 9 of

FIG. 10B. The parameters (i, n, n* q and g*) shown above are positive
integers; their selected values also depend on the analysis approach. For j, the
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maximum value is Z while for both z and ¢ the maximum value is N. T'is the
half-period of the oscillation of the slowest moving attenuating element in the
modulating unit (for which element g* = 1).
[0113] In étep 7, the MCA output is multiplied by the 2" set of temporal
functions b(n, 1), generating a product [ D(q) * a(q, ) * b(n, 1) ]. Both of these
functions—a(g, ?) and b(n, t)—are chosen to be periodic (sine or cosine)
functions. In this and the following analytical operations, depicted by Egs. 11

: tﬁrough 13 below, products of functions, including a(g, ¢) and b(n, 1) are formed
and integrated over time. Referring to FIG. 10B, the small black boxes (shown
in Step 7) represent electronic devices in which digital signals from the Jsignal
splitting boxes 180 are joined by digital signals from the b(n, t)-function
generator 182. In these black boxes, the two signals are multiplied with each
other. In other words, the time-dependent MCA output signal D;(?) from energy
bin # is multiplied in each branch by one electronically-generated function
b(n, t), forming a combined signal. Inthe next parallel branch, the same signal

- Dy(t) is multiplied by another function b(n, t) with a different set of values for
n-dependent and n-subscripted parameters introduced in Eq. 9.
[0114] Since both factors [D;(t) and b(ﬁ, #)] of the product term are functions
of time, their product-function is also time-dependent. The integration of the
product func"cion, in Step 8, constitutes a version of the Fourier Transform.
These products are integrated over a period of time, as in a Fourier Transform,
to eliminate signals other than those generated by the single-scattered gamma
photons originating in the inspected object, and modulated by the modulating
unit. According to Eq. 13 in Step 8 of FIG. 10B, such product functions are then
integrated by an integrator 184 over a selected measurement-time period that
may be equal to T, or preferably any integral multiple of 27. Such an integration
is an important step in the subsequent decoding of the gamma fluxes, wherein
their original encoding was accomplished within the modulating unit by the
time-dependent attenuation function a(g, #).
[0115] The detector count rate, as its response to a modulated flux of local
single-scattered gammas, is given by Eq. 6a. The corresponding flux group from
Eq. 6b of scattered gammas had a constant magnitude @, (independent of the
modulation), and the gammas comprising that scattered flux have modulation-
independent energy E;~ The count rate D, “is also expressed by Eq. 6¢, which
is the detector response to single-scattered gammas of energy E; ‘incident on the
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g" NW.
[0116] Using Eq. 7 for Dy(?) and Eq. 9 to express b(n, #), the product
[D,(?) b(n, £)] may be expressed as:

Dyt) -b(n, 1) = D(?) [B,*+ B, sin At + B, cos A,1] Eq. 11

~ Substituting the expression for D;(#) given in Eq. 7 yields:

N :
D) -b(n, ) = [£B, a(g, Y1[b(n, D]+ [L 1[b(n 0]  Eq.12
i=1 '

[0117] The @ termin Eq. 12 was expressed earlier in Eq. 7, as being without
a time-variation imposed by the modulator. Since it is constant in time, upon
integration within limits specified in Eq. 13a below, that term is eliminated, and
therefore does not appear in Eq. 14. It should be noted that, while all terms in
Eq. 12 become known or eliminated, only one category of terms remains
unknown~—the gamma flux terms @jq. In order to determine each of these terms,
the procedure is as follows: first, Eq. 12 is integrated between the selected finite
integration limits (0 and 27), as expressed by Eq. 13a below, which applies to
any value of j. With functions a(g, #) and b(n, ¢) substituted in Eq. 12 by their
expressions in Eq. 5d) and Eq.'9, respectively, the resulting Eq. 13a reads as
follows: |

a1 T ' -
£Dj(z)b(n, ydt = g, = jzl)j (1) [B,* + B,  sin At + B,”cos 4,f] dt Eq.13a
A o )

[0118] The term 0, is the result of the Fourier Transform of the count rate
from bin #, encompassing gamma fluxes having an energy associated with that
bin.

[0119] Now, substituting the expression for D;(#) in the above integral by using
Eq. 12 and usihg B,* = 0 (for simplification) for each particular value of 7 in
the b(n, ¢) function, results in: |

o N ‘
T, = [{LZ(D,) (S,*+4, sin wt + 4 "cos w, 1) + D]

o g=1

- [B,’sin A, t + B, “cos A, f]}dt Eq. 13b
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[0120]  Sincethe quantity g, as expressed in Eq. 13ais the integral of known
functions within a selected finite limit of time (the duration of the inspection
measurement wherein gamma counts are recorded), the symbol (g;,) represents
a known, calculated number. Fora defined set of recorded data, that number
depends only on the values of coefficients and frequencies associated with the
parameters g and », the former within the function a(g, #) and the latter within the
b(n,t) function that is given by Egs. 5 and 9, respectively. On the other hand,
since N unknown constant groups &, (proportional to NW-incident scattered
fluxes) appear in Eq. 13b, whenn is varied from1 to N, each value of n generates
an equation of the type Eq. 14 that is linear in regard to @,. In Step 9 of FIG.
10B, the output of the integrators 184 results in a system of N linear algebraic
equations, providing N values of the local gamma flux at each of the N voxels
within the j-th isogonic slice of the inspected object. In this manner, the
decoding of the modulated fluxes is achieved in all (JN) voxels of the inspected
object. When equations of the Eq. 14 type are mutually independent, they
represent a system of linear algebraic equations186 which can be solved for the
unknown incident fluxes by an equation solver.

[0121] With the integrations performed, as indicated in Eq. (D-5b), the result

reads:

N 2 . ‘ N
o, n) = o(T) = {Z[D, [ aa. V) bn, 1) dt = {B(P, )T C,)1} Eq. 14
: =1

g=1 ]

where:  C,, = (4,’B,"+ 4, ’B,”)

[0122] In the above equation, all nodal windows of the modulating unit 120
are included through the indicated q-summation, staﬁing with g=1 and ending
with g =N, since N is the total number of these windows in the mbdulating unit.
~ The shape or form of the nodal windows is not a condition for achieving a
solution. '
[0123] Eg. 14 above represents in a condensed form, a system of N linear
algebraic equations, utilizing values of the parameter o(j, n) for each value ofthe
index 7 (which starts with the value 1 and ends with N), while the span of values
of the index j is from 1 to J. ,
[0124] The solution of linear algebraic equations (for a variety of design and -
operation options of the modulating unit) is indicated in Step 9 of FIG. 10B.
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The application of Eq. 14 for a system with N unknown fluxes results in a
system of N independent linear algebraic equations and is illustrated by Eq. 15
shown in FIG. 11. For any particular chosen 7" energy of scattered gammas, that
equation represents, in an abbreviated manner, the complete set of N 'linear
algebraic equations, with the same number N of unknown values of the local
single-scattered gamma flux group @,
[0125] Eq.15,asshowninFIG. 11, results from expanding Eq. 14 fora given
j-value,' but with various values of n and g, yielding the illustrated set of N linear
algebraic equations. This system of equations can be solved for all values of the
parameter &, thatis (according to Eq. 6b). proportional to the value of the local
' gamma single-scattered flux—eventually resulting in a determination of flux and
mass density distribution within the inspected object.
[0126] In Step 9 of FIG. 10B, the field of single-scattered gamma fluxes is
determined for the entire inspected object—by combining solutions of Jsystems
of equations such as Eq. 15 into a numerically-determined (known) spatial
matrix. Subsequently, in Step 10 of FIG. 10B, the density field is reconstructed -
" within the inspected object by converting the local gamma fluxes into densities.
Tt is noted that the detected signal incorporates the cumulative effect of local
scattering and two sets of density-related attenuation: 1) along the gamma beam
path (axis) from the source to the scattering point, and 2) along the gamma path
from the scattering point to the detector. Each attenuation depends on the
_ average density distribution along their respective axes. That distribution, as it
becomes known, enables the image reconstruction using this invention.
Density Field Reconstruction
[0127] Instep 10 of FIG. 10B, the density field within the inspected object is
reconstructed by a three-dimensional density field reconstructor 188 by
converting the local gamma fluxes into local densities. The two average
densities appearing in Egs. 2 and 3, in turn, depend on the unknown density
distribution along their respective axes. Consider any material inside the
inspected object. An unambiguous correspondence exists between the three-
dimensional distribution of local siﬁgle-scattefed gamma fluxes and the three-
dimensional distribution of material densities that represent the density image.
The term “local single-scattered gamma fluxes” pertains to gamma photons
originating within voxels associated with scattering points within the inspected
object. The unambiguous correspondence between gamma flux and material
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density is illustrated in Egs. 2, 3,.and 4, in which the field parameter »—written
with the subscript P (denoting point of scattering) instead of the indices

jg—combines several terms. The rewritten Eq. 4 reads:
s = By /1(Q* K) (G* P ")y 1= ppPopls” Eq. 16

[0128] Atthe beginning of the field-conversion effort, the JN numerical values

of the following parameters are known:
« the terms @,, from Egs. such as Eq. 15 (FIG. 11)

« local fluxes ¢ which are related to @, by Eq. 6b, and

. the‘ parameter 2, calculated from the fluxes ¢, and known
parameters, using Eq. 16.
[0129] Having available the necessary number of numerical values of the
parameter ,, Eq. 18 must be applied (/N) times, which number was shown to
be the total number of unknown local densities p,,, as shown in Eq. 17 below.
In Eq. 17, the flux-to-density field conversion becomes simpler when the
integrals included in the probabilities of non-attenuation (from Eq. 3) are

expressed as sums of local, voxel-related densities o,

=i L =1,
%o = [0pVexp{[k, Z (0,), Arl + [k X (04 4R 1} Eq. 17
i=Js J=i’

[0130] The above equation incorporates the field parameter and the local
dénsity o, the latter in two functional forms: as pp and summed-up values o, . |
In further derivations and figures, the directions r, and 7, will be often denoted
only by g and g "respectively.

[0131] Equation 16 illustrates how to calculate numerical values of s, at any
of the scattering points P, associated with gamma flux values @, which are
already numerically determined at all the scattering points within the inspected
object. Other parameters and variables with the symbol and subscript (P,
including the density p,, also pertain to scattering points 122 in FIGS. 1 and 12,
identified by the symbol SP or P. The cited coordinates and other parameters are

listed appropriately and indexed/subscripted or otherwise marked; they are also
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shown in FIG. 12. :

[0132] The deploymént of the key components of the invention (source,
modulator, and detector) shown in FIG. 12 places the modulator between the
inspected object and the detector. The analysis provided below for
reconstructing the mass density within the inspected object is based on this
arrangement. An alternate arrangement of the key components would be for the
modulator to be placed between the source and the inspectéd object. The data
analysis for that alternate arrangement is analogous to the first arrangement and
utilizes the same input data, mathematical solution, and data processing.
[0133]  As illustrated in FIG. 12, the location of the point P in a plane
cross-section through the inspected object is defined by two indices (7* and g),
employed as follows: The index;* defines the particular isogonic slice on which
point P is located (the slice being associated with the energy E, of the scattered
gamma), while g axis-by intersection with the j* curve—defines the location of
point P on the isogonic slice. That location (inside the inspected object) is
associated with the virtual projection along the corresponding axial direction #g
onto the isogonic slice, as observed from the point S (Refer to FIG. 12. The
coordinates (j, ¢), and their above-listed specific values (e.g., j ¥ jlqn andq)
utilized in FIG. 12 and in Egs. 17 and 18, help illustrate how gamma photons
that are scattered from the isogonic slice #/*, pass across a number of other
isogonic slices (associated with the variable subscriptj ") on their way from point
P while traveling in the direction h(q’§ toward the modulating unit and the
detector D. Regarding other notations in Eqs. 17 and 18 to follow, k, pertains
to the attenuation of gammas having a source energy £, as in Eq. 3a, and &, “is
the attenuation probability, depending on the energy E(6,) of scattered gammas,
addressed earlier in Eq.3b. ’ : ,

[0134] InEq. 17, the subscript “o » with the parenthesis around the density
‘term g, of the first summation, and the prime symbol with the second
summation, have the meaning associated with these symbols when specifying &,
and %/, as explained earlier in Eq. 3. In Eq. 17, these two symbols signify that
different sets of local densities—(0,), and (g;,) Z_are summed up .along two
distinct axes, the r-axis (from the source), and the h-axis (from the SP),
respectively. Such a distinction applies to real systems, with non-uniform
density distributions, wherein densities may vary differently along these two

axes. Thus, for the modulator unit located near the detector, in accordance with
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FIG. 12 and the explained application of subscripts j and g, it is evident that j

. varies along the r-axis (direction ¢ for the primary gammas) in a different way
from the variation of j “along the A-axis that is denoted by h(q") for the scattered
gammas. Thus, Eqs. 17 and 18 can be so formed to cover all JN scattering points
in the inspected object, thus enabling the calculation of all JN local densities at .
these points, based on the JN local fluxes that were already caleulated.
[0135] In order to obtain a numerical solution, Eq. 17 is converted to the
logarithmic form shown below as Eq. 18, to simplify the numerical operations
by working with a linear form of most of the unknowns rather than with their

exponentials:
j=* g |
mxp =g, - {[h 43 (o] 42 ()T o Fa 18
=Js =J/p

[0136] In multiple applications of the above equation, the subscript P pertains
to values of %, p, and k’at coordinates (j* ¢) of p.oint P. There are JN total
variations of the two coordinates of the points P in the volume of the inspected
object, wherein each of the points P, identified by the coordinates (j*, ¢)
represent a specific voxel. Thus, the total number of voxels under consideration
within the inspected object is also equal to the product JN. |
[0137] In order to transform the flux field of scattered gammas into a mass
density field, Eq. 18 has to be solved for the local densities in JN voxels (i.e., at
JN points P). The sequence for the successive selection of points P, i.e., for
conducting the numerical calculations is left to the user’s discretion. Among
available choices, the points P along the inspected object’s isogonic slices can
be varied, or the user can start in one section of the inspected object (moving
spirally or otherwise inward or outward), and then switch to other sections; or
the user may conduct the numerical operations by other paths and sequences.
Since the complete. system of JN equations is simultaneously solved, the
described field reconstrﬁction method need not be applied in steps, such as to
a succession of cross-sections of the inspected object (as used in image
reconstructions for CAT and MRI applications), which require multiple axial
positionings of the measuring system relative to the inspected object.

[0138] A portion of the densities o, and pﬂ],jé summed-up in each local
application (at each scattering point P) of Eq. 18 . As in Figure 12, with the
variation of locations of the point P, at least one of the two axes (» and 7) also
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vary. Therefore, a limited but varying number (batch) of densities oy, 1s
included in each direction of the gamma path through the inspected object, for
each application of Eq. 18. The contents of such batches of densities differs for
different scattering points since each pair of axes » and / cover only a fraction
of the inspected object’s volume. The number of densities in each baich is less
than JN, but each particular density out of their total number JN appears in one
or more batches, i.e., one or more equations of the type Eq. 18. Accordingly, the
user has available a solvable system of JN independent, albeit non-linear,
equations of the form shown by Eq. 18. Therefore, the established system of JN
equations can be used for the numerical determination of the same number JN
of unknown local densities. It is noted that the form of Eq. 18 is very similar to
that of a linear algebraic equation, except for only one logarithmic term.

[0139] Eq. 18 may be written as the system of JN equations shown below,
using the subscript scheme from FIG. 12. The subscript P is replaced by the
actual pair of subscripts (j* g) defining a three-dimensional matrix of scattering
points, since g is a two-dimensional index. The following equation set is

~ designated as Eq. 19.
For (j* ¢) = (4, 1) and "= 5, at point A of FIG 12 yields:
(nzx)y,=Inp, -k Arp, - kArp,;- kArps, -+ -
-k’ Ah p;5- k'Ah py5- kK AR, 5 _ t Eq. 19a
In like manner, for (7% ¢) = (5, 1) and-¢ = 6', at point B yields:

(nsx)s; =1nps; - k,Ar p;;- k,4r py; - k,Ar ps,;- - -
- - k,Ah p4,6l - k/Ah /03.6,- k,Ah p2,6/_ k,Ah IO];6/ Eq. ].9b

And for (j* ¢)=(6, 1) and ¢’= 7', at point C yields:

(In )¢, =Inps -k, 4r py, -’ko Ar py -k, Arp; - - * ,
-k'Ahps,- K AR p,, - - K AR p, Eq.19¢

[0140] The sub-set of Eqs. 19 above illustrate the relationship of the density
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parameter with other variables (that are known or can be measured or calculated)
along the ¢ = 1 axis and for any values of j*and ¢~ Staying with one g-value,
j* is varied between its extreme values inside the inspected object.

[0141] Now, in the next sub-set of equations, j* =4, but the r(g)-axis is moved
to the left where ¢ = 2, so that the (7% ¢) intersection at point E is along the
direction 4(q") from the detector, with ¢ "= 5. In this way, point F is identified
by =3 and g = 1, having the same coordinates j =3 and ¢ = 4.

[0142] Continuing, for (¥ g) =(4,2) and g =4, for point E yields:

(In %), =Inp,; - K, Arpy - kyArpyy-k, Arps,-
-k 4h ps - kAR P34 k' Ah py .y

For the new value of ¢ = (2, j*) is to be varied further, analogous to its
variations for g =1.°
[0143] Referring to the third term in the top equation (for point A) of the above.
~ set of equations, and the fifth term in the last equaﬁon (for point E) of the set,
according to FIG. 13, p(j, @) = p(3, 1) = p(3, 4y since both notations indicate
point F. The different second index is used to distinguish between summation
along the (g) and h(g') axes, which axes bear numbers (r=1)and (¢"=4),
respectively. ' The importance of the same density appearing in the format
{llustrated above is in its different multipliers: the term k, A r is not equal to the
term k&’ Ah. This difference assures the non-proportionality of the rows and
columns in the system of equations—a necessary condition for the system of
equations to be solvable. There are several approaches available for solving the
set of JO equations, as outlined below:
[0144]  Approach I - Since the Eq. 19 set has JN' independent equations
containing the same number of unknowns, despite its mixed (algebraic +
logarithmic) form, that set of equations has only one set of JN values of pas its
exact solution. Any set of JN equations (whether algebraic or transcendental)
with JN unknowns is solvable. Eq. 19 consists of mostly algebraic terms; only
the first term ( the logarithmic term) is transcendental. The set of equations may
~ be solved algebraicly to a first approximation, particularly since the (In p)-
values are an order of magnitude smaller than the (jo)-values. Further iterations
in the solution can then account accurately for the (In p) contributions.
[0145] Approach Il - The above system of equations becomes a linear set when
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the‘ In p and p terms for each point P are temporarily considered to be
independent unknowns within the inspected object, thus doubling the number of
unknowns. But all of them can be numerically determined from the linear
algebraic equation system when another set of JO independent measured
information is utilized. That set consists of the measured flux of scattered
gammas and their svalues for points along the system’s boundary. Then, it is
easy to calculate values of local p and their logarithmic values. When the
consistency of such calculated values is checked, any discrepancies can be
reduced by iteration, or use of the least squares method.

[0146]  Approach III - Analogous to Approach II, instead of increasing the
number of equations, the number of unknowns could be reduced, omitting every
other density. - This is equivalent to a density value expressed as the average
value of two adjacent densities. In that way, the number of equations and
unknowns will be matched. If needed, iterations based on such calculated local
densities can improve the accuracy of the results.

[0147] Approach IV - Another solution approach is to normalize Eq. 17 so that
each density term is replaced by a density ratio close to unity. Then, the
logarithmic term in Eq. 18 may be expressed by a Taylor Series, so that a non-
linear, but algebraic system of equations remains to be solved. This approach
requires less computing time than for the case of an equation system that
incorporates both logarithmic and algebraic terms. Further, iterations may be
performed to increase the accuracy of the results.

Measurement of Density Distributions of Multiple Materials in an Object
[0148] The invention may be used to determine the three-dimensional density
distribution of individual multiple materials in an inspected object by adding a
multiple number of gamma source energies, or positioning the detector or
gamma source in a multiple number of different positions, or a combination of
those alternatives. An illustration of how this is accomplished is provided
below. | '

[0149] Consider an object made of two materials (U = 2) having different
densities p, and o, distributed in an unknown manner throughout the inspected
object. It is recognized that the composite density at any point in the object is
the sum of the component densities p, and o;. Using the invention as described
earlier, the object is irradiated by a gamma source having two different energies,
E, and E,. The invention is operated as described earlier, and data is recorded
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separately for irradiations by each of the gamma fluxes having photon energies
at E; and E,. The analysis of the two sets of data is conducted as before, up to
Eq. 18. This equation is then written to incorporate the sum of two density
fields, reflecting contributions of the two densities, as shown in Eqgs. 20 and 21
below, where subscripts 1 and 2, with x, k, and k ‘pertaining to the two cited

source energies.

In 2 (% ¢, U=2) = In[ p, G* @) + 05 G* 9)]
Jj* .
- {2 koA IOA (/" q) + koB 102 (i: Q)]Ar
Js

71
+ 2 ko4 (f:,q/)‘*‘szPB(ifQﬂ Ah} Eq. 20

Jbp
and
J*

In % G% ¢ U=2) = In[ o, G* @)+ 3 % )] - {3 ks 1 G )+ Kiop 95 G )1
’ J

Jj*1
+ Xk 0, G q") + kg ps (1 q 5] AR} Eq.21

Jbo

Since for U= 2 materials (components) in the inspected obj ecf, one has available
2JN values of the parameter , the same number of equations of the above type
can be formed. That number of equations is equal to the number of unknown
local densities (JV for substance #A, and JN for substance #B), assuring the
system’s ability to solve for the two sets of unknown densities.

[0150] This example may be extended to a multiple number of source energies
Uz a multiple number of source locations Uy, and a mﬁltiple number of
detector locations Up,;. Since two or more sources of different energy may be
placed at the same location, the number of source locations U, is always less
than or equal to the number of source energies U,;. Using the number Us to
incorporate all the source-related variations (of location and energy) the product
(U + Upy) indicates the number of equations available for solution, and also
corresponds to the maximum number of unknown densities for which a solution
may be obtained.
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[0151] Accordingly, the invention may employ either Uy, detectors, each of
which is at a distinct location, and/or U, gamma sources of the same energy,
each of which are at a distinct location. One location may be selected to house
multiple sources of different energies. In such a case, these sources (albeit at
one location) are counted as separate items within the parameter Us. Also within
that number are counted all the different locations where sources of any energy
might be placed. Thus, the variation in source energies is equivalent and
additive to the variation in source locations, making Uy a combined number of
source locations and energies. Therefore, the total number of source locations
Uy can be equal to or smaller than U, The required number of modulating units
. (situated either in front of the detector or in front of the source) is equal to the
smaller of the two parameters Ug; and Ug.
Alternate Applications of the Modulating Unit
[0152] Further, in an alternate embodiment of the invention, the modulating unit
may be configured in a three-dimensional geometrical arrangement, that can be
serial-encoding the same streams of radiation in a serial manner—or they can be
separate, e.g., one modulating unit encoding source radiation and the second
modulating unit encoding the radiation immediately before it reaches the
detector. In any of these, as well as other designs and applications of multiple
modulation units, each of the modulating units includes its own particular set of
attenuators, and may operate either independently or synchronously with the
other modulation units. |
[0153]  Apart from the applications discussed earlier in this document, the
modulating unit may be used in conjunction with any other gamma flux
measurement in which it is desired to image the object from which the gammas
emanate. The modulating unit may be inserted in the path of the gammas,
between the inspected object and the detector, to encode the cross-section of the
gamma flux with a unique periodic oscillatofy attenuation in each of the nodal
windows. This encoding provides a tag indicating the origin of each gamma -
photon within a two-dimensional cross-section of the inspected object.
Depending on the design of the measurement system, this may be converted to
yield three-dimensional spatial information within the object by using some form
of scanning of the gamma source or the detector.
Summary '
[0154] The invention described here enables a determination of the three-
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| dimensional density distribution within an inspected object. The invention

consists of three key components: a source of mono-energetic gamma radiation,
amodulator, and a detector in the form of a gamma spectrometer. The invention
may operate under several simple modes of operation. One such mode is the use
of the device without any required relative motion between the source,
modulator detector, and the inspected object (all these components may be
stationary, with fixed orientation). The invention may be applied to inspect any
kind of material contairied in the inspected object. The device may be
configured so that for one substance predominant within the inspected object,
only one source and one detector need be used in the invention. Benefits from
use of additional components (additional sources, modulators, or detectors) are
discussed. This compact inspection system may be a fully mobile unit and is
flexible regarding its positioning with respect to the inspected object. Only
moderate operator/technical skills and training are required to operate the device.
Another beneficial feature of the invention is that the measurements can be
rapldly performed because the data processing may be conducted on-line to
provide immediate results of inspection of the entire inspected object. The
resolution of the reconstructed images can be varied remotely by computer
control, without the need to reposition or adjust hardware components.
[0155] Potential applications of the invention include, but are not limited to:
1) screening and inspections of baggage and packages at airports for the
presence of contraband; 2) detection of land mines; 3) medical diagnostic
imaging; and 4) a variety of industrial applications such as monitoring of
material in pipes and other uses.

- [0156] One having ordinary skill in the art will understand that a computer
device and software may be configured to perform the above-described analysis.
Accordingly, one will understand that the various conﬁguratlons described
herein are merely exemplary. Accordingly, although the 1nvent10n has been
described based upon these preferred embodiments, it would be apparent to those

“gkilled in the art that certain modifications, variations, and alternative
constructions would be apparent, while remaining within the spirit and scope of
the invention. In order to determine the metes and bounds of the invention,

therefore, reference should be made to the appended claims.
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LIST OF NOTATIONS, FIGURE SYMBOLS, and ACRONYMS

(Figure Symbols and Acronyms are indented)

Subscript for average (mean) values.

Trigonometric modulating gamma-atteﬁuation function introduced by Eq. 5;'it
is imposed upon passing gamma fluxes by the periodic motion of attenuator
elements within the modulating unit (MU).

Amplitude of the modulating function a(g, 1), on the basis of which 4 “and A"
are specified.

Amplitudes of the sine and cosine terms (respectively) of the modulating
function a(g, 1).

Sensitive area of the detector (oriented toward the inspected object)..
Area perpendicular to direction of gamma propagation.
Unobstructed area of the nodal window for gamma transmission through it.

Amplitude modulation (one of three basic kinds of modulation)

. Electronically generated trigonometric function defined by Eq.9

acting as indicated in Step 7 of the Operational Diagram, FIG. 10.

Amplitﬁdes of the sine and cosine terms (respectively) of the electronic
function b(n, ). ‘

Shift coefficient of the b(n, t) function.

Speed of light in vacuum.

Constant.

Product-and-sum coefficients, deﬁned by Eq. 14.

Computer Assisted Tomography.

The photon (gammas, X-rays, or light) detector/spectrometer.

Detector count rate (per second, per energy bin); it is explained by Eq. 7; also,
subscript pertaining to the detector, D.
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= 2718282 . .., the base of natural logarithms. When raised to
the power of a number, it is expressed by: exp(number).

Energy of gammas emitted by the radioactive- source.
Energy-equivalent of the relativistic rest-mass of an electron..

Energy of single-scattered gammas (the energy E/ is associated
with gamma photons scattered through an angle 6.

Finite-difference interval of scattered-gamma energies, with E’or
E/ in the center of the respective energy interval.

Function symbols (general).
Frequency modulation (one of three basic kinds of modulation)
Geometry parameter, introduced in Eq. 2.

Axis oriented from any scattering point towards the detector, and
the distance measured along that axis.

Value of distance %, measured from the scattering point up to the
inspected object’s inner wall surface, that is close to the detector.

The distance along the #-axis, from the scattering point (in the
center of a voxel) up to the point (or area 4* ) where the scattered
flux or its stream is defined (Usually at or close to 4p).

Positive integer, representing the subscript used along the x-axis.

Positive integer, specifying the frequency of modulation in the #* -
group of nodal windows (that group can be a column in the
rectangular modulating unit); i* is specified as a function of 7,
denoted by i* =, (i), analogous to n*, defined in the group of
Egs. 10. B

i

max.,

Inspected object.

Positive integer, representing the subscript (index) that varies
along the y-axis, observed when using the notation y;. Therefore,
the index j also denotes the isogonic surface, shell and slice
associated with energy E and intersecting the y-axis. Consistent
with that application, j is also used as the subscript with the

- energy E/, both pertaining to the flux of gammas, scattered once

at an angle 6, .

Jima

' Positive integer, representing the nodal window subscript, used

along z-axis.
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Gamma energy and material-dependent gamma-flux attenuation
coefficients (of the original and single-scattered gammas,
respectively).

K
Klein-Nishina scattering probability, a property that depends on
source-energy and scattering angle; it is expressed as the reaction

area per electron and per unit solid angle.

Axis connecting the source and the detector (S and D,
respectively).

Distance between D and modulating unit (or between S and
modulating unit).

Distance between D and S.

Linear algebraic equation.

Mass of an electron.

SuBscripts for mlmmum and maximum, respectively.
Subscript pertaining to the modulating unit.

Multi-channel pulse height analyzer. It sorts detected gamma
signals into J electronic pulse-height bins according to their
energy E,.

Magnetic resonance imaging.

Modulating unit.

Positive integer, used as a subscript indicating the number of the
¢alculational run in data processing.

Positive integer, specifying the frequency of the b(ﬁ, 1) function;
it is specified in the group of Egs. 10 as a function either of i, or
of n [such as n* = f,(n)]; n* canalso dependon ¢q.

Nodal window;, as stipulated with modulating unit, N nodal
windows—together with their associated attenuator elements—form
the gamma-fluxes’ processing system of the modulating unit.
Nodal windows might or might not have physical frames defining
them (if without frames, they are geometrically defined virtual
windows).

Subscript pertaining to original or specific state, conditions, or

position; for example, it is used with E and k for gammas before
they undergo scattering.

57



WO 03/073938

p,, P
Pl/‘

p*
PET
-PM
g= (i-DK+Fk

PCT/US03/05833

Angular phase, corresponding to the time-delay ( p’= p/®), used
‘with functions a(g, ) and b(n, 1)

Subscript pertaining to the point in space where scattering of
gammas occurs (at the scattering point (SP).

Probabilities for non-attenuation of the gammas; they pertain to
the original (primary) gammas, and single-scattered (secondary)
gammas, respectively, discussed with Eq. 3.

‘Non-attenuation probability of gammas, encompassing their
transmission through all the wall(s) of the inspected object; P”
can be expressed by a modified Eq. 3.

= (1 — P’), attenuation probability for scattered gammas.
Positron-electron emission tomography.
' Phase modulation (one of three basic kinds of’modulation).

a positive integer used as a subscript; it is related to both axes of
the modulating unit cross-section (active area) and

_encompasses by one number the indexes for two axes, and thus
identifies by one number any of the N nodal windows of the
modulating unit and, consequently, any of the N voxelsona
virtual slice. The symbol ¢ can replace the symbols i and k, the
individual subscripts of coordinates x and z, respectively, which

are associated with the particular nodes located across the active
area of the modulating unit :

Positive integer specifying the frequency of modulation; it is
specified in Eq. 10a as a function of g,1e., f(@) =q*

Time-independent strength of a photon sburce, including light
and gammas (in photons per second).

Axis oriented from the gamma source (S) toward any scattering
point (SP), and any distance measured along that axis.

Radial axis of a polar modulating unit (as seen in FIGS. 7 and 8).
Specific values of the distance 7, measured from the inspected
object’s inner wall surface at the source up to any scattering
point.

Value of the entire distance along the r-axis, from the scattering
point (in the center of a voxel) up to the source.

Stream of gammas, defined as the product of the gamma flux and
the area onto which the gammas arrive.

'As a subscript, it pertains to the source.
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Source of photons (gammas or X-radiation), or the source’s
center;. :

Shift coefficient of the modulating function a(g, ).

Scattering point where single scattering of gammas occurs; it
is associated with a voxel (a smali, finite size volume around
that point); a plufality of voxels form the volume of a virtual
slice, and a plurality of such slices is placed within the
inspected object boundaries in order to fill the inspected

object.

Time, and subscript for total.

‘Half-cycle duration of a trigonometric function. During the time

interval T, the slowest attenuating element within the modulating
unit completes ¥z of its full cycle. The convenient measurement
and integration time interval is (27).

- Actual (total) measurement time; it is either equal to (27) or the

product of T'with a positive integer, preferably an even number.
Volume.

Small, but finite-size (incremental) volume, also referred to as
scattering volume, or voxel, having the point SP in its center.

Axes perpendicular to each other, defining modulating unit’s
active (operating) area and distances across it in the rectangular
configuration; these two axes also serve the same purposes on the
areas projected by the modulating unit upon the virtual isogonic
slices (the latter areas are generally curved, due to the shape of the
slices). ‘

Axis along which gammas travel from the radioactive source (if
the modulating unit is located close.to the source), entering into
the inspected object; or the axis along the path gammas travel
between the inspected object and the detector (if the modulating
unit is located close to the detector), measured from the detector
through the modulating unit, to the inspected object. This y-axis
differs from the A-axis because the h-axis originates at the
scattering point and can only be directed toward the detector.

The value of the coordinate y at the intersection of the y-axis with
an isogonic virtual slice (which is a portion of the event-space that
produces and radiates scattered photons of energy E).

Special case of the y-axis passing through S (or D), the geometric
center of the modulating unit, and close to the volumetric center of
the inspected object (so that the centers of all the considered
virtual slices would be aligned in a concentric manner along such
an axis). Alternatively, the y, axis could extend from the
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modulatmg unit’s center towards the portion of the inspected
object’s outer surface that is closest to the modulating unit (Again,
S or D would be placed at the other end of such an axis).

Axis extended in the general d1rect10n explained with y, with y,
passing through the center of the ¢ nodal window within the'
modulating unit.

Explained with x. Additionally, in the polar modulating unit, z =

r*p.

Symbol used to denote physical dimensions, which are z-axis
intervals within a rectangular modulating unit; this symbol is used
with various superscripts (', ",

Greek Letters

Angle of incidence of a directional photon (gamma) flux upon the
modulating unit’s nodal window, or the detector window; that
angle is zero when gammas arrive perpendicular to the window.

“Angular coordinate in the polar configuration of the modulating

unit, shown in FIGS. 7 and 8.

Used as a prefix of a symbol, indicating its interval or increment
(such as Ax, Az, and Af) :

Scattering group, defined by Eq. 5.
Circular frequency of the b(#, ) function, defined in Egs. 9 and

10b.

Non-modulated 7ocal flux of single-scattered gammas of a
particular scattered energy (E) as an average bin value incident
upon a specific (g™ nodal window (NW) of the modulating unit
(MU), when it is located at the detector, D; Eq. 2 provides its
analytical expression (a minor modification is required if the
modulating unit is placed at the source, S).

Detector response to gamma streams incident upon a nodal

‘window, as used in Eq. 6b.

Detector response to random and non-modulated gamma fluxes, as
used in Eq. 7.

Electron density in the matter within the inspected object.
Symbol defined by Eq. 13a, describing the Fourier Transform of

an energy bin’s count rate (whmh isa quantltatwely known
function of time). .
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z Summation symbol.
a Gammas’ scattering angle (illustrated in FIGS. 1, 2, and 9).
a* Electron recoil angle, appearing in Compton scattering of gammas

(shown in FIG. 2).

n Detector efficiency.
@ Circular frequency of the a(g, #) function, addressed in Eqs. 5 and
: 10a.
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CLAIMS

1. A three-dimensional image-generating device comprising:

a radiation source configured to irradiate an object with gamma rays to
generate a three-dimensional representation of said object;

a modulating unit configured to encode gamma flux scattered from the
inspected object as said gamma rays interact wherein said object. generates
scattered gamma rays, ‘ | t

said rnodulatihg unit configured to identify spatial origins of said
scattered gammarays as said scattered gammarays pass through said modulating
unit; and A

a radiation detector configured to detect gamma rays scattered from said
object, and passing through said modulating unit.

2. The device as recited in claim 1, wherein said three-dimensional
representation is generated by reconstructing a volumetric density distribution

within said object.

3. The device as recited in claim 1, wherein said radiation source, said
modulating unit, and said radiation detector are stationary having a fixed
orientation. |

4. The device as recited in claim 1, wherein said radiation source, said
modulating unit, and said radiation detector are positioned based on a pre-
selected region surrounding said object.

5. The device as recited in claim 4, wherein said modulating unit is
positioned between said object and said radiation detector.

6. The device as recited in claim 4, wherein said modulating unit is

positioned between said object and said radiation source.

7. The device as recited in claim 5, wherein said modulating unit encodes
a selected cross-sectional area of the scattered gamma flux with a time-
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dependent oscillatory attenuation.

8. The device as recited in claim 7, wherein said modulating unit comprises
/

a rectangular-shaped unit.

9. The device as recited in claim 7, wherein said modulating unit comprises

a circular-shaped unit.

10. The device as recited in claim 1, wherein said radiation detector
comprises a gamma spectrometer; and A
wherein said gamma spectrometer is configured to register a plurality of
single detection events of said scattered gamma rays, wherein said plurality of
single detectlon events are detected individually; and
wherein said gamma spectrometer is confi gured to concurrently measure

energies of scattered gammas photons associated with said detection events.

11.  The device as recited in claim 10, further comprising:

a multi-channel pulse height analyzer coupled to said gamma
spectrometer and configured to analyze voltage pulse heights representing the
energies of the scattered gamma photons and sort the voltage pulse heights based

upon the energies of the scattered gamma photons.

12.  The device as recited in claim 11, wherein said gamma spectrometer and
the multi-channel pulse-height analyzer are configured to determine an average
value of energy for said scattered gammarays having a predetermined energy bin
width.

13.  The device as recited in claim 10, wherein said gamma spectrometer is
configured to determine values of the gamma count rate for said gamma rays
arriving at the detector, wherein predetermined energy bin widths are established

for said counted gamima rays.

14.  The device as recited in claim 1, wherein said modulating unit comprises

a planar array of nodal windows.
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15.  The device as recited in claim 14, wherein each nodal window of said
planar array of nodal windows is configured to impart a time-varying attenuation
on each segment of the said gamma flux as said each segment of said gamma

flux passes through said each nodal window.

16. The device as recited in claim 15, wherein each said nédal window
comprises an attenuating element for performing a time-dependent gamma
attenuation;

wherein said attenuatmg element is configured to impose a time-
dependent oscﬂlatory attenuation of said each segment of said gamma flux as
said scattered gamma flux passes through said attenuating element of said
modulating unit; and '

wherein said attenuating element is mounted on a Vert1cal shaft within a
frame of said modulating unit and wherein said attenuating element is capable
of oscillatory movement in a vertical direction.
17.  Thedevice as recited in claim 16, wherein a variation of intensity of said
gamma flux passing through said nodal windows and wherein said variation of
intensity is accomplished by a rotational movement of said each attenuating

element.

18.  The device as recited in claim 1, wherein said modulating unit encodes
said scattered gamma rays to enable identification of a location of a point of
scattering from individual voxels contained within said object.

19.  The device as recited in claim 18, wherein said modulating unit includes
a plurality of nodal windows containing a plurality of periodically-oscillating |
gamma attenuators arranged to form a matrix configuration, and wherein said
each gamma attenuator oscillates with a different time-varying attenuation
function. ‘

~ 20. The device as recited in claim 19, wherein said different time-varying
attenuation function is unique.
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21.  The device as recited in claim 1, wherein said radiation source comprises

a mono-energetic gamma source.

79 The device as recited in claim 21, wherein said radiation source is
selected from at least one of cesium-137, sodium-22, or another mono-energetic

isotopic gamma source.

23.  The device as recited in claim 1, further comprising: '
aradiation shield configured to house said radiation source, wherein said

radiation shield includes an opening to allow said radiation source to project said

gamma rays outwardly in a direction capable of irradiating said inspected object.

74.  The device as recited in claim 1, wherein said radiation source comprises
a selected source strength based upon gamma signal strength required to reach
the radiation detector, following scattering in the inspected object.

95 The device as recited in claim 24, wherein said image-generating device

includes a modulator comprising a plurality of nodal windows.

26.  The device as recited in claim 24, wherein said image-generating device

comprises a plurality of voxels.

27. A measurement system comprising:

a modulating unit configured to receive gamma rays scattered from an
object irradiated by mono-energetic gamma rays and to modulate gamma fluxes
of said scattered gamma rays with a periodic function;

said modulation unit configured to implement an encoding process,
wherein said encoding process tags a plurality of solid angle segments of said
scattered gamma flux individually with different tags; and

said modulation unit configured to encode said gamma fluxes, wherein
said encoded gamma fluxes are used in combination with a scattering process
defined by a Compton energy-angle 4re1ationship to determine a three-
dimensional distribution of local scattered gamma flux within said object.
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78.  The measurement system as recited in claim 27, wherein said periodic
function comprises a time-variant function for varying attenuation of said

gamma fluxes.

79.  The measurement system as recited in claim 27, wherein said encoding
process aids in determining a two-dimensional mass distribution within said

object.

30. A measurement system comprising:

a measuring device configured to apply a Compton scattering process to
an analysis of gamma rays scattered from an inspected object; \

wherein scattering points of said scattered gamma rays having identical
energies form an isogonic surface; and

a modulating unit for encoding a two-dimensional cross-section of

scattered gamma fluxes.

31. The measurement system as recited in claim 30, wherein said isogonic
surface within the inspected object is represented by a thin layer isogonic shell
having a thickness related to a spatial resolution of the measurement system.

32. The measurement system as recited in claim 31, wherein an isogonic slice

corhprises only a portion of said isogonic shell within the inspected object.

33. The measurerhent system as recited in claim 32, further comprising:

a multi-channel analyzer configured to sort voltage pulse heights
associated with detected gamma rays according to a plurality of energies to
determine the scattered gamma fluxes associated with scattermg from a plurality

of voxels contained w1th1n said i 1sogomc slice.

34, A three-dimensional density image genefating system comprising:
a measuring device configured to identify and separate single-scattered
gamma fluxes orlglnatmg from a plurality of isogonic slices within an object;.
wherein said measuring device is configured to determine a spatial
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distribution of single-scattered gamma fluxs; and

wherein said single-scattered gamma flux determination includes a
magnitude of gamma fluxes of said gamma rays arriving from isogonic slices
internal to said object, wherein the isogonic slices comprises portions ofisogonic

shells within said object.

35.  Anon-invasive three—dimens‘ional density distribution measuring device
comprising: ‘

an isotopic source configured to irradiate an object with gamma rays to
generate single-scattered gamma photons, wherein said single-scattered gamma

- photons obey a Compton energy law;

a modulator configured to encode a periodic time-dependent oscillation
distributed over a two-dimensional area of single-scattered gamma flux
comprising a plurality of said single-scattered gamma photons;

aspectrometer configured to detect energies and intensities of said single-
scattered gamma photons; and

amulti-channel pulse-height analyzer copfigured to sort detected gamma
signals according to the energies of the detected gamma photons. '

36. The device as recited in claim 35, wherein said single-scattered gamma
photons originate from scattering points located in a virtual isogonic shell,
associated with a virtual isogonic surface of said virtual isogonic shell; and

wherein said single-scattered gamma photons originating from identical
isogonic surfaces have identical energies. |

37. The device as recited in claim 36, wherein said isogonic surface is
generated by rotating an isogonic curve about a source-detector segment.

38.  The device as recited in claim 37, wherein said virtual isogonic surfaces
~ comprise a plurality of types of oblong rotary surfaces having pointed poles, a

sphere, and a dual curvature rotary surface having indented poles.

39.  Aninspection device comprising:
mono-energetic gamma radiation source configured to irradiate an
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inspected object with gamma photons; .

a gamma photon detection unit configured to detect scattered gamma
photons emanating from said inspected object;

amodulation unit configured to encode scattered gammas emanating from
the inspected object, enroute toward the gamma photon detection unit;

a time-varying attenuation unit configured to modulate said scattered
gammas with a time variation character;

a gamma signal sorting unit configured to sort counts of said detected
scattered gamma photons into various energy bins;

- a sighal splitting unit configured to split output signals from each of said

energy bins into multiple equal components;

an electronic function generator unit configured to generate digital signals
having time-dependent functions;

a multiplication unit configured to multiply said digital signals with said
output signals to form a combined product-function signal;

an integration unit configured to integrate said combined product-function
signal to yield a plurality of linear algebraic equations; o

an equation-solving unit configured to solve said plurality of linear
algebraic equations and produce a determination of local gamma fluxes at at
least one po1nt of interest inside the inspected object; and

a data processing unit configured to analyze said determination of said
local gamma fluxes and reconstruct an image of density distribution within said
inspected object. A

40. The device as recited in claim 39, wherein single-scattered gamma fluxes
are generated by said inspected object and wherein single-scattered gamma flux
generation is a result of a Compton scattering process.

41.  Thedevice asrecited in claim 39, wherein said modulation unit comprises

a plurality'of nodal windows.
42. The device as recited in claim 41, wherein attenuators within said

plurality of nodal windows are configured to oscillate individually in a different

‘manner to encode said single-scattered gamma fluxes.

68



WO 03/073938 PCT/US03/05833

43.  The device as recited in claim 42, wherein said modulation unit generates
a plurality of time-dependencies of the attenuators within said plurality of nodal
windows, wherein said plurality of time-dependencies exhibit a different time-

dependence function for each of said plurality of nodal windows.

44. A method of generating a three-dimensional density image, comprising:
irradiating an object with gamma photons;
observing segments of single-scattered gamma ﬂuxes of said gamma
photons passing through and encoded by a modulating unit; and
modulating each segment of said single-scattered gamma fluxes with a

different time-varying attenuation function.

45.  The method as recited in claim 44, further comprising the steps of:
detecting individual scattered gamma photons within said single-scattered
gamma fluxes; | ‘
generating output signals associated with each of said detected individual
scattered gamma photons;
countihg gamma photon signals generated from detection of said
individual scattered gamma photons; and ’ |
' sorting the counted gamma photon signals into separate bins according

to the energy of the counted photons.

46. The method as recited in claim 45, further comprising the steps of
determmmg a volumetric distribution of the single-scattered gamma fluxes
within the mspected object and imaging a volumetric density distribution within
said object. '

47, The method as recited in claim .41, further comprising the step of
positioning the modulating unit between said object and a radiation detector.

48. The method as recited in claim 41, further comprising the step of
positioning the modulating unit between said object and a radiation source.
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49. The method as recited in claim 41, further comprising the step of

encoding cross-sectional segments of the single-scattered gamma flux.

50. The method as recited in claim 41, further comprising the step of
providing a rectangular-shaped modulating unit to modulate said single-scattered

gamma flux.

51. The method as recited in claim 41, further comprising the step of
providing a polar modulating unit to modulate said single-scattered gamma flux.

52.  The method as recited in claim 41, further comprising the steps of:
registering of a plurality of single detection events of said single-scattered

gamma flux; , |
measuring energies of scattered gammas in said detection events; and
sorting said detection events based upon said energies of said scattered

gammas.

53.  The method as recited in claim 52, further comprising the steps of:

analyzing heights of voltage pulses associated with said detection events
to identify energies of the detected gamma photons;

applying the Compton energy-angle relationship to the identified energies
of the detected gamma photons to determine a spatial origin of scattered
gammas; and A A o

measuring an intensity of components of the single-scattered gamma
fluxes by registering count rates of the detection events, wherein the components
of the single-scattered gamma fluxes represent gamma fluxes arriving at the
detector from at least one of different directions and different portions of the
inspected object.

54.  The method as recited in claim 52, further comprising the step of:
determining a bin-average value of energy for said components of the single-

" scattered gamma flux based upon a calibration of the energy bins.

55.  The method as recited in claim 49, further comprising a step of:
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imparting a time-varying attenuation on said single-scattered gamma
fluxes to generate a variation of intensity of said single-scattered gamma fluxes
as said segments of said single-scattered gamma fluxes pass through each

corresponding said nodal window.

56.  The method as recited in claim 55, further comprising a step of:
imposing a time-dependent oscillatory attenuation on said segments of
said single-scattered gamma fluxes as said scattered gamma fluxes pass through
an attenuating element within said nodal window; and
wherein said attenuating element is mounted on a shaft connected to a
frame of said rectangular modulating unit and wherein said attenuating element

is capable of translatory movement..

57. The method as recited in claim 55, further comprising the steps of:
rotating said attenuating element to vary the intensity of said gamma flux in said

polar modulating units.

58. The method as recited in claim 55, further comprising the step of:
encoding said segments of said single-scattered gamma fluxes to help identify

a point of scattering from a voxel contained within said object.

59.  The method as recited in claim 55, further comprising the step of:
modulating each of said cross-sectional se gments of said single-scattered gamma
fluxes passing through the modulating unit and directed towards the radiation
detector.

60. The method as recited in claim 59, further comprising the step of:
encoding a cross-sectional distribution of said single-scattered gamma ﬂuxes to

help locate scattering points within said object.
61. The method as recited in claim 60, wherein said step of encoding

generates two-dimensional coordinates indicating origins of the plurality of

cross-sectional components of said single-scattered gamma fluxes.
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62.  The method as recited in claim 59, wherein said step of encoding further
comprises modulating said single-scattered gamma fluxes with a periodic

trigonometric function such as a sine or cosine function

63. A method for imaging comprising the steps of:

applying a Compton scattering process to a gamma ray scattered from an
inspected object; .

| defining isogonic surfaces and isogonic shells as loci of scattering points

associated with gammas scattered through identical scattering angles; and

using an entire portion of the said isogonic shell within the inspected
object to form a locus of said scattering points within the inspected object, from
which fluxes of said single-scattered gamma photons having the same energy |
originate, wherein the entire portion of the isogopic shell within the inspected

object defines an isogonic slice.

64. The method as recited in claim 63, further comprising the steps of:
detecting said gamma photons; A

sorting the signals from the detected photons according to a plurality of
energies; and ' '

analyzing said signals to determine gamma fluxes associated with voxels

contained within said isogonic shells.

65. A method for generating a three-dimensional image, the method
comprising the steps of: '
identifying and separating gamma fluxes originating from dplurality of
scattering locations from an inspected object; and .
~formulating a gamma flux calculation procedure, wherein said gamma
flux calculation yields magnitudes of single-scattered gamma fluxes arriving
from a plurality of known scattering points within identified isogonic slices and
eliminates multiple-scattered gamma fluxes arriving from said object and most
background fluxes.

66. A method of generating a flux distribution image, comprising the steps
of: ‘
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irradiating an object with gamma rays to generate single-scattered gamma
rays, wherein said single-scattered gamma rays obey the Compton scattering law;

encoding single-scattered gamma flux;

determining energies and intensity levels of said flux of single-scattered
gamma rays; and ' |

sorting said energies and measuring flux intensities of segments of thé_:
gamma flux to produce a three-dimensional representation of the local single-
scattered gamma flux distribution.

67. The method as recited in claim 64, further comprising' the step of:
calculating the loci of said scattering points, wherein said loci comprises

an isogonic surface.

68. A method of inspecting comprising the steps of:

irradiating an object with gamma rays;

encoding scattered gamma fluxes by modulating said scattered gamma
fluxes with a time variation character; ,

detecting the sihgle-scattered gamma fluxes of scattered gamma photons
transmitted from said object; ‘

generating output voltage pulse height signals from a detector, based upon
individual energies of said detected scattered gamma photons;

sorting of registered counts of the detected single-scattered gamma
photons into energy bins of a multi-channel analyzer, according to energies of

 individual single-scattered gamma photons;

splitting the output voltage pulse height signals from the multi-channel
analyzer into a plurality of equal sets; A ‘

generating electronic digital signal functions;i

multiplying components of said output voltage bulse height signals with
said digital signal functions to form combined product-function signals;

| integrating said combined product-function signals to yield a plurality of

linear algebraic equations;

solving said linear algebraic equations; and

reconstrubting amass density field of said object by converting numerical

local single-scattered gamma fluxes into local mass densities.
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69. A modulating unit comprising:

an encoder configured to encode gamma flux scattered from an inspected
object as gamma rays irradiated from a source interact with said inspected object,
wherein said object generates scattered gamma rays;

a spatial origin identifier configured to identify spatial origins of said
gammarays as said scattered gamma rays pass through said modulating unit; and

at least one nodal window.

70.  Themodulating unit as recited in claim 69, wherein said at least one nodal
window is configured to impart a time-varying attenuation on segments of the
gamma flux as said segments of said gamma flux pass through said at least one

nodal window.

71.  Themodulating unit as recited in claim 70, wherein said at least one nodal
window is associated with an attenuating element for performing a time-
dependent gamma attenuation;
 wherein said attenuating element is conﬁgufed toimposea periodic, time-
dependent oscillatory attenuation on said segments of said gamma flux as said
scattered gamma flux pass through said attenuating element of said‘modulating
unit; and . N
wherein said attenuating element is mounted on a vertical shaft within a
frame of said modulating unit and wherein said attenuating element is capable

of movement in a vertical direction.

72.  The modulating unit as recited in claim 71, wherein said time-varying
attenuation generates variation of intensity of said gamma flux passing through
said at least one nodal window and wherein said variation varies with a
rotational movement of said attenuating element. ‘ ‘

73. . The modulating unit as recited in claim 72, wherein said modulating unit
- encodes said scattered gamma rays for enabling identification of a point of

scattering from at least one voxel contained within said object.

74. The modulating unit as recited in claim 73, wherein said modulating unit
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includes a plurality of nodal windows containing a plurality of periodically-
oscillating gamma attenuators arranged to form a matrix configuration, and
wherein said gamma attenuators oscillate with different time-dependent

attenuator functions.

75. The modulating unit as recited in claim 74, wherein a first gamma
attenuator of said plurality of g.ammav attenuators within at least one of said
plurality of nodal windows is configured to periodicélly oscillate independently
of a second gamma attenuator of said plurality of gamma attenuators.

76.  The modulating unit as recited in claim 75, wherein periodic oscillation
of said gamma attenuators in the at least one of said plurality of said nodal
windows influence at least one of said scattered gamma fluxes passing through
the at least one of said nodal windows of said modulating unit enroute towards

said radiation detector.

77.  The device as recited in claim 39, wherein the inspection device employs
at least one of a multiple number of source energies, a multiple number of source

locations and a multiple number of detector locations.

78.  The device as recited in claim 77 wherein a relocation of at least one of
said mono-energetic gamma radiation source, said gamma photon detection unit,
and a change in the at least one of a multiple number of source energies produces
a different configuration for said inspection device; and

wherein said different configuration results in a different set of solvable

plurality of linear algebraic equations.

79.  The method as recited in claim 68, further comprising the step of
determining a three-dimensional density distribution within the inspected object.

80. A method of determining an image, the method comprising the steps of:
locating at least two sources having different energies at a same location
so that a number of source locations is less than or equal to.a number of source

energies;
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combining the number of source locations and the number of source
energies to generate a total number of source configurations; and

multiplying the total number of source configurations by a number of

detector locations to indicate a number of solvable equations and to indicate a

. maximum number of unknown density distributions having solvable solutions.

81.  The method as recited in claim 80, further comprising the steps of:
determining multiple density fields in an inspected object comprising
multiple substances; and
using the total number of source configurations to determine different -
~ density distributions of said total number of source location, wherein said
different density distributions represents different substances located within an

inspected object.

82.  The modulating unit as recited in claim 69, wherein the modulating unit
is configured to be inserted into a path of a gamma ﬂﬁx, between said inspected
~object and a detector, for encoding a cross-section of the gamma flux with a
unique periodic oscillatory attenuation in each of the at least one nodal windows;
and -
‘wherein said modulating unit is configured to be integratéd into a
different measuring device to enable atwo-dimensional determination of density

within said inspected object.
83.  The modulating unit as recited in claim 82, further comprising: |

atag configured to indicate an origin of each gamma photon within a two-

dimensional cross section of said inspected object.
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