X- RAY | NSPECTI ON W TH CONTEMPORANEQUS AND PROXI MAL TRANSM SSI ON AND
BACKSCATTER | MAG NG This application is a continuation of U S pat.
appl . no. 11/834,888, filed August, 7, 2007, entitled "X-Ray Inspection

wi t h Cont enpor aneous and Proxi mal Transm ssion and Backscatter |maging,"
attorney docket no. 1945/ A85. This application also clains priority from
U.S. provisional pat. appl. no. 60/822,162, filed August 11, 2006, entitled
"X-Ray I nspection with Contenporaneous and Proximal Transm ssion and
Backscatter Inmaging,"” attorney docket no. 1945/ A74. Both of these
applications are incorporated by reference herein in their entirety.
Technical Field X-RAYVINSPECHON WITHGONTEMRORANEOUS net hods and systens
for inspecting ANMDBROXIMALTERANSMISSIGNANDBACKSCGATITER MAGING nor e
particularly, to inspection of objects by substantially contenporaneous
transm ssi on r. g;{s\gflig oygd, h |

St andard x- raﬁ[?a%ﬁg&og 'SB 85\%3’0 sy gtgér}ns zlivrg) ?gg%&’gg‘ée ﬂ% Au é‘%tcﬂn ty,
medi cal 2Q§)ﬁfdemtnlspé&ﬂaydn%qgst@rcmth &wgtenmoramﬁys a@ctaf%gnalﬂw}%q'gﬂ angedi cal
transm S§é&§ce?&'eF ﬁ%(?dmﬁga’gﬁ’cﬁarrli@v@ocp&% QQAS?A@@dTH§ 'aBﬂ:c‘éWalQ@@ﬁﬁn&ﬁndﬁW ays and

utilizing X-ra he“detecti on nedi u More recently, fan beans of

X-rays Hsare Lbéenrow@ﬂah patcarplunet §UB2 2620 fHdn‘é‘éQrUS‘sébn@rﬂse&m&l?fjé‘&(t%?y arrays

to Creatlﬁs;% oﬁWﬂﬁ@%hfé‘ﬂi’Horéd&G@%éPf’r&hﬁﬁqfréns‘Miééﬁh SHEBERBYANE thddiigyugh the
fan beam between the x-r ﬁ#rsource and the detector arr %?d Th| Is also the

st andar cRtigpYGReketinn: 184 hi BothsafenPseaRRICHIOND A% gL rFP

appl i cath8h in heflenfetyat airports. The transm ssion inage obt ai ned may be a
singl e-energy image, using a single end-point energy x-ray tube and a
detector array where each array el enent consists of only one detector
channel . | mages based on dl're‘cﬁﬁibahﬁélcal transm ssion or scatter as a

function of t eeneryof t|o n x-ra
source that a ee?ﬁ‘?ﬁ? dnysot '%é%g‘ﬁ?v% geﬂ&sefgpmssé&'ﬁg n%? %W el Y, bz
enpl oyi ngeansdwal pensiesting eeigtiont add debnecpant:cmanlyayto Bepéctian refygbua@tsebx\/\o

c ; fy et cby
the- T onetoesrray SoRPayRlen gy it codl ARG R s W Ch of ten Al so

cont ai ns

Backaround of the Invention

Standard x-ray transmission imaging systems have been used for security,
medical, and inspection applications for many decades. Typically, medical transmission
x-ray images have been obtained using cone beams of x-rays and utilizing x-ray film as
the detection medium. More recently, fan beams of x-rays have been used in conjunction
with linear segmented detector arrays to create two dimensional images of objects which
are conveyed through the fan beam, between the x-ray source and the detector array.
This is also the standard approach for examining small bags or packages for security
applications, such as at airports. The transmission image obtained may be a single-
energy image, using a single end-point energy x-ray tube and a detector array where each
array element consists of only one detector channel.

Images based on differential transmission or scatter as a function of the energy of
incident radiation may be obtained using an x-ray source that alternates between two end-
point energies, or, alternatively, by employing a dual-energy segmented detector array.
Such arrays have two detector channels per array element. One detector channel is
sensitive to the lower energy x-rays, while the second channel (which often also contains



an x-ray filter) preferentially detects the higher energy x-rays. By taking
the ratio of the two signals fromthe | ow and hi gh energy channel s,

dual -energy transm ssion i mages can be obtained, which allow the average
effective atom c nunber Z of materials at each location in the inmage to be
determ ned. This allows materials to be crudely separated into either |lowZ
(organic), internediate-Z, or high-Z (netallic) materials. This information
can then be overlaid on the black and white transm ssion inage, typically
using a color palette, to create a color inmage which conveys the nateri al
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| ooks simlar in both images. The contribution in the scatter inmage due to
cross talk may be subtracted, either in hardware or software, fromthe
scatter image. In some enbodi nents, the scatter detector signal is measured
when the scanning pencil beamis not illumnating the object to determ ne
the contribution due to cross talk and this nmeasured signal is subtracted
fromthe scatter detector signal when the scanning pencil beamillum nates
t he object. In accordance with yet further enbodi nents of the

i nvention, one or nore scatter detectors may preferentially detect
scattered x-rays in one energy range and one or nore scatter detectors may
preferentially detect x-rays in another energy range. Signals fromthe two
sets of detectors may then be conbined to extract additional information




Brief Description of the Draw ngs The foregoing features of the

I nvention will be nore readily understood by reference to the foll ow ng
detail ed description taken with the acconpanyi ng draw ngs: Fig. | is
a schematic illustration of a transm ssion and scatter inaging inspection
systemw th detector collimting vanes, in accordance w th enbodi nents of
the present invention; Fig. 2 depicts the interposition of an x-ray
attenuating flexible barrier in a transm ssion and scatter inmaging

i nspection systemin accordance with enbodi nents of the present invention;
and Fig. 3is a schenatSwninwaﬁumeahmﬂionf anot her enbodi ment of a
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which can be displayed to an operator.

In further embodiments, the segmented detector array may be a dual-energy
detector array, and the backscatter detectors may be collimated so that they preferentially
detect x-rays scattered out of the scanning beam. An attenuating barrier may be disposed
between the transmission imaging subsystem and the scatter imaging subsystem in such

a manner as to reduce cross talk.

The system may provide for adjustment of the aspect ratio and size of the
transmission and scatter images with software algorithms so that the size and shape of
the inspected object looks similar in both images. The contribution in the scatter image
due to cross talk may be subtracted, either in hardware or software, from the scatter
image. In some embodiments, the scatter detector signal is measured when the scanning
pencil beam is not illuminating the object to determine the contribution due to cross talk
and this measured signal is subtracted from the scatter detector signal when the scanning
pencil beam illuminates the object.

In accordance with yet further embodiments of the invention, one or more scatter
detectors may preferentially detect scattered x-rays in one energy range and one or more
scatter detectors may preferentially detect x-rays in another energy range. Signals from
the two sets of detectors may then be combined to extract additional information regarding

the effective atomic number of the imaged object.



By conbining an x-ray transm ssion inmagi ng systemthat uses a fan beam and
a segnented detector array, with a scatter inmaging systemthat uses a
scanni ng pencil beam a powerful inmaging systemis obtained that

i ncorporates the best of both technologies. The transmi ssion inage is a

hi gh-resol ution i mage, where the inmage resolution is determ ned by the size
of the individual detector array elenents. By using a dual -energy x-ray
source, or a dual-energy detector array, the transm ssion i mage can al so

di splay the effective atom c nunber Z of the objects being imaged. The
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also display the effective atomic number Z of the objects being lmaged. The resolution of
the backscatter image is determined by the width of the pencil beam that is used to scan
the object: the narrower the beam, the higher the resolution. However, as the width of the

beam is reduced, the number of x-rays in the beam is also reduced, decreasing the



Exanpl es of collimation vanes 50 are shown in Fig. 1. The vanes are
designed so that the field of view ("FOV') of the backscatter detectors is
limted to detecting backscatter that originates fromthe plane that
contains the pencil beam of the backscatter inmaging subsystem X-rays which
are scattered out of the fan beam of the transm ssion i magi ng subsystem are
not able to pass through the collimtors, and therefore do not contribute
in a negative way to the backscatter signal. A problemw th angled
collimator vanes placed on the right hand, backscatter detector 40 shown in
Fig.1, igvalldbid photoh stateiss \éﬁulxdcreésmg tred apgaréitegmimirlesd af kbe diatkscatérgnal
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preferred scatter detector or| entations, as shown in the system 100 in Fig.
3. An object 120 being inspected, such as a package or bag, is first
conveyed on a conveyor 123 through an X-ray fan beam 125. Note the

foll owi ng i nprovenents over the systemof Fig. 1: (a) The active surface of
t he backscatter detectors 140 can be angled towards the point 143 from

whi ch the backscatter signal emanates. This geonetry maxi m zes the
detection of the backscatter signal fromthe backscatter beam 135, while

m nim zing the detection of cross talk fromthe transm ssion beam This

geonetry also elimnates the need for collimtor vanes on the | eft hand
detector. All other surfaces 175 of the backscatter detectors may be |ined



(c) Alead shield 170 under the conveyer belt 123 near the transm ssion
beam shi el ds the |l eft hand backscatter detector 140 from detecting
scattered radiation fromthe transm ssion beam (d) collimtors 180 in
front of the transm ssion detectors prevent radiation scattered out of the
transm ssion beamoff the front face of the transm ssion detectors 130 from
reachi ng the backscatter detectors 140. Aspect Ratio Correction

Because the transm ssion inage and the backscatter inmage are acquired
through two different methods, the inages, in general, will have a
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could also consist of swinging doors, which are spring-loaded to return them to the closed
position. In this embodiment, the x-rays scattered out of the transmission fan beam are
blocked by the attenuating barrier before they can enter the backscatter detectors. It is
preferred that the length of the curtain (or other barrier) should be such that it cannot be
pushed or pulled by the object 20 into the plane that contains either the fan beam or the
pencil beam. We have found that such a screen reduces the effect of transmission beam
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X-rays scattered into the backscatter detectors.

Cross-talk subtraction

In addition to hardware methods to reduce x-ray cross-talk, such as those
described above, the induced signal in the backscatter detectors due to residual cross-talk
from the transmission imaging system can be subtracted to remove it from the backscatter
signal. This is accomplished by measuring the signal from the backscatter detectors
when the backscatter pencil beam is momentarily off. For example, the scanning pencil

beam can be created using a rotating chopper wheel, which contains a number of



a. irradiating the object with a first beamof penetrating radiation; b.
generating a transm ssion signal based on penetrating radiation transmtted
through the object and detected by a transmi ssion detector; c. scanning the
object with a second beam of penetrating radiation; d. generating a scatter
si gnal based on penetrating radiation scattered by the object and detected
by a scatter detector; e. conpensating the scatter signal for any artifact
arising due to the first beam of penetrating radiation in the presence of
the object; and f. displaying an operator-visible inmge incorporating
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wher ei n eeeenHatingithe brefstined indervali wireml one aperture has just left the illuminated ’

region and just before the next aperture has entered the iluminated region, the pencil
beam is essentially off. During this brief “beam-off’ time interval, the signal from the
backscatter detectors is due mainly to the cross-talk from the transmission fan beam,
which is always energized. This signal is used to measure the instantaneous intensity of
the transmission fan beam flux scattered into the scatter detectors for that scan line, which
can then be subtracted from that scan line in the backscatter image to remove the cross
talk signal. This subtraction can be done either in the data acquisition electronics, or later
in processing before the image is displayed to the operator. The subtraction can be
performed using a processor with an associated memory containing instructions that the
processor executes to perform operations including the aforementioned subtraction. As
used herein, and in any appended claims, the term “memory” shall include, without
limitation, a solid state memory, a magnetic medium, such as a hard disk, or any other
device containing instructions that can be executed by the processor.

In other embodiments of the invention, cross talk between the transmission
imaging subsystem and the backscatter imaging subsystems is mitigated by combinations
of collimation vanes, shields and preferred scatter detector orientations, as shown in the
system 100 in Fig. 3. An object 120 being inspected, such as a package or bag, is first
conveyed on a conveyor 123 through an X-ray fan beam 125. Note the following

improvements over the system of Fig. 1:

(a) The active surface of the backscatter detectors 140 can be angled towards the
point 143 from which the backscatter signal emanates. This geometry maximizes
the detection of the backscatter signal from the backscatter beam 135, while
minimizing the detection of cross talk from the transmission beam. This geometry
also eliminates the need for collimator vanes on the left hand detector. All other
surfaces 175 of the backscatter detectors may be lined with a shielding material,
such as lead, to minimize stray X-ray detection.

(b) A single vertical vane 150 protects the active face of the right hand backscatter
detector from detecting scattered radiation from the transmission beam 125.
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I ncl udes: subtracting a background signal fromthe scatter signal,
t he background signal neasured by the scatter detector when the second beam
of penetrating radiation is not illumnating the object, thereby formng a
corrected scatter signal. 4.The method according to claim3, wherein
di spl ayi ng includes displaying an operator-visible imge incorporating
information fromthe corrected scatter signal. 5. The method according to
claim1l further conprising: reduci ng the penetrating radiation from
the first beamthat reaches the scatter detector. 6.The nethod according to
cl ai m 5, (cphergiead sRididCi 700indecihe desveyestpisi 23neat tHeadmmsmisaien bedmishieldson vane
about the sca t?r det ct‘(()r. . -

the left hand backscatter detector 140 from detecting scattered radiation from the

transmission beam.

(d) collimators 180 in front of the transmission detectors prevent radiation scattered
out of the transmission beam off the front face of the transmission detectors 130

from reaching the backscatter detectors 140.

Aspect Ratio Correction

Because the transmission image and the backscatter image are acquired through
two different methods, the images, in general, will have a different aspect ratio. The same
object, therefore, can appear to have a very different shape and size in each of the two
images. [n order to make this less confusing to the operator, the current invention
includes a software method for adjusting the aspect ratio of either (or both) the
transmission or backscatter images, so that they appear to have the same size and shape
when displayed to the operator. Typically, the width of the object (along the direction of
conveyance) will be similar in both the transmission and backscatter images. The height
of the object (perpendicular to the direction of conveyance) will often be different in the
two images, however. In order to correct for this, a known scaling factor can be applied to
one of the images to ensure the height of the object is the same in each image.
Alternatively, a software algorithm can be employed which determines the height of the
object in each image, and the images can be scaled accordingly.

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. For example, while backscatter imaging is described above, in other
embodiments of the invention, other types of scatter imaging may be employed. Another
example would be a system containing only one X-Ray source, in which both the
transmission fan beam and the scanning pencil beam are extracted from the same
source. All such variations and modifications are intended to be within the scope of the
present invention as defined in any appended claims.



7. The nethod according to claim5, wherein reducing includes disposing a
barrier between a first radiation source for the first beamand the scatter
detector. 8. The method according to claim?7, wherein the barrier is a
curtain disposed parallel to the first beam 9. The method according to
claim?7, wherein the barrier is a shield disposed perpendicular to the
first beam 10. The nethod according to claim7, wherein the barrier is a
swi ngi ng door. 11. The method according to claim5, wherein reducing

i ncludes shielding at | east one face of the scatter detector. 12. The

met hod apmaridicAgnddscl aim 5, wherein reduci ng includes di sposing
collimators in front of the transm ssion detector to suppress scatter. 13.
A system for inspecting an object conprising: a. a first radiation source
that enmi1.s a fAmethodfaimspéctipgraetobjti cognprisigati on; b. a transm ssion

through the obj Botayetzdfi PRLE RS boEA pefrutdfo B 0. TONS S har
b. generating a transmission signal based on penetrating radiation transmitted
through the object and detected by a transmission detector;
scanning the object with a second beam of penetrating radiation;
d. generating a scatter signal based on penetrating radiation scattered by the
object and detected by a scatter detector;
e. compensating the scatter signal for any artifact arising due to the first beam
of penetrating radiation in the presence of the object; and
f. displaying an operator-visible image incorporating information from at least

the scatter signal.

2. The method according to claim 1, wherein generating a transmission signal

includes generating an energy-dependent transmission signal.

3. The method according to claim 1, wherein compensating the scatter signal
includes:

subtracting a background signal from the scatter signal, the background signal
measured by the scatter detector when the second beam of penetrating radiation is not

illuminating the object, thereby forming a corrected scatter signal.

4. The method according to claim 3, wherein displaying includes displaying an
operator-visible image incorporating information from the corrected scatter signal.

5. The method according to claim 1 further comprising:
reducing the penetrating radiation from the first beam that reaches the scatter

detector.

6. The method according to claim 5, wherein reducing includes disposing at least

one collimation vane about the scatter detector.



c. a second radiation source that emts a scanning beam of penetrating

radi ation; d. a scatter detector for detecting penetrating radiation
scattered out of the scanning beam by the object and generating a scatter
signal; e. a barrier that reduces the radiation fromthe first radiation
source that reaches the scatter detector ; and f. a processor, a nenory,
and a display, the nmenory containing instructions that cause the processor
to conpensate the scatter signal for any artifacts arising due to the first
beam of penetrating radiation in the presence of the object and to display
on the display an operator-visible inmge incorporating information from at

| east o of e scatter signal ,and.the t.ransm ssiQn, Si | .The
system ccordﬁﬂﬁ mefhog) %ﬁcﬁﬁdli | 10, Gl gt £ C'ngr{%&%qe%t(ﬁ%%F ﬁhgsﬁléarrg%ﬂqat i on
sour ce dntwédrea fretradidtisrasburtd fonthedinst beamsand tibusdattemndatepiorsour ce. 15, The
system according to claim 13, wherein the transm ssion detector is
segnented. 16. The system according to claim 13, wherein the barrier is a
col | i mat®r. The method according to claim 7, wherein the barrier is a curtain disposed

parallel to the first beam.

9. The method according to claim 7, wherein the barrier is a shield disposed

perpendicular to the first beam.
10. The method according to claim 7, wherein the barrier is a swinging door.

11. The method according to claim 5, wherein reducing includes shielding at least

one face of the scatter detector.

12. The method according to claim 5, wherein reducing includes disposing collimators

in front of the transmission detector to suppress scatter.

13. A system for inspecting an object comprising:

a. a first radiation source that emits a first beam of penetrating radiation;

b. a transmission detector for measuring the intensity of penetrating radiation
transmitted through the object by the first beam and generating a
transmission signal;

c. a second radiation source that emits a scanning beam of penetrating
radiation;

d. a scatter detector for detecting penetrating radiation scattered out of the
scanning beam by the object and generating a scatter signal;

e. a barrier that reduces the radiation from the first radiation source that
reaches the scatter detector ; and

f. a processor, a memory, and a display, the memory containing instructions
that cause the processor to compensate the scatter signal for any artifacts
arising due to the first beam of penetrating radiation in the presence of the
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17. The system according to claim 13, wherein the barrier is a collimtor

di sposed in front of the transm ssion detector. 18. The system accordi ng
to claim 13, wherein the barrier is a curtain disposed parallel to the
first beam 19. The systemaccording to claim 13, wherein the barrier is a
shi el d di sposed perpendicular to the first beam 20. The system according
to claim 13, wherein the barrier is a shield disposed in front of a face of
the scatter detector.

object and to display on the display an operator-visible image incorporating
information from at least one of the scatter signal and the transmission

signal.

14. The system according to claim 13, wherein at least one of the first radiation

source and the second radiation source is a dual energy source.

15. The system according to claim 13, wherein the transmission detector is
segmented.

16. The system according to claim 13, wherein the barrier is a collimator.

17. The system according to claim 13, wherein the barrier is a collimator disposed in

front of the transmission detector.

18. The system according to claim 13, wherein the barrier is a curtain disposed

parallel to the first beam.

19. The system according to claim 13, wherein the barrier is a shield disposed

perpendicular to the first beam.

20. The system according to claim 13, wherein the barrier is a shield disposed in front

of a face of the scatter detector.



