X-Ray I nspection with Contenporaneous and Proxi nal
Transm ssi on and Backscatter Imaging This application
claims priority fromU. S. provisional patent
application, set. no. 60/822,162, August 11, 2006,
entitled "X-Ray Inspection with Contenporaneous and
Proxi mal Transm ssion and Backscatter |naging,"
attorney docket no. 1945/ A74, which is incorporated
herein by reference. Technical Field The present
invention relates to nmethods and systens for

i nspecting objects by neans of penetrating radiation,
and nore particularly, to inspection of objects by
substanti al |y crmagIppsctinewidsCottandrmnsaison and scatter
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SUC afra detecto annel’s per array
It@n@msmn 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



One detector channel is sensitive to the | ower energy
x-rays, while the second channel (which often also
contains an x-ray filter) preferentially detects the
hi gher | energy x-rays. By taking the ratio of the two
signals fromthe | ow and high energy channels,
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used to highlight these regions.

The combination of x-ray transmission and backscatter techniques has
previously been taught, for example, in US Patent No. 6,15 1,381 (“Gated
Transmission and Scatter Detection,” wherein separate and temporally gated sources
are used for transmission and backscatter imaging) and 6,546,072 (“Transmission-
Enhanced Scatter Imaging,” wherein the same source is used for both transmission
and backscatter images). Both of the foregoing patents are incorporated herein by
reference. Systems using both transmission and backscatter imaging have either
required identical source spectra for the two modalities (in cases where a single
source is used for both) or else have had to contend with cross-talk issues, due
especially to the scattered photons from the typically higher-energy or higher-flux

transmission fan beam impinging on the scatter detectors.
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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 ‘dgtector
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.



The system may provide for adjustment of the aspect
ratio and size of the transm ssion and scatter images
with software algorithnms so that the size and shape

of the inspected object |ooks simlar in both inages.
The contribution in the scatter inage due to cross
tal k may be subtracted, either in hardware or
software, fromthe scatter image. In sone
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an operator are comparable, even though the imaging is performed by different

sources, with the object under inspection at different positions.

Embodiments of the invention are described herein in terms of x-ray
radiation, however, it is to be understood that the teachings and scope of the claimed
invention extends to penetrating radiation of any kind, including gamma rays, etc.

By combining an x-ray transmission imaging system that uses a fan beam and
a segmented detector array, with a scatter imaging system that uses a scanning pencil
beam, a powerful imaging system is obtained that incorporates the best of both
technologies. The transmission image is a high-resolution image, where the image
resolution is determined by the size of the individual detector array elements. By
using a dual-energy x-ray source, or a dual-energy detector array, the transmission
image can also display the effective atomic number Z of the objects being imaged.
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



Det ai | ed Description of Embodiments of the Invention
Enbodi nents of the present invention provide nethods
and systens for overcom ng issues of cross-talk

bet ween transm ssion and scatter imaging nodalities.
These nmethods and systens al so provide for processing
the images in software such that the aspect ratio of
the transm ssion and backscatter inmges that are
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the transmission fan beam 25 by the object 20 (or off any surfaces of the inspection
system itself) will be detected in the backscatter detectors 40. Similarly, x-rays
scattered out of the pencil beam 35 by the object 20 will also be detected in the
transmission detector array 30. Because the backscatter detectors are large relative to
the transmission detector elements, and because the transmission subsystem uses a
fan beam rather than a pencil beam, the cross-talk (or leakage) problem is almost
exclusively one-way: that is, radiation is scattered out of the transmission fan beam
into the backscatter detectors. This cross-talk manifests itself as brighter, cloudy
regions in the backscatter image, or in its more extreme manifestation, as vertical
banding in the backscatter image.

We have found that features incorporated into the system hardware can

reduce the effects of x-ray “cross-talk,” such as collimation vanes, careful design and



bei ng i nspected, such as a package or bag, is first
conveyed on a conveyor 23 through an x-ray fan beam
25, and the transm ssion image is formed by neasuring
the x-ray intensity that is transmtted through the
object to each of the detector elenents in a
segnented transm ssion detector array 30. As the

obj ect 20 is conveyed further through the inspection
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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 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



reduce the effects of x-ray "cross-talk," such as
collimation vanes, careful design and 5 placenent of
the backscatter detectors, and X-ray attenuating
barriers between the transm ssion inmgi ng subsystem
and the backscatter imgi ng subsystem Exanpl es of
collimtion vanes 50 are shown in Fig. 1. The vanes
are designed so that the field of view ("FOV') of the
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obj ect Inxther prakpdingats OéFhﬁh‘é’e’i‘tl?&tcr%séfﬂka glslﬁ%?mf‘ﬁ‘@nf an
beamifY subd)ReMEREIht blRRAMer Weaghi\Bbshetdis ttigated by
combinations of collimation vanes, shields and preferred scatter detector orientations,

as shown in the system 100 in Fig. 3. 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.



such a screen reduces the effect of transm ssion beam
X-rays scattered into the backscatter detectors.
Cross-tal k subtraction In addition to hardware nethods
to reduce x-ray cross-tal k, such as those described
above, the induced signal in the backscatter detectors
due to residual cross- talk fromthe transm ssion

i mgi ng system can be subtracted to renove it fromthe

b%ﬁ%ﬁ%ﬁ: S %@'150 %Bﬂe@ts ihS @56 QRPb1 taheht B3nd BRRSHRrNG

he” si fromt backscatter detectors fn t he
ba@@@a&@r@ ﬂetp@meﬁqaﬁ%@chrmhﬁ%onrﬂ?ﬁém trpnsiFSieR heam

exanpl e, the scanning penC|I bean1can be created using

a rotatlng chopper whee tains. a e ﬁ

apel 4 lped %11161%70%16%‘ ﬂs&f@mew@e §23i I}eﬁf ‘ﬁ%‘?‘@ﬁ“‘ﬁ@"’?‘ﬁé 1elas

X- th@ft hhddBeks@terdeledidr RAHoN dRefip seRied eslidioofior e

aperture, sweeping across the inspection tunnel as

t HEangAisydEaheel rotates. During the brief time

interval when one aperture has just left the

s P AR PR AR

| Sou6SBNrdnsthisylorebm oBMlid frght fabd atmtrmmlsmlamectbrfs fromt i e

i nterval I t he backscatter detectors is

dd@“ﬁﬂﬁHF?“%&”FﬂeQ@Fggggye from the transnission

fan beam which is always energized This signal is
1§ gﬁ% q@gsure the instantaneous intensity of the

t rEREHY WU beam flux scattered into the'scatter

det ect Becudealic tidnmhiss@aimagd ané thebhiksdatteramagerragachered

su tracte al scan g KECaL LBE

E\} tgzo (E!lu ch\zllén il tE dts Ct?‘eo e gef‘sai %@nekp %F ﬁa@ Q.l Qsﬁ ct

s udatﬁd &kt isowe abjent, Herefodo nen appean éxhanna Ydiﬁedlﬁfeﬂe’@f shape and size

ac eac Ilo(e) ?woellme 8 F’J‘ér‘&% to Bhkel Rl BFs doRruBhOo8RIpBEtoR@feor e

th drs the operator. The

s uint‘rera mtvmtmn mtudcﬁea spéware mﬁwgd fhsindipsting P 6BESaBio AP
rko 4 e?@%eﬁaﬁ&u&%%? Xacﬁs%glrteq hﬁug@Q s Mtth&yGhpaND hhkedhe safe

or executes to perform operations including
t rﬁezeaﬁbmpremepdﬁeld}’@m%ﬁlp apsritern Typisalbystbe Wit ofithe © Eﬁtd in

rt%{lﬁn%ﬂpﬁl elggh ﬁc@ﬁv@'ﬁmcé) *&ffu Bc.e{uﬂﬂarmﬁ ﬂ‘le tr&ﬁ%ﬂﬂlskloh agel ude,

mtation, solid state

etic
nelupkmttelswzﬁSanéleﬁM thgjoject <mmeaﬁl§;ularttﬁ &}c dm%gp
c %B@ycmc@)@vlll 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-

rcf"

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



i nstructions that can be executed by the processor. In
ot her enbodi nents of the invention, cross talk between
the transm ssion inmaging subsystem and the
backscatter imagi ng subsystens is mtigated by

conmbi nations of collimtion vanes, shields and
preferred scatter detector orientations, as shown in
the system 100 in Fig. 3. Note the foll ow ng

| ABMANEARD iourR VAl sich Qarlaﬁé(rﬁtaﬁdlﬂnﬁlﬁwt@ns ale infeaded toltewithin
active surface of the backs atter ors 140 can be

afh§Isenre P BARPIGENY ¥ nligAS §ETing @W&Pﬁ 6 e
backscatter signal enanates. This geonetry maxi m zes
the detection of the backscatter signal fromthe
backscatter beam 135, while mnimzing the detection
of cross talk fromthe transm ssion beam This
geonetry also elimnates the need for collinmator
vanes on the left hand detector. Al other surfaces
175 of the backscatter detectors nmay be lined with a
shielding material, such as lead, to mnimze stray
X-ray detection. 7 (b) A single vertical vane 150
protects the active face of the right hand backscatter
detector from detecting scattered radiation fromthe
transm ssion beam 125. (c) A lead shield 170 under the
conveyer belt 123 near the transm ssion beam shi el ds
the left hand backscatter detector 140 from detecting
scattered radiation fromthe transm ssion beam (d)
collimators 180 in front of the transm ssion detectors
prevent radiation scattered out of the transm ssion
beam of f the front face of the transm ssion detectors
from reaching the backscatter detectors 140. Aspect
Rati o Correction Because the transm ssion i mage and

t he backscatter inmge are acquired through two
different nmethods, the inmages, in general, will have a
different aspect ratio. The sanme object, therefore,
can appear to have a very different shape and size



in each of the two inmages. In order to make this |ess
confusing to the operator, the current invention

i ncludes a software nethod for adjusting the aspect
ratio of either (or both) the transm ssion or
backscatter inmages, so that they appear to have the
sane size and shape when di splayed to the operator
Typically, the width of the object (along the
direction of conveyance) will be simlar in both the
transm ssion and backscatter inmages. The hei ght of

t he obj ect (perpendicuIaQ: 0 the direction of
conveyance) will often b Perent in the two i mages,
however. In order to correct for this, a known
Wheaik clagneflast or can be applied to one of the inmages to
ensure the height of the object is the sane in each

i mge. Alternatively, a software algorithm can be
Lenpl dyredhadtfocinspdetingraniohjest comerisied:ght of the object in
each |na ingly.
PR S

| nvent b.ogerarating mtreusd%ton eigndd dased or pgnetriangpadigtipn éfﬁ’éﬁmltted
hunerous ,variati e apparent
to thos éh % :ﬁr g)ject antla%etnag(% é)l %@&rnsrgl)[%%owpétéct&
backscatk@mnmgﬁ@bhgdm&ﬂnﬁsamdbadnahun@mmngmd@ﬁﬁér

Ieggld Inge ?tﬁﬁf? aﬁgg a %%8 rgsﬁglt blao r& onr?%g]e%ratu%;g? gtlo%fSC?i%?etgt@ 'the

syst em cobjtaiand degectad|by acrmteiddRaorsour ce, in which

both the transm ssion fan beam and

poam of e RREPTRPE T8 FEFEh " Eaey i gr aaf A e b
vari at i oaspeaechtiipeidiaiomtandns are intended to be within

t he scope. of .the present .invention as.de

appen dgd 3’6?‘3’( ipgan epefarvisible gy micgrpgﬁatm%gmggmn rltm%pé{ least

met hod f e statePe@lal. ng an obj ect conprising: a.
irradiating the object with a first beam of

penetrating radiation; b. generating a transm ssion
2.5i gnal mdiaiedcRdinPRRlihdl Whdeih @ehedting B transatisivntsigal includes

generating an energy-dependent transmission signal.

3. A 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. A method according to claim 3, wherein displaying includes displaying an

operator-visible image incorporating information from the corrected scatter signal.

5. A method for inspecting an object comprising:

a. irradiating the object with a first beam of penetrating radiation;

10



t hrough the object and detected by a transm ssion
detector; c. scanning the object wth a second beam of
penetrating radiation; d. generating a scatter signa
based on penetrating radiation scattered by the

obj ect and detected by a scatter detector; e.
conpensating the scatter signal for any artifact
arising due to the first beam of penetrating

radi ation; and f. displaying an operator-visible inmge
incorporating information fromat |east the scatter
signal, 2. A nethod accordi t | a [ :
gener aPi BECRUNE A HARMUEIOH ﬁ'ggziﬂ %ﬁsae Olg ﬁ%i%%%@ rxmg%%g ngltlslmﬁtéed
an ener gyhrélghaiecditct dnd dascredisy omansingsian det&torA met hod
according to claim1, .wherein,co nsat.i.ng t catter
si gnal i AErypeds O%ﬂmlﬁ\‘g@ﬁ%g bgar%‘g@eae?{gﬁﬂ raSPg%@ from
t he scat Lederaihgh adattertstpRalbasdd@n umaatingyadibtionseared bl thpy
the scatter detector when the second beam of

penet r at PPEE F&‘H‘i%ﬁ?cfegr?y ASCARLtC I uni nat i ng t he obj ect,
t hereby bRVEING péheting@sdi@idn Sioal thefirsshegmettom ébntafinating the
nmet hod according to claim3, wherein displaying

i ncl udes S@'EIAYs Y an  operator-visibl e i mage

| ncor ppr aishiadng A erdrividiblé ntige nderperatingiatopdatadiotreat least
signal. 5. A nethod for inspecting an object

conpri si Hg:scaiter signahdi ating the object with a first
beam of penetrating radiation; 10 b. generating a

transm ssi on signal based on penetr a'&i@ﬂ% r(gdi ati oq
6.tr anérmqtlp@@ccqnﬁpg)@gqlﬁlmﬁew%flg@fevgﬁﬂg &% %poblgg g least one

céllﬁrﬁa&givéﬁéa%ut@ﬁets%me@aéte&or. scanning the object with a
second beam of penetrating radiation; d. generating a

scatter signal based on penetrating radiation

7scat K%e%godbaxcotr&]ﬁg toUPif &t widdEln RN &g thcRiMeAdisdaihd €barrier

detector; e. preventing penetrating radiation fromthe
beftweesta flyes aanidtion seucesrforthe fitst bean anf ghe seatist €459 gnal ; and

8. A method according to claim 7, wherein the barrier is a curtain disposed parallel to

the first beam.

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

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

11. A method according to claim 5, wherein preventing includes shielding at least one

face of the scatter detector.

12. A method according to claim 5, wherein preventing includes disposing collimators

in front of the transmission detector to suppress scatter.

11



13

14.

f. displaying an operator-visible inmge incorporating
information fromat |least the scatter signal. 6. A
nmet hod according to claimb5, wherein preventing

i ncl udes di sposing at |east one collimation vane
about the scatter detector. 7. A nmethod according to
claimb5, wherein preventing includes disposing a
barrier between a first radiation source for the
first beamand the scatter detector. 8. A nethod
according to claim7, wherein the barrier is a curtain

di sppse rallel to  the first beam 9. A nethod
accd?@fsggptgﬁmgqegﬁml%a?,Ob*/e\%ecP;équ}g%%ﬁe barrier is a shield
di sposed fipsaadigivdiscurbathattenits Adirst beagt oflpenatatingradiaion;
met hod accordin | aim7, wherej I HS¢i
oui noitng trgapenddetei ekl Blefiethsky Br AL fbfErlaidh
wher ei n tpnewiesd theggh the lobide by stivi febtdieany ad generang @one
face of the scatter detector. 12. A nethod according
to clai fA8SMEHY R pr event i ng i ncl udes di sposi ng

col | i ratDdkesondirdtidtion Béur@fthdt baitt 4 sasningisiaorvf getegatingr t o
suppress scatter. 11 13. A systemfor inspecting an
obj ect dB8fI%sing: a. a first radiation source that
em ts da o dchtht dReasn el deRetiipendtiatity fadidiiat scarreredmut ef the
transm ssion detector for asuri.ng th intqnsity of
penet r atTHYINELGRA LY g‘ﬁ 0 JF?&‘HE%‘?“FPEEF?T ?ﬁatg‘ﬂﬁ ¥"¥he obj ect
by the, fdyasier iR provaiiig GRNEHR FroMIhefirstradiaomi ss@tofiom

signal; c. a second radiation source that emts a
scanni ngop@minaine Besratissieniy®dr adi ation; d. a scatter

det ect;or, frodesHE b dnioRg aRENEEHIAL thaGnehiddy edntaringiastucedmsd
out of the scanning beam by thtgsgb' ect and en(labrati ng

a scatt éhatgalgﬁg‘e;prqg_ess%r tg displpppn ISPJR L ULRET LG VIS le'imag
radi ati qacofrﬁo?mng Beoddatist frémdi 184st &1 oF Gidrsetef §igal and the

transmission signal.

A system accdrding to claim 13, wherein at least one of the first radiation source

and the second radiation source is a dual energy source.

15.

16.

17.

A system according to claim 13, wherein the transmission detector is segmented.
A system according to claim 13, wherein the barrier is a collimator.

A system according to claim 13, wherein the barrier is a collimator disposed in

front of the transmission detector.

18.

A system according to claim 13, wherein the barrier is a curtain disposed parallel

to the first beam.

12



contam nating the scatter signal; and f. a processor,
a nenory, and a display, the nenory containing
instructions that cause the processor to display on
the display an operator-visible imge incorporating
information fromat |east one of the scatter signa

and the transm ssion signal. 14. A system according
to claim 13, wherein at |east one of the first

radi ati on source and the second radiation source is a
dual energy source. 15. A system according to claim

13, wh inth ,S S [ d.
1975, AoSGEEraelidRg o e e p Lo SRR ©

pefdaididutdt td the firscidahil mat or. 17. A system according to
claim 13, wherein the barrier is a collimtor disposed
in front of the transm ssion detector. 18. A system

20aCC A disRh defor@ih@iovldid, |3yieren the bireiehiar shield disgosed in front of
curtain disposed parallel to the first beam 12 19. A

a fagp Of B SHHESIHERG to clai m 13, wherein the barrier is a
shi el d di sposed perpendicular to the first beam 20.
A system according to claim 13, wherein the barrier is
a shield disposed in front of a face of the scatter
detector. 13
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