
WO 2008/024825 PCT/US2007/076497  Scatter Attenuation
Tomography 5 The present application claims priority
from US Provisional Patent Application,  Serial No.
60/823,328, filed August 23, 2006, which application
is incorporated herein by  reference. Field of the
Invention 10 The present invention relates to methods
and systems for inspecting objects by  means of
penetrating radiation, and more particularly, to
inspection of objects by  simultaneous detection of
penetrating radiation scattered into distinct, and
possibly opposing,  directions. 15 Background of the
Invention In the period since September, 2001, X-Ray
Computerized Tomography (CT) has  been used
extensively to search for explosive materials
concealed in airline baggage. The  method works by
measuring the "CT number" of objects contained in a
suitcase. The CT  number is essentially a measure of
the attenuation per unit length of x-rays (with a
given 20 energy distribution) in the material
comprising each object. The CT number can then be used
to identify the material. As a matter of definition,
"CT number," as used herein and in any  appended
claims, will refer to a measure of x-ray attenuation,
conventionally quoted relative  to the attenuation of
water. For organic materials, the CT number is
essentially a measure of the electron density  25 of
the material, which in turn, is proportional to the
mass density. X-Ray CT systems are  therefore able to
measure the mass density of concealed materials.
Explosive materials tend  to have mass densities which
lie in the range of about 1.2 - 1.7 grams per cubic
centimeter  (g/cc). Since x-Ray CT systems reconstruct
the contents of a container in three dimensions,  the
volume of each concealed object is also determined.
Combining this information with the 30 density yields
the mass of each object. By selecting objects with a
minimum size and mass  which have a density between
1.2 and 1.7 g/cc, explosive threats can automatically
be  detected in the container, and an alarm sounded.
Disadvantages of x-Ray CT systems include their size
and cost. Both the size and cost  arise largely
because of the rapidly rotating gantries on which the
x-ray source and detector 1 WO 2008/024825
PCT/US2007/076497  



arrays are mounted. US Patent No. 5,930,326, entitled
"Side Scatter Tomography System," described a  method
for detecting radiation scattered at essentially 90
degrees out of a raster-scanning  pencil beam of
x-rays, as detected by one or more arrays of segmented
and collimated 5 detector arrays. The intensity
distribution of the side-scattered radiation is then
used to  reconstruct (in three dimensions) the organic
objects concealed within a container. That  patent is
incorporated herein by reference. Summary of the
Invention 10 In accordance with preferred embodiments
of the present invention, methods and a  system are
provided for characterizing an object on the basis of
a determination of mean-free- path of penetrating
radiation based upon pair-wise analysis of voxels. In
various embodiments, the method entails: generating an
incident beam of penetrating radiation characterized
by a propagation  15 direction and an energy
distribution; disposing a plurality of detector
elements about the beam of penetrating radiation each
detector characterized by a field of view; collimating
the field of view of each detector element; varying
the propagation direction of the incident beam of
penetrating radiation so as  20 to be incident
sequentially on the inspected object at a plurality of
points of incidence;  detecting radiation scattered by
voxels of the inspected object taken in pairs, the
voxels defined as the intersection between a
propagation direction of the incident beam and  the
field of view of a detector element; calculating
attenuation of penetrating radiation between pairs of
voxels of incidence  25 of the incident beam. In
accordance with further embodiments of the invention,
step of detecting radiation  may include detecting
specified energy components of radiation scattered out
of the incident  beam of penetrating radiation. In
addition to varying the propagation direction of the
incident  beam, the incident beam may be scanned in a
pattern substantially transverse to the 30 propagation
direction so as to be incident on the inspected object
at a plurality of points of  incidence. The
attenuation of penetrating radiation as a function of
position within the  inspected object may be
displayed. In accordance with other alternate
embodiments of the invention, the step of disposing  



detectors about the incident beam of penetrating
radiation may include disposing arrays of 2 WO
2008/024825 PCT/US2007/076497  scatter detectors along
directions having a vector component substantially
parallel to the  propagation direction of the incident
beam, or may include disposing the detectors in a
plane  substantially transverse to the beam of
penetrating radiation. Calculating the attenuation of
penetrating radiation may include determining a mean
5 free path of scattered radiation as a function of
position within the inspected object.  Collimating may
include restricting the field of view of each detector
to a direction at a  specified range of angles with
respect to the propagation direction of the incident
beam. In accordance with yet further embodiments of
the invention, the methods heretofore  described may
further include varying the energy distribution of the
incident beam of 10 penetrating radiation. Moreover,
the step of scanning may include scanning an aperture
with  respect to an x-ray tube as well as activating
discrete elements of a source array. Material  may be
identified as a threat substance based on a comparison
of a mean free path, calculated  in accordance with
the foregoing teachings, with a table of measured
values. A calculated  attenuation may be validated by
repeat interrogation of a voxel with detector elements
of 15 opposing field of view. Brief Description of the
Drawings The foregoing features of the invention will
be more readily understood by reference  to the
following detailed description taken with the
accompanying drawings: 20 Fig. 1 depicts the principle
of operation of a Scatter Attenuation Tomography
system  in accordance with embodiments of the present
invention; Fig. 2 depicts a geometry in which an
intervening object is interposed within one of  the
incident beams in the system of Fig. 1; Fig. 3 is a
schematic depiction of a preferred embodiment of the
present invention in  25 which detector elements of
opposing detector arrays detect penetrating radiation
sidescattered  by an inspected object; Fig. 4
schematically depicts a scenario in which two
surrounding objects are located  between an object
under inspection and the upper and lower scatter array
elements; Figs. 5A and 5B depict systems scanning
baggage and small parcels in accordance  30 with
embodiments of the invention; 



Fig. 6 depicts a system in which the scatter detectors
are disposed to one side of the  inspected object, as
in a mobile inspection unit; Fig. 7 shows an
embodiment of the invention in which the source is
disposed above  the inspected object, and scatter
detector arrays are disposed to either side; 3 WO
2008/024825 PCT/US2007/076497  Figs. 8A and 8B show
embodiments of the present invention for inspection of
personnel in which the source of penetrating radiation
is disposed, respectively, above (or  below), and in a
horizontal plane with respect to, an inspected
subject; and Fig. 9 shows a hand-held inspection
device containing two collimated x-ray detectors,  5
and a source emitting a plurality of scanned x-ray
beams, in accordance with an embodiment  of the
present invention. Detailed Description of Specific
Embodiments The current invention builds upon the
teachings of US Patent No. 5,930,326 by 10 describing
a simple and elegant method for determining a much
more accurate measurement  of the density of concealed
organic objects. In accordance with preferred
embodiments of the  present invention, the
side-scatter distribution is detected in two detector
arrays. The method  allows for a full
three-dimensional reconstruction of the organic
contents of the container,  along with the more
accurate density determination that could be obtained
using the methods  15 taught in US Patent No.
5,930,326. As now described with reference to Fig. 1,
Scatter Attenuation Tomography,  generally, looks at
the fall-off, in the side-scattered radiation, from a
raster-scanning x-ray  beam as the beam moves deeper
into an object of interest. It is to be noted that
while the present description refers to an incident
beam 10 of  20 penetrating radiation as an x-ray beam,
it is to be understood that any beam of penetrating
radiation falls within the ambit of the present
invention. Thus, the beam may include x-rays,  or
gamma rays, etc. In Fig. 1, the raster scanning x-ray
beam 10 comes in from the left and passes through  a
block 12 of organic material. At times ti and t2,
x-ray beam 10 is characterized by intensity  25 Ii and
12, respectively, and instantaneous positions are a
designated by numerals 10 and 11 in Fig. 1. A
segmented scatter detector array 14 is located above
the organic material, and each  detector element 15 in
array 14 is collimated such that its field of view 16
for detecting  



scattered radiation is directly below it, or,
equivalently, such that its field of view is
perpendicular to the propagation direction of the
incident beam 10. One of the detector 30 elements 15
is highlighted, and at times ti and t2 it detects
scattered radiation emitted from  volume elements 17
and 18, respectively, contained within organic
material 12. The ratio of  the strengths S i and S2 of
the scattered radiation detected in the ith detector
element at times ti  and t2 is given by: 4 WO
2008/024825 PCT/US2007/076497  S2/S1=(I2/Ii).A(A) ,
Eqn.1 where A(A) is an attenuation factor
characterizing the scattered radiation in the organic
material over the distance Al separating the two
beams, and A is the mean free path of the  5 scattered
radiation in the organic material. The attenuation
factor A(A) is given by: A(A) = e -Al Eqn. 2 It can be
seen that, for the simple geometry shown in Fig. 1,
the intensity of the  10 incident x-ray beam at the
two voxels is equal (Ii = I2). In this case, Eqn. 1
yields  A(A) = S2 / S1, Eqn. 3 and therefore the
attenuation (and hence the mean free path A of the
radiation in the organic  15 material) can simply be
determined from the ratio S2 / S1. Since the mean free
path for  organic materials is essentially
proportional to the mass density, the density of the
material  can be inferred. In realistic cases,
however, the beam intensities Ii and 12 will not, in
general, be equal.  This could happen, for example, if
organic material 12 were rotated with respect to the
beams  20 10 and 11, or if an intervening object 20
block one of the incident beams as shown in Fig. 2. In
the case depicted in Fig. 2, since I1 :I2, Eqn. 1
indicates that A(A) :A S2 / Si. In  fact, since Ii and
12 are not known, the attenuation can not be
determined from Eqn. 1. The current invention provides
heretofore unavailable solutions to this problem, as
now described with reference to Fig. 3. In accordance
with preferred embodiments of the  25 present
invention, two sidescatter arrays are provided, an
upper sidescatter array U and a lower sidescatter
array L. It is to be understood, of course, that the
reference to upper and  lower directions is arbitrary,
and arrays of detectors may be disposed in directions
that have a  vector component substantially parallel
to the propagation direction of the incident beam of
penetrating radiation are within the scope of the
present invention. Thus, the upper and lower  



30 detector arrays U and L shown in Fig. 3 may also be
labeled left and right arrays, for example.  The ratio
of the scatter intensities in the highlighted detector
element of the upper  detector array at times ti and
t2 is given by: 5 WO 2008/024825 PCT/US2007/076497
U2/U1=(I2/I1)-A(A) . Eqn.4 Similarly, the ratio of
signals in the lower detector array is given by:  5
L1/L2=(Ii/I2)A(A) . Eqn.5  Multiplying equations 4 and
5 together yields: 10 A(A) = I [ LIU2/ (L2U1) ] . Eqn.
6  It can be seen that the expression for the
attenuation factor in Eqn. 6 is now  completely
independent of the unknown beam intensities Ii and I2,
and is independent of how  the organic material 12 is
oriented in the bag, or the number of surrounding
objects 20 which 15 may be occluding the incident
beams. The only requirement is that there exist
sufficient  intensity in the two incident beams and a
sufficiently clear path for the scattered radiation to
reach each of the two detector arrays. Another
powerful aspect of the invention is that since only
ratios of the scatter  intensities are used (for
example, only the ratios Li / L2 and U2/ Ui appear in
Eqn. 6), the 20 method for calculating the attenuation
factor given by Eqn. 6 is immune to any surrounding
objects 20 which may attenuate the scattered radiation
before it reaches one or both of the  detector arrays.
This is shown schematically in Fig. 4, where two
surrounding objects 40 and  42 are now located between
the organic material 12 under inspection and the upper
U and  lower L scatter arrays. In this scenario, the
attenuation in organic block 12 (and hence its 25
density) can still be determined, despite the
surrounding "clutter" occluding both the incident
beams and the scattered radiation. Additional
Corrections to the Scatter Data Equations 4 and 5 are
based on the assumption that the voxels on beams 1 and
2 from  30 which the scatter is originating are
essentially the same distance from each of the
detector  arrays. In actual fact, the voxel on beam 1,
in the general case, will be at a different distance
from each of the detector arrays than the voxel on
beam 2. In order to correct for these  



differences, equations 4 and 5 become: 6 WO
2008/024825 PCT/US2007/076497  U2/ Ui = (12 /
I1).(dQU2 / dS2u1)A(A) Eqn. 7 5 L1/ L2 = (I1 / 12).(
dQL1/ dQL2)A(A)  Eqn. 8 where, for example, dQL1 is
the solid angle of the detector element in the lower
array for the  voxel located on beam 1. With these
solid angle corrections, Eqn. 6 now becomes: 10 A(A) _
I [ L1U2/ (L2U1)  dQL2 dS2u1 / (dQL1 dQu2) ] Eqn. 9
In general, the effect of the solid angle correction
factor dQL2 dS2u1 / (dQL1 dQU2) is fairly  small, and
typically has a value close to unity. 15 Exemplary
Embodiments of the Invention The measurement of the
attenuation (and therefore the density) of concealed
organic  materials implied by Eqn. 9 can be
implemented in any system that uses a pencil beam of
x- rays and which contains two segmented arrays of
scatter detectors. Two systems for scanning 20 baggage
and small parcels are shown in Figs. 5A and 5B wherein
the source of penetration  radiation is comprised,
respectively, of a hoop with a scanning aperture about
an x-ray tube  51, and a carbon nano-tube x-ray source
array 52, comprised of discrete elements that may be
addressably activated, as described, for example, in
co-pending US Patent Application Serial  No.
11/737,317, filed April 19, 2007, and incorporated
herein by reference. In either case, a 25 left
detector array 54 and a right detector array 56 are
provided, for application as described  above.
Additionally, a backscatter array 58 may be disposed
between the source and the  inspected object so as to
provide additional imaging or material
characterization information. Alternatively, the
method of the invention may also be used to inspect
concealed  materials inside a container, where access
to the sides of the container (for positioning the 30
detector arrays) is not practical. Such a scheme is
shown in Fig. 6, where angled, collimated  detector
arrays 60 are located in the backward direction,
toward x-ray source 61. In the  embodiment depicted in
Fig. 6 by way of example, x-ray source 61 and detector
arrays 60 are  mounted in a mobile x-ray backscatter
imaging system, on platform 62, for example, that is 



7 WO 2008/024825 PCT/US2007/076497  being used to
inspect vehicles 64. In Fig. 7, an alternative
embodiment that scans vehicles or other containers
from  above is shown. In this case the detectors 70
and 72 are mounted on the sides of the system  (which
could, for example, be based on a portal 74 or a
gantry), while x-ray source 76 is 5 disposed above the
inspected object 78. In Figs. 8A and 8B, two alternate
embodiments for detecting contraband organic
materials carried by people in bags or backpacks, or
concealed under clothing are shown. In  Fig. 8A, an
embodiment is shown wherein a person 80 is scanned by
an x-ray beam 82  incident from above. X-ray beam 82
may also be positioned to scan the person from below.
10 Fig. 8B shows an embodiment, depicted schematically
from above, where the person 80 is  scanned by an
x-ray beam 82 which remains essentially in the
horizontal plane. In each case,  the detector arrays
72 are positioned on either side of the person 80. An
alternate embodiment of the invention, which may be
used as a hand-held device,  is shown in Fig. 9. In
this embodiment, a device 90 contains two single
collimated x-ray 15 detector units 94, each containing
a detector 92 and 93. Additionally, device 90 contains
a  source 95 emitting a plurality of scanned x-ray
beams 96 and 97, as described above, or
alternatively, it may emit two fixed beams as shown,
with only one being active at any given  time. Beams
96 and 97 may be activated, sequentially, by use of
shutters, for example. The  emitted beams alternate in
time, allowing for the attenuation factor of concealed
organic 20 materials 98 to be determined in accordance
with Eqn. 6.  Dual Energy Embodiment of the Invention
The expression for the attenuation factor given in
Eqn. 6,  25 A(1) = I [ L1U2 / (L2U1) enables the mean
free path A of the scattered radiation to be measured
for a particular piece  of concealed organic material.
By varying the energy of the raster-scanning pencil
beam, the  mean free path A of the material can be
measured for several different energy ranges of x 30
rays. By analyzing how the mean free path A of the
material changes with x-ray energy, a  determination
of the approximate effective atomic number Z of the
material can be inferred,  in addition to the
measurement of the material density. For example, the
mean free path for  higher Z materials will decrease
more rapidly with decreasing photon energy, compared
with  



lower Z materials. This is due to the strong
dependence of the photoelectric effect (which 8 WO
2008/024825 PCT/US2007/076497  absorbs x-rays) on the
effective atomic number of the material. The
photoelectric absorption  cross section increases
rapidly with the effective atomic number of the
material with decreasing x-ray photon energy.
Alternatively, rather than varying the energy of the
raster-scanning x-ray beam, 5 energy-sensitive
detector elements can be used in the detector arrays.
One such example of  this includes the use of CdZnTe
detectors, which enable the energy of each detected
x-ray to  be measured. Cuts can then be made on the
energies of the detected x-rays, and the  attenuation
factor given by Eqn. 6 can then be calculated for
several different ranges of x-ray  energies. This then
allows the mean free path of the material to be
calculated for several 10 different average x-ray
energies, allowing both density and effective atomic
number  measurements of the material to be made.
Having both these measurements allows for a more
accurate identification of the material making up the
organic object, increasing detection rates  and
lowering false alarm rates. Note that each of the
alternate embodiments of the invention  described
previously can be extended to include dual-energy
operation. 15 In accordance with certain further
embodiments of the invention, material may be
identified as a threat substance based on a comparison
of a mean free path, calculated in  accordance with
the foregoing teachings, with a table of measured
values. A calculated  attenuation may be validated by
repeat interrogation of a voxel with detector elements
of  opposing field of view. 20 All of the heretofore
described embodiments of the invention are intended to
be  merely exemplary and numerous variations and
modifications will be apparent to those  skilled in
the art. All such variations and modifications are
intended to be within the scope of the present
invention as defined in any appended claims.  25
01945/A83GC 726612.1 9 WO 2008/024825
PCT/US2007/076497  What is claimed is: 1. A method for
characterizing an object on the basis of
mean-free-path of penetrating  radiation, the method
comprising: 



5 generating an incident beams of penetrating
radiation, the incident beam characterized  by a
propagation direction and an energy distribution;
disposing a plurality of detector elements about the
beam of penetrating radiation each  detector
characterized by a field of view; collimating the
field of view of each detector; 10 detecting radiation
scattered from a plurality of voxels lying within the
inspected  object, each voxel being defined as the
intersection of the field of view of one of the
detector  elements and the propagation direction of
the incident beam of penetrating radiation; and
calculating attenuation of scattered penetrating
radiation between pairs of voxels, each  voxel of the
pair corresponding to one of at least two propagation
directions of the incident 15 beam of penetrating
radiation. 2. A method in accordance with claim 1,
further comprising varying the propagation  direction
of the incident beam of penetrating radiation so as to
be incident sequentially on the  inspected object at a
plurality of points of incidence. 20 3. A method in
accordance with claim 1, wherein the step of detecting
radiation includes  detecting specified energy
components of the radiation scattered out of the
incident beam of  penetrating radiation. 25 4. A
method in accordance with claim 1, further comprising:
scanning the incident beam in a pattern substantially
transverse to the propagation  direction so as to be
incident on the inspected object at a plurality of
points of incidence.  5. A method in accordance with
claim 1, further comprising a step of displaying the
30 attenuation of penetrating radiation as a function
of position within the inspected object. 6. A method
in accordance with claim 1, wherein the step of
disposing detectors about  the incident beam of
penetrating radiation includes disposing arrays of
scatter detectors along  directions having a vector
component substantially parallel to the propagation
direction of the  10 WO 2008/024825 PCT/US2007/076497
incident beam. 7. A method in accordance with claim 1,
wherein the step of disposing detectors about  the
incident beam of penetrating radiation includes
disposing detectors in a plane 5 substantially
transverse to the beam of penetrating radiation. 



8. A method in accordance with claim 1, wherein
calculating the attenuation of  penetrating radiation
includes determining a mean free path of scattered
radiation as a  function of position within the
inspected object. 10 9. A method in accordance with
claim 1, wherein the step of collimating includes
restricting the field of view of each detector to a
direction at a specified range of angles with  respect
to the propagation direction of the incident beam. 15
10. A method in accordance with claim 1, further
comprising varying the energy  distribution of the
incident beam of penetrating radiation. 11. A method
in accordance with claim 1, wherein the step of
scanning includes scanning  an aperture with respect
to an x-ray tube. 20 12. A method in accordance with
claim 1, wherein the step of scanning includes
activating discrete elements of a source array. 13. A
method in accordance with claim 1, further comprising
identifying a material as a  25 threat substance based
on a comparison of a calculated mean free path with a
table of  measured values. 14. A method in accordance
with claim 1, further comprising validating a
calculated  attenuation based on a repeat
interrogation of a voxel with detector elements of
opposing  30 field of view. 01945/A83WO 727443.1 11 


