Scatter Attenuation Tomography 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. Technical
Field 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. Background of the
Invention In theSsattershtiemeationbdionoigraphyy Computerized
Tomography (CT) has been used extensively to search for explosive
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refligtfidaution) 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
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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 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 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.



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 detector arrays. The intensity
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collgiegtar RietenisraRoutiv e Reshy dipepeiniioothadiatoe faskddateeion is then
characterized by a field of view; collimating the field of view of each detector
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coRengtratimg: iadialieni seoasoiatbe hegideny seuetially 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 direiiigmoitoe dnciEeshdaam and the field of view of
a detector element; calcul tir;ggz)t enuation of penetrating radiation
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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 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 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 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



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
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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:

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 which detector elements of opposing detector arrays detect penetrating radiation

sidescattered by an inspected object;



Fig. 3 is a schematic depiction of a preferred embodiment of the present
invention in 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
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inspected object, as in a mobile inspection unit; Figg. 7 shows an
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Figs. 8A and 8B show embodiments of the present invention for inspection of
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Detailed Description of the Embodiment of the Invention

The current invention builds upon the teachings of US Patent No. 5,930,326 by
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 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
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.



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
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understood that any beam of penetrating radiation falls within the ambit of the
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passes through a block 12 of organic material. At times ti and t2, x-ray beam
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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 scatteredgaggtionjn the Ar@anic material. The attepgation
factor A(A) is given by: A(A) =e /A .Egn. 2 It can be seen that, for the
simple geometry shown in Fig. 1, the intensity of the incident x-ray beam at
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proportional to the mass density, the density of the material can be inferred.

A(A)=e N Eqn. 2

It can be seen that, for the simple geometry shown in Fig. 1, the intensity of the

incident x-ray beam at the two voxels is equal (I; = I;). In this case, Eqn. 1 yields
AAN)= S,/8;, Eqn. 3

and therefore the attenuation (and hence the mean free path A of the radiation in the
organic material) can simply be determined from the ratio S, / S;. 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 I; and I, will not, in general, be

equal. This could happen, for example, if organic material 12 were rotated with respect to



In realistic cases, however, the beam intensities Il and 12 will not, in general,
be equal. This could happen, for example, if organic material 12 were rotated
with respect to the beams 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,

th8IhGad 18 ka1 londisaiagMahintdbre! 2 hderlbmingant anddba@nRtas

known, the attenuation can not be determined from Eqn. 1. The current
S R]Wgﬁ]ﬁgﬁgp vides heretofore unavailable solutions to this problem, as now
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as iwstsienbed BB Arisis a0 B MoyEgatoN i BEHIGH St tRsimens of

thOpasof eBREAING sadiRtianararvibinhrcaane oh i ererRItINVEREAN.U
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times t1 and t2 is given by: U2/ U1= (12 11)A(A) .Egn. 4 Similarly, the ratlo of
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of .th@An&dent beam of penetrating radiation are within the scope of the present
invention. Thus, the upper and lower 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 t; and t; is given by:
U/ U=/ L)-AA) . Eqn. 4
Similarly, the ratio of signals in the lower detector array is given by:
Li/Lo=( /1) AA) . Eqn. 5
Multiplying equations 4 and 5 together yields:
AN =V [L U/ (LLU)] . 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 I; and I,, and is independent of

how the organic material 12 is oriented in the bag, or the number of surrounding objects

20 which may be occluding the incident beams. The only requirement is that there exist



Multiplying equations 4 and 5 together yields: A(A) = [ LiU2/ (1-QUI)] Eqgn. 6
It can be seen that the expression for the attenuation factor in Eqn. 6 is now
completely independent of the unknown beam intensities Il and 12, and is
independent of how the organic material 12 is oriented in the bag, or the
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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
AdArideie Clorrariays thandBevexed@a beam 2. In order to correct for these

e S A 3 it Baced o Ce ASunabtion that-the Joxets o) tedis 1 and 2
from 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:

U/ Ui = I/ 11).(dQu2 / dQu1)-A(A)
Eqn. 7

Li/ Ly =i/ 1).(dQri/ dQp)-A(A)
Eqgn. 8

where, for example, d€);; 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:

AA) =V [ LU/ (LyUy) - dQua dQuy / (dQpy dQuo) | Eqn. 9



L1/ L2 = (Il / 12).( MIA/ driL2)-A(A) Egn. 8 where, for example, MIA 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: A(A) ='J
[LiU2/ (L2151) df2L2 Mtn / (MIA dnu2)Eqgn. 9 In general, the effect of the
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typically has a value close to unity. Exemplary Embodiments of the Invention
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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
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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
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 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 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



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 disposed above the inspected object 78.
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82 may also be positioned to scan the person from below. Fig. 8B shows an
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90 contains two sjngle collimated x-ray detector units 94, each containing a
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for the attenuation factor of concealed organic materials 98 to be determined

in accordance with Eqn. 6. Dual Energy Embodiment of the Invention The
DrXNERSSIOEInbsamRIEptAkaMfaton given in Eqn. 6, A(1) =[1,41-121

(1-2 enables the mean free path A of the scattered radiation to be
nonc B O3 ARG BSOS OB S i rerial. By varying the

energy of the raster-scanning pencil beam, the mean free path A of the
material can be m?@uie? é(gr %?Labdmerent energy ranges of x-rays. By
analyzing how the mean fr '[ﬁe 26f'tHe material changes with x-ray
energy, a determination of the approximate effective atomic number Z of the
material

terial can be inferred, in.addition to the measurement of th
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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 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,

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-



Alternatively, rather than varying the energy of the raster-scanning x-ray
beam, 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
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ra{osreVREATHTeRALARIQER: XntaX BRefgigsoAHiRvIng-hathensiv@ndd for
effective atomic number measurements of the material to be made. Having

SCHBiH tHESES M @XETARIEIRS SIFSHESGH L WrBRP QUL AP At YR TESRIBIF GFAmeC

nuRBte At makingndp sheh O raaRicaPRies niaGEC RRING & BIRE IREL EafRE sAénents
lowering false alarm rates. Note that each of the alternate embodiments of

allps eh RSB UisatRn s amatesih B kRIS Qtzaninebisr

ineResatioMetectidn ACEORHANEH Ml eak@iNtuithescNbeAaeAsHOb R alternate
invention, material may be identified as a threat substance based on a

CTRABBFRG Y oS RSN R BG5Sty CEATER bt UL R rd e thith Bt 5 Eitling

ent@aghipgativiith a table of measured values. A calculated attenuation may be
validated by repeat interrogation of a voxel with detectar elements of .
oppotlr HERRATS TR B HeL OO e Al gighmay be

idmmf?um@ aﬁﬁ%ﬁﬁ%ﬂﬁ&ﬁ@@lﬁaﬁeﬂ r@;yamﬁpk ﬁf@%ajfr]@. ﬂwmeff&ésp‘iﬁﬂ gADin
modifications will be apparent to those skilled in the art. All such variations

ACH ?ﬂ%%ﬁi&&t}gﬁ?é?&ﬁﬁ%ﬁﬁ‘é’&‘%iyew\}&ﬁﬁir‘ﬂﬂ% %{:ﬁlﬁgst g PS%e%tCi?ﬁ\?Q‘?ﬁ%q‘n

at@adeibnad 40 snydigpeadsdrefrinmteWbiatisciaimask s wlthAlenetoedléatents of
charac r{a:nig; an object on the basis of mean-free-path of penetrating

ORI the Mi&thod comprising:  generating an incident beam of

Abengistisgodciadessribed saiodiniaanviiar actenized by mprdedgatemmerely
direction and an energy distribution; . _disposin lurality of detector . .

e TBR R BT e B S AR B R o N L HRERb O Those Skilled in

theharastieyae yiatldaldaativieslifications are intended to be within the scope of the

present invention as defined in any appended claims.
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collimating the field of view of each detector; 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;
Wahtis clagalsilating 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 beam of penetrating radiation. 2. A

1. methad iBtRE6E P6dNER M G2l o bbfekther memaiistionan/ine:thgth of
propagation direction of the incident beam of penetrating radiation so as to be

PeRfigtne sadiglinpathy sirthediqeprtiii®bject at a plurality of points of
incidgpfé&ratih LamighaehinhasesHpaearadiibGlaimibnmine il dbs: stepnof
detecting radiation includes detecting specified energg components of the

haAGIGHAT S DXt fePERPBRA I N SR ERIL M bR A TRy cheitiBtHG adiation. 4. A

methgid Jpsancaislangr withieladiorle BAHhey SU0PMRIBEam of feaRingdh&diation
incident beam in a pattern sybstantially transverse to the propagation

cagh detrssSREATBE IR theif¥pected object at a plurality of points of

incidepnenabind thethad in decosdangedwitirelaim 1, further comprising a step
of displaying the attenuation of penetrating radjation as a function of position
withifERE s LA DETARET 6 TR R B v SPGB Dl DS SRERTH

objeet staphof dispesingdécinetakstabniéifie ioaide tdramafpeneiratio®f the
radiation includes disposing arrays of scatter detectors along directions

defRRifng 'SVERtL PO Mp BHETEEH BRIANEE pal IRt 4R BrEPLGLREH tidesion

ra@fathghjngident beam.

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 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.

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.

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

attenuation of penetrating radiation as a function of position within the inspected object.



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 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. 9. A

6. methOd TR BRE RASAREINES Bikthe Iy he PR Bet & LofitRIting HFLRHRIS
abeitiietingithafiishobyiewefsach dpieeioriarigireciosn &t asRedfieshfrnge

of angles with respect to the propagation direction of the incident beam. 10.

et anA HECTaRh RV CIETHTICHMRABT KOS RIHE DaPoial thie difergy

préfstsidiom et ths scide Mdeammehpenetrating 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. 12. A method in accordance with

7.claimal maneiein ibeostiancelsraRNMng NGltdRsACivVatpofisGieim glemens of
a source array. 13. A method in accordance with claim 1, further comprising

DRI IRG e AR PAE R SHA RSSO AURR G HEIES SRR EBRIAFIEIGH oF 4 Plane

subgisnfialedimeanr e Ragbvdh o ahlenalimeasiiednvalues. 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
8.of oppasinpdieia @fcviRlhce 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.

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.

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.

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 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

field of view.
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