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WD 2008/ 024825 PCT/ US2007/ 076497 Scatter Attenuation
Tonography 5 The present application clains priority
WO e@s024829r ovi si onal Patent Application, SeriBCT/NB2007/076497
60/ 823,328, filed August 23, 2006, which application
Is incorporated herein by reference. Field of the
I nvention 10 The present invention relates to nethods
and systens for inspecting objects by neans of
penetrating radiation, and nore particularly, to
i nspection of objects by simultaneous detection of
penetrating r addatiaemAteanatondl ombgraplsyi nct, and
possi bly opposing, directions. 15 Background of the
Invention In the period since Septenber, 2001, X-Ray
Co W[ﬁé§eﬁﬁi@pﬂ_&ﬁ&gﬂm%{3n@ﬂzg)frmgs PR & or4SPAlent Application,

exten3|veh¥ to search for explosive materi al s
Seigbiocd] 514 Wed st Bhgiyehicrerictiehbdcamorgedyrein by

refie@suring the "CT nunber" of objects contained in a
suitcase. The CT nunber is essentially a nmeasure of
the attenuation per unit length of x-rays (wth a

gi ven 20 energy d'StthMQ%QEﬁnhﬁnége mat er i al
conprising each obje er can then be used
t 0 i dentlihyrasrd imvgntéqni ralates Asmethorstane sys@:ﬁnSdelflnmectmgmeects by

mealrgléf ﬁg@g{lq% ra&)igfflol'tlls rgllgglre 01?19 ’I(té] in t10n atot%& a?ll on.

simntimeend dedreéibh §f [Guatatidg raldiaabn VCetterd)inttm«hstatct, endipdskibly apf)osing,
dirhat er . For organic materials, the CT nunber is
essentially a neasure of the electron density 25 of
the material, which in turn, is proportional to the

mass density. X-Ray, K CT sxst% are . therefore able to

measure the nass dé#§@%§lﬁﬁ—g§HEgEP8% mat eri al s.

EXpinQBd peiotBines $heintie€2d01 memma&ed F0mb /s (G 6h

lie in the range of about 1.2 - grans per cubic
becadrieq Greangively (Qycarch Ofﬁxﬂ@ﬁV&mﬁévalﬁo%%%‘ﬁ@W%&%Fu“élte

methd@ wosR b?@ﬁe%s&fng LU AnRF” dfbfebk sntAhABAS Is@RRse. ThOET
vol une of each conceal ed object is al so determ ned.

nuntpR GapeRgalihit Bedshe o thetatteatipn per vhié length@é paasywih agiysn
endr LIRS oA 1n3ﬁ’é31lﬁat99il%gﬁ1pn %1694@11 §Gibdt nﬁlec@ﬂ' Rhtier Wi erPbe used

mni mrum si ze and nass have a enS| ty bet ween
to igerpify fhg nateriag Ase, maétﬁm)%ﬁméon, hEd aumbeinasausedolrratin end inyny

ap(%lﬁdedg:%rﬁg tvﬁﬁ réf@r th Q?nﬁaﬁﬁléc@ ;{c’]l}e;lg 'atté{l‘lgtlcﬂln F&lg@ﬂtt ?eq ‘relative

vant’ages of tens I nc eir size
KnaﬂdumgammOBmhhrthe S|ze and cost arise largely

geflgol{' ?%%{c ntéar%(grh e t e umoot 1ts glét%glm I eéﬁg Of t\ﬁ'g iel%arotnr}ﬁnsity
of ﬁ@iﬁiatdﬁRD@/Hicﬁﬁﬁttﬂlﬁll is proport10nal 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.

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
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arrays are nounted. US Patent No. 5,930,326, entitled
"Side Scatter Tonography System" described a nethod
wo rosgiztsext i ng radi ati on scattered at essenti aPCTUSDO7/076497
degrees out of a raster-scanning pencil beam of
X-rays, as detected by one or nore arrays of segnented
and collimated 5 detector arrays. The intensity
arrfls Sk hikdgon of the side-scattered radiation is then
used to reconstruct (in three dinensions) the organic

obj € Paterigic P42 ticttitied “Ride Sarter hemographutSystgay’ ed%‘crlb§d a
[ r f
0200125 A S LSRR o0 BTG, 26 L8 o
pergil bedne opx-eayens detastehby @w,or merdwthys g gacntgd/sideniliarated
i ded h |

det&%’ atn%§ mTng [me%sﬁv @&%@gr@f ?gnée%[he%?zlﬁ%?efi r&’d}at {ﬁs @9&&%%
recm&duat(lrﬂhreb dm@dsmm) mhepuagamcvmbmtsanadeylsd szltbfn a\mneinsr That
Mm%151 X m,tggm nt %ﬁ% nmet hod entails: generating an
p 3%rP BELATSR 5 HYEPSt i ng radiation characterized

by a propagation 15 dlrectlon and an ener gy

di stri bution; dlspoi &h 9Iit% of detector

el enents about the bEEBabsotdblvention,y radiation each

det Bek&irdGbavas perfdrke témbydlﬁleﬁts ef tle pfesant awentival 1|nthBdsl af@ a

the field of view of each detector elenent; vary
SYS{ORERT PEY KIGATGT GRRIBGIFTEERS ABrPbiset RHiae Pe éﬁ’@teﬂ%la%ﬂoafof mean-free-
patR %f'ﬁ‘énreﬁiti r@ga(ﬁﬁﬁl)h ahieq %p&@pa@ﬁww@ @na‘ly@lsbﬁ vbRgd. dent
sequentially on the i nspected object at a plurality of
In yysiont embedimends, dhecghod egdtlect i ng radi ation scattered by
voxgdsraBhe 4diRcilifte B@e&ﬁ §€heARIRIRL rdadkiEn cﬁamac&afzé@by 4 R@pagation
voxel s detined as the intersection between
dﬂﬁﬁ@@a@hﬁum@gmﬂﬁéﬁmn@m of the incident bean1and t he
fie ; e
at t g § R oA e o € SR e B radiagion cach
dmv@mem@agfmwdbydéhwaﬁVE&/of the incident beam In
accor h t f the invention,
ste%ﬂgﬁﬁggﬁe ﬁ?%é#@%%?fz@%ﬁ&ghﬁgﬂ?%g ’ude detecting
spe@nﬁhgdw@ngugymndn@ﬂm&nf&emkuhaﬁwamuﬁpmsuam@emhdmmwbas
of. t.he rating.ra . ln
to S pho RS G on (S RS soRERSL A PRt PR APps e
I NCdetkerihg radReon sdahﬁed bbCVcd(el’stofbﬁaxmpémgd ch@ecsaamqaqbalim tha

rn, supstantia transverse t agati on
vofifrdeBERR ah BBt EnpboihEr B G TRt e b PeRe g aruR pnd
thedelPofRlicH &l d deyec@k ele@bmt s of i ncidence. The
attenuation of penetrating radiation as a function of

posTAGUERN SR FHRR 010é Periealicpdigiadicaen paifp feyoxels of incidence
of @k sRld@N¥Ea”am! N accordance with other alternate

enbodi nents of the invention, the step of disposing
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
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
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detectors about the incident beam of penetrating

radi ati on may include disposing arrays of 2 WO
WQo®8NDB2825 PCT/ US2007/ 076497 scatter detectPCHUSI00TIY6497

di rections having a vector conponent substantially

parallel to the propagation direction of the incident

beam or may include disposing the detectors in a
scaRbARR ctof RS AR L Rk MadlﬁQJ‘\Séé% S6mphch @b PHarallel to the

penetrating radiation. Calculating the attenuation of
propeagedipn dirqctign pihe meident bawry. armealy rdudg slisee i dithp getectors dma plane

f R fo & adhatdaQRogs a function of

SUb§tgstFa?1?c§nﬂ§V\VAla{s 9 9 é(;eatnl?éﬁ%g%:tt e!agl alg?degt Col | i mati ng nmay

i ncCadddatmggha attenma’qlgn bﬁl@enﬁuraéine r@lﬁatwn awyafclt@adhtedmh@e fa@rean
freé gatﬁlop % Qt?e%dt r%@laf%rnoa%agig I on dll? Sleti(r(:)iil Q&gt%motia ecfeﬁ 8}9} en t
Cobmtmg inay amhlde chanmeng/\iht: tieetf viewrdf Iaalh (kteb'odtomsdltestmf ata
spe]g:ﬁl?fl F]anlge 0 gﬂea gvlt\g é?syect toO ggrrg)gaﬁl%% 1§n 81 Gﬁctl? %tﬁ% 1n8ﬁent;ga¥1ﬁe

[ nc]nd:emrdableamtbszetfmm B@bs@nhEmgof taelinatition, thivbicodeeretofore

e R e R e R S

per@tra@ioarhdat@Ine MRPRdoS erPthe 8tep Oflfcaniad thayincid &ahidhg am@yrttne with

identified as a threat subst ance based on a conpari son
respct Lo ARy f4oeas et 1 actttegIIReEts climrnic dracyN Mpterial
mal BE ideRMiRAQk B ghrbL 30N 1AESbasd b AnipaRlid @k nTEBASHE B, calculated

values. A calculated attenuation nmay be vali dat ed by
in gegprdafce with dher foEpapPing fFaglfings. Witk a fablg af egaredotadies ) extamted
att@batha IQQI%SV'af‘&tJd' ! réb i 1niéh%§\ét10§ro!f gloloesan HBEdt&nﬂ&lﬁenﬁnﬁ

Drawi ngs The foregoing features of the invention wl
Opmémmﬁlﬁ@ of&gdhi | y under st ood by reference to the

follow ng detail ed description taken with the

accompanyi ng dr aw ngs 20 F| g 1 depl cts the principle

of operation of aBSefddd Ah oétha ArawingsTonogr aphy

Sys e [

: nv’glﬁe{?oge ﬁgmg‘fe%%rr%%g ?h%l 1}({:\4{6219%n gglgonelﬁ%erg 'i'ésadl%&fl#dgﬁto%ﬁ %§ ?&Erence
to therfedlowengi degulexbgiefscmptlos takab wmpd&edcomﬁahymg oneimgk: t he

i ncj n.the.sys

el TooRGoBT RO B HEPFER B el bnut b T R pRpvsiem

in Rregant with\eabbdigdnts 0f thd prosttit elivesteingct or el ement s of

opposi detector arr s detect penetratin

PR iRy R T HEpEb oG <oBEaBier g mored i She of
theSEdi@mBbdagRlid the GRRINCHEFig 1SCenari o in which two

surroundi ng objects are located between an obj ect

unde®- 4 Kep aaﬁ depigion ée prsfered spac Rt éhfmsat Inyeptign in

whféh %%&Blselerﬁétﬂssof o?ﬁosﬁﬁ‘;cheﬁsgtog 8ipdyS tdet%M%‘éﬁéﬁ'%t@%ﬁﬂﬁh&gmde scattered
baggage and snal arcels in accordance Wi th

YW%ﬁbﬁc"of the invention:

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. SA and 5B depict systems scanning baggage and small parcels in accordance
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
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Fig. 6 depicts a systemin which the scatter detectors
are di sposed to one side of the inspected object, as
WO p008/02a8R3 | € i nspection unit; Fig. 7 shows an PCT/US2007/076497
enbodi nent of the invention in which the source is
di sposed above the inspected object, and scatter
detector arrays are disposed to either side; 3 WD
2008L034828 sBCRLVSROAEROHESRE pfel P ins B A iBBes AN
i ments of present invention for inspection of
perpaEmslon rélchithe amrce ﬁf pistraling retiation ipdsesedatdsprytiy dxiaheyedAr
belb®), %@aoasrﬁﬂz AADRGE Wik Blfeet 2R s @lca sQ@JchV@nd and in a
ori zontal pl pec an i nspected
subfigc? shoafﬂd h@midghel@ingrotisn @Vh:a ndnthleind twen scpibmued) n-ray detectors,
e .Or S, :
ancg ah éé)lugc% Seglgtp%%é Elltrhpa?ipl (\ﬁ%cangg(# & '?’az{b% m%( 9%8121%%0%3’51@1_3?1 ae}r/nb%dlment
of the arrsgnt inve@®oor dance MAth an enbodlnent of the
present invention. Detailed Description of Specific
Enbodi nents The current invention builds upon the
teachi ngs of DSafRatBatrifdon ﬁs%mcfﬁﬁbdmnelﬂ)s descri bi ng

o Brgsr e SR Rt retines hEnCrEy S delldtebes

des@ﬁ@ﬁ@ b @m@bﬁj a&ﬂteﬁe-gaﬂt Iﬂleﬂﬁ)ﬂﬂ“éldﬁfbﬁlﬁm\fﬂgtahnlﬁﬂheﬁcﬂé h&@rate measurement
enbodi nents of the  present invention,

of GF (el 4t SBFASFFPIS RO Gi TaoRedgEs Wt P‘i‘?feﬁ% cgpap ey of the
pre@énkt @ 8ntioh@e KBE-BQtter Adt#MMBN isQetcdtel W dwo detector arrays. The method
t hr ee- di nensi onal reconstruction of the organic
all(&’@rf?’é‘hf‘%l tyreflimenpigpal sfcarstruction of fy akganis qORENinef the container,
aloRE GHA BlcGndle Q&'uPaYe &ati iéf dR@nhQsh thitabuR e bBtaked ALk BB fthods
u5|n%,the nmet hods taught in US Patent No.
taughtg@ GSPaEnt Me. Sifk3descri bed with reference to Fig. 1
Sca r y t
Che t By SGp AR QOB e 1 Sen BN RN TRREPNE
gmmaﬁwdpdsemﬁnHMQOﬁ1na¢smeQMWa@rwhemme&wnnwvﬁsSdmemgmr%’
bea\;\%gsqm?? a bﬁlg\pets dgef ell ﬂtoea%%%{ect (!ftmtle stt 0 be noted that
He presen@ escription refers to an incident
bealmisto be)ﬁote&fhap\elmetthapnefegt ¢eachsibh cafera s @nnoidenajedne hyf
pene%atl%tracg%t?c}% 6{31% Q‘g grr;%% 1?016%%1 {t h %gﬁ,ﬁ}{ e?sg?OWt at a%; etg{ﬁ perrpe(%ratmg
radiafive flls @ithin Ehidismbit SRehde@fentmayentios.| THIE, the BealSnay id¢lude x-rays,
anma rays etc. In Fig. 1, the raster scanning x-ray
0r%@3ﬁ1 Bnes in fromthe left and passes through a

bl opllﬁgla Ok r& g S finFRIrQYf hedh. 10Aomlel HEFork the &dFtlarldDasses through
x-ray beam 10 is characterized by intensity 25 1j and

a blpsk 13 aloyaantis patetel Animgsisingdris Srabbempbbis chassrderigzpdbyintensity

1, £8%), %}?&ﬁ%l@)ﬁﬂ@ WIBh@h&ud Pos@fls d al dRsifhaed bl nufherals 10 and 11 in
segnented scatter detector array 14 1s |ocated above

Fig heA ehregsnice sepgeiedetegior amngl doia dsated abaye thsrorganisrpaierial ingl gach

detf@égérha%eélt]eglg %§1rr11(‘a9ﬂal/ i PRI Hinseiulih@he itsteR1d dr&hicy B fo¥ IQWihE
|
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
elements 15 is highlighted, and at times t; and t, it detects scattered radiation emitted from
volume elements 17 and 18, respectively, contained within organic material 12. The ratio of
the strengths S; and S, of the scattered radiation detected in the i™ detector element at times t1

and t, is given by:
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scattered radiation is directly belowit, or,
equi valently, such that its field of viewis

weeepengetul ar to the propagation direction of PETTES2007/076497
i nci dent beam 10. One of the detector 30 el enents 15
is highlighted, and at tines ti and t2 it detects
scattered radiation emtted from volune el ements 17
and 18, respectivel )y —Gpng | Q8¢ wi t hi n or gani
material 12. The ?é?hoqu 9theqsfrengths S i g%d S2 of
the scattered radiation detected in the ith detector

w5 oMb AL o PPk e v e o g

maEqiall divenhe ddtaA(eA)] searaingalid teobasmoand Adt e mean free path of the
th t.t d diati he. i
scafip PO TP okte MaRLh SRS BB iehnetp A G fa Be™ ©

beans, and A is the nean free path of the 5 scattered
radi ation in the grgani g, material. The attenu$ﬂ g%
factor A(A) is gi By: A(A) = e -A Egn. n be
seen that, for the sinple geonetry shown in Flg 1
t he intensitékof the 10 incident x- ray beam a
t wolt GH%Re sse1 Gate g e sppple geomeyry shopn jids. d ode mt@aﬁy Oflthe
incMlef! A%y bt the R Vox&ilis dgahl (1,3 13N thResRf E’ckf—‘ 1?
attenuation (and hence the nean free path the
radiation in the organic 15 material) can sinply be
determ ned from tRe\yalg0gS2 / S1. Since the pgan free
path for organic materials is essentially
proportional to the mass density, the density of the
I
anfﬁlﬂatgf?g(%!he aﬁé’?lﬂ%t%% rgarlnfn }t?eé%egrlﬂ% fnggn geagalt dA ](_)gt a%ﬁfa?ron n the Orgamc
mapeink cal simpler be detafminedriners tlrcoatllcuSzH @m&m:e thmemémmh@ fon f
orgka}mg malterlﬂgat ese!n allyiquog\(l)e 10na¥%t etl%gs[s\glFr\l/sre]tx tﬁe ee Cl Y ofthﬁlalaterlal
cmﬂMﬂﬁkneme of the i nci dent beans as shomn |n F|g 2. In

e.de ed in Fig. 2, since |1 :1.2, Egn. 1
| e B R heifexs i olm ey ahd iatiff gt fiisndial b gauat
ThiéZou’ﬂﬂ ﬁapp@g f?ﬂ Xamplef iiergahit ﬁﬁw&lﬁai Mwearotited whk respect to tge beams
erm ne romEgn, 1, T current | entlon ovi
10 ﬁf&flelt g% Plémﬁﬁﬁmgﬂﬂézmcg% 90695 the i P% APE B @ﬁl ﬁg 2.
NOWndRSE&kE fghbiod ih Fid ef eKce mlc;elzt E%IF'I Gndichtes kit ACKPE GANSE In
wth preferred enbodi ments of t resent

fact, nipehtiaph 2 afe st @qy@s@ﬁtﬁﬁ@wa’m%gow&e FRiprdEam Egg- 1

UppPeke GARSERLEE! il éVhckiS0” u%axl’a(ﬂﬁﬁé sothiElRs %E%’i’oblem as
array L. It is to be understood course, that the

nov dessriegdowith sfempse o Bigd - I wsaeidange f"‘@t@tpi“&?fﬁedl e@baﬁmems@f {he
pret?ﬂlg%n@ ﬂtﬁ)}ﬁstwgfsmfé?ctaﬁ&ta%?s aﬁt@g ogﬁletﬁj 'aﬁ?lgﬁe‘? gldbﬁr&at‘gér [aﬁg){ Pglﬁé a

‘ ave a vector co nt subs nti al par
loveep sig¢reatisr apaglatii o b mréletstoaﬁ afcourkrs thapidie d@fﬁ‘lﬁn@é@tﬁpmf’ and

lov&%? Hﬁéc‘hgﬁé if grb{tl%g}; %ﬁa&l@%? %lﬁ\géectt(gép %g# Q(g %12&(1?%%?&&6&[&)%5 that have a

resent 1 nvent
Vector component substantlally 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
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:
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30 detector arrays U and L shown in Fig. 3 may al so be
| abel ed left and right arrays, for exanple. The ratio
w@RooBlzssTatter intensities in the highlightedP@BUSIDTO76497
el enent of the upper detector array at tinmes ti and
t2 is given by: 5 WO 2008/024825 PCT/ US2007/ 076497
U2/ Ul=(12/11)-A(A) . Egqn.4 Simlarly, the ratio of
signals in the |ower detector array is given by: 5
L1/ L2=(li/12)A(A) . Eqn.5 Miltiplying equations 4 and
5 toget her yileldss 140AR@) = 1 [ LIU2/ (L2U1) ] . Egqnd
6 It can be seen that the expression for the
attenuation factor in EQn. 6 is now conpletely
i ndeipdéladgnite fio bhegralkntweloeatettnt engiit gies byi: and | 2,
and is independent of how the organic material 12 is
oriented in the bag, or the nunber of surrounding
obj ects 20 whj ch,-18, may Abg) occl udi ng the incident Eqn. 5
beans. The only requirenent is that there exist
sufficient intensity in the two incident beans and a
suf {iugip8atd ugtgo%ga aR@S Bhob@Er ikl Scattered radiation to
reach each of the two detector arrays. Another
power ful aspect of the invention is that since only
ratios of th a ities are used (for
exanpl e, onI%“?Eewﬁgiyguﬂﬁgﬁ? L2 and U2/ Ui appearE?h6
Egn. 6), the 20 nmethod for calculating the attenuation
fac WA 0
o e EASE RN e o B EINORLG DK BRUWRER?, o
corhgftelyendependentciide lmhmvmbdamt ihtenrfitics heanddebedts @rrdeamdatytspf how
the-ghla%lclg grpa?w Socr:lge ﬁea !) é)/ or tge nulgber g’f S V\fig)lem rég%(\)l@ects 20 Wthh
roun are now loca etviee
may bhe omhgjmg the maidemtlbaﬁmsl Zhu oolg Ireqlum&pﬁﬁ fis that tisemelestid euﬁﬁlpwetr

..U and ower atter ar this._s narlo
imee P s P end P ao BB Jen i d R Rhitupidion o
reaclegish bythe eand@dddrlard@. det er mi ned, despite the

urrounding "clutter” occludln both the incident
bea‘ﬁ’é"tg“ﬁ(ﬂ’o%’ﬁréul?@é??‘t ‘éfrﬂéed‘nY%P%ts szquif faalﬁ%\?fdﬂele Scatter

int&aQfib L&t LAY for Oxdnkje, SERthERtibAt a FaMBU] /QﬂySapﬂeaaﬁlOEq'i 6, the
based on the assunption that the voxels on beans 1 and

methof o5 eplenltingihe pitanHion daptqreiven &y &n di in dPmHRY taaay surrounding

0b1@§§@6‘$vh1@11 hﬁéy LGSR DARtQANEEat IV RER Reabcs LBEor both of the
detector afrays. In actual fact, the voxel on beam 1,

detpqonanmysg S hisisaihowa sehempjieally iyeFigt 4, avharortive sequnding ohisets 40 and
42 1:nre %mVQ@c%{%d%%t\Jggr?thg %I“é%ﬁfc%atéfaﬁ f‘yﬁ‘ncfepi%gpeu]&l éﬁg)fﬁé up%@r U and

beam 2. In order to torrect for
lower L scatter arrays. In this scenario, the attenuatlon in orgamc block 12 (and hence its

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
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:
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di fferences, equations 4 and 5 becone: 6 WO
2008/ 024825 PCT/ US2007/ 076497 W2/ U = (12 /

WO 290802182 / dS2ul) A(A) Eqn. 7 5 L1/ L2 = (11 PCLBY2007/076497
dQ1l/ dQ@Q2)A(A) Egn. 8 where, for exanple, dQ1 is
the solid angle of the detector elenent in the | ower
array for the voxel located on beam1l. Wth these
solid angle corrections, Eqn. 6 now becones: 10 A(A)

I [ L1IW2/ (L2U1) dQ.2 dS2ul / (dQ.1 dQu2) ] Egn. 9

I n gener& Uitkle/ &).fdéht / éRui-BéAbsol i d angl e correction
facﬁq{7dCL2 dS2ul / (dQ.1 dQJ2) is fairly small, and
typl%ally has a value close to unity. 15 Exenpl ary
Enbodi ments of the Invention The neasurenent of the

or gant & b ihald gl f2e 8 Eqn. o tn be

| mpEgrented in any systemthat uses a pencil beam of
X- rays and which contains two segnented arrays of
scatter detectors. Two systens for scanni ng 20 baggage

whélid dfo?’%hlplep ance! fic A1 20RWR tHeefel @B eleméht e ﬁﬁve\‘\@ﬁ:{yeﬂopthe
t he source of enetrati on radiation is conpri sed

voxcgloseied pr/gap 1. ¥ ithherg splidingle carreetionnifeg. Gpssy baspmenbout
an x-ray tube 51, and a carbon nano-tube x-ray source
array 52, conprised of discrete elenents that nay be
addA@@SH%[yﬂéﬁtlﬂ%aeﬂhzé@udééémMﬁE@] for exanple, Eqn.9
co- pendi ng US Patent Application Serial No.
11/ 737,317, filed April 19, 2007, and incorporated

In geaeiel, thelpyffectef @reanti®anglacotict tharfagask, 4020 (UL ldQuy) is fairly

tor grray and a right detector array 56 are
“n%ﬁavfaeﬁa aéﬁﬂ?l@ﬁi?dﬁ“gs descri bed above.

Addi tionally, a backscatter array 58 may be di sposed
bet ween the source and the inspected object so as to

Exeytnisyy d&badieierts ShAF /&HE'ng or materi al

C harRCh&khréAbt QR tHeRbtOfABSH @R thé¥ckRE NRUEN@Y Yof dbR®aled organic
met hod of the invention may al so be used to inspect

matesiple dgplicd by danet ¢aa bs ipplgmgEchinegh s eptorethat Uiped Rengid beagof x-

rayE Bnd \hﬁclﬂ:&lﬁ'ﬁnsqvotspﬁn&l%ta%%e& sedRf d&&%drg QR ﬁgeﬂlpﬁ)r g’&nning
detector arrays) 1s not practical. Such a schene is

bagshgnamdismaltpeeclgarcwhermeindigyl 58 andHh Mhemingti scdee o€ paetration

e
LR BR B AR 51 BB ko o
51,Ringa c@bbyynanaytulefx-ey armpt earray -S2 asprpoisdod d@stremﬁﬂembeltsehdt anay be

adcﬁ’essa@fﬁac@gatgﬁ Gs déTQPbr%tde for anmI%Ien%bl | & penémr %\é }ba?e It‘?\ﬁ@{caﬁon Serial

em on f'or e
No. 11/737 3 17, ﬁled April 19, 2007 and incorporated herein by reference In either case, a

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
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
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7 WD 2008/ 024825 PCT/ US2007/ 076497 being used to
i nspect vehicles 64. In Fig. 7, an alternative
W@ pivssiz4sent t hat scans vehicles or other cont aP@EDS2007/076497
from above is shown. In this case the detectors 70
and 72 are nounted on the sides of the system (which
could, for exanple, be based on a portal 74 or a
belﬂgﬁkteﬁyam i JBicksledy source 76 is 5 disposed above the
|ns ected object 78. In Fi 8A and 8B, two alternate
igréntsalfegratiseeraladingt S@hw@b@hﬁle@ pg@hwontalners from
abd@tls%bf%g n $if! Edsgg ch¥ eHSI%l%%nél ?%B‘\’%%fou?%d Q[ﬁ;i‘ﬁ%gﬁ%éﬁf tg%gystem

concea under are s
(Wbdb@dlﬂdr@texamplsrb@\hnsmwe ﬁ@pnala74peag@mry80’vliils xgensmved 16yis

dlsﬁ(%ea( tfo@g“%q@gé%&{obé&% ent from above. X-ray beam 82

to scan the person from bel ow
1 0 ]lﬁl Fggs 8Bash &BHW& laltentte dlmhlﬁhﬂnentd@ chtbcﬁdlg$oiltelbmm @gdrlioy

ma erlalg cargg%ﬁ;? %eé)p & E%gs ac H lﬂ%sog gor%ceal l§3/1n ?rﬁ g?tﬁélg %pe shown. In
Figh®4 ) aZl(Hi’ﬁb@Hln’&hﬁ]ﬁ @hovsl'mwmmhl apasen 80 i hkeande&l B Cinorragbeany 82

inciRp o RV E b e n 82 Gt G bR ROiTien p SCabire Ret Moyg o,

Figu8Behds ad chdbdined, depi@dd LRematicsllysieivabdva, Widge th perssh 80 is
this enmbodi nent, a device 90 contains . two si % e
scappd) hyipRday Reams§? which gmedns spsepiiallydn gig horznofnl plg- 4p FiCAGase:

the@cRBbL&FRE 79 RredDetiGRd oﬁ@ﬁlhetﬂsi@B@Hhh{peI%’&VS(pe 90 contains
a source 95 emtti ng@a plurality of scanned x-r

beafs a]%naé%gnlg)ﬂlmgg ofibs apepim. whisk gay B¢ used as a hand- }}/eld device,

is sﬁ!)\tvl? fnrlfi% Iov &l this eh;boﬂrl?dén@ ﬁndEw&é’m) c,foh‘?ﬁﬁlg 0§ ﬁﬂ%le @&III%Q@M-’IB}’
ongg one belng active at an |ven Beans

detGBorrnes B chtiyeon it dFiRch 93 SR ALYy, dty 6998 cofteins a
sotﬁ&%%%ﬁﬁpgﬁ[uraﬁ%f%%c nea— I)??a %&b@q?@@ﬁﬁ?d(%%ﬁt%ﬁﬁ%\% &n

e attenuation factor of conceal ed
altaynagiaely cit @Ay nlatt &vo Bkl 188mt as hewdevidr orilnent hemgactor df amcgven

ti é&m‘g@@ an(‘13 97 m%lgé ac ﬁ%@@%fc@@@ﬁ?% 8f shﬁlng's Ifnly &Q}n' RMThe

e expression 1or nuat actor gIVen
emfgd bedys al@mat(id Jime, alllojvinig fti2thé at(dnﬁiﬂfb)l femallf esnctdial asrgamc

of .the scattered,r tion to be nmeasured
ma{eélalsgggal?ethéﬁﬁnglred ac&%rdalgfw%r?a@ga@ed organic material .
By varyl ng the energy of the raster-scanning pencil
e“g"’ meaant).;eif ath A of the material can be
bogpmegb/dr 4P er ent energy ranges of x 30
faY'She BRyreadiad HHZ thd GrtérMtiddRctoB@venfih @gn.@at h A of the
mat eri al changes with x-ray energy, a determ nation

of the approxi mate effective atom c nunber Z of the

material can Apg=infered,u,)in addition to the
measur enent of the materi al denS|ty For exanple, the

mean free path for higher Z materials wll decrease

ena!\%}é{é ﬁneﬁﬁ'ﬁ% FHe¥ pith WO ARCLERENGIRAN Bbe BRELLNG foLOPRALEH picce
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-
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
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lower Z materials. This is due to the strong

dependence of the photoelectric effect (which 8 WO
wQe@8ha@2825 PCT/ US2007/ 076497 absor bs x-rayspCDEHSI00E076497

effective atom c nunber of the material. The

phot oel ectric absorption cross section increases

rapidly with the effective atom c nunber of the

abs'gﬁJs %trhﬁ? oMttcReGRE %ﬁ‘)%h@ﬂulﬁb& 8ythP hatenl. FREPKNYoelectric absorption
Alternatively, rather than varying the energy of the

cropasetign-isereasn rgidly-wigythd efeeliveatemirmyynbseeidhe myterial with
C can be used in the detector arrays.
dm%ﬁ%ﬁgﬁgﬁyg&g %ké% this includes the use of CdZnTe
det ékt@r@artsyelyvmﬂ@hthem ableg theenenge pfjthe ofsteeachnide kaey bdm,
ene)lg% é?e%m{l\oe de?e%%oﬁ%%%lé{ﬁg%n bg‘ﬁsg’(% glqge (ﬁé?&: Cf)rgﬁr e};gaGﬁ? %%Btg{aﬁné)le of
thid 1ac1t1dﬂs tl;p use nf Gglelﬂ"@rdeteStocsawht:h emabltlﬁhc: alecgyl cteedh detected x-ray to

sever es,_of x-ra anel Thi,s t hen
be BERERD b BT BERIE T o i Y BT &) Syl e
attenahtoul fatt@dgnfearbyiqu efr @in tid tdichicelned foraveraAgefexent ayiges of x-ray
ener

en R AP B AU EES" BT PO A BRPAY 1t b TSP e

diffdpent ﬁk@re@@khai he@esnﬁmuﬁgemlmu@sw VSTt tBle afonil® hﬁnber
accurate identification of the material making

t he
e SBaREY ikl et it 16N hepEmendiions for a more

acduPNEEMTich RInS? 1l Mt ERal ﬁféﬁ g upHe@rdaRRtobRAC theRhisihd@etection rates
al ternate enbodi ments of %e i nventi on described

andplowgiing falsq 2leEm rais. lﬂsttﬁéhﬁa@a@hpéthﬁ pEsrae cbrimetepigie invention

des‘éﬁ@édga‘ré\%hslyjén bOc.a&fkied Qﬁﬁ&@dé’ﬂdaﬁerfé?g’yt@kﬁu&l r t her
ment$ of the invention, material nmay

i delntacedréapcawith cerinsfirthey pinbpdimeats oh the ng@ntlcal, @@Wpalrm@dw
.. of i
e e e e T
aamahueswﬂﬂh@ahﬁwh@ﬂeahmatN@hu&ﬂﬂ@nﬁnayuméVMaﬁldaabdbb9

atternsﬁ?o%tmdg;ge%rafl(?age%f ba/ngeg{/ m%\r/\rl\é gﬁg)ln Rﬁl L%&e??&@ ﬁé}g{t%rt e(l)%rg%?ngto%

omﬂsmgﬁBMedvenbodlnents of the invention are intended to
b I d ti
o Tk FeRTP pRCHh AR ERD R T REBhO Y il g be

metdieex@miplary’id rthefouy férizibh0ma navlehicanelisfwilt 8¢ bgagenatoahose

Skl‘l nte de thjgsuglé%r%gbgﬁ a::,lil o Cfg%g%(ﬁ &éeglpﬁ(e?fl rdﬁé Ee Ev'ﬁgin the scope of

the@l&érﬁ/mﬁ%ﬁ% b 266ded. id aBy AP0 824825
PCT/ US2007/ 076497 What is clained is: 1. A nethod for
characterizing an object on the basis of

oo4vead- breee- pat h of penetrating radiation, the method
conpri si ng:
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5 generating an incident beans of penetrating

radi ati on, the incident beam characterized by a
w@e@pagsei on direction and an energy di stri butP@RUS2007/076497

di sposing a plurality of detector el ements about the

beam of penetrating radiati on each detector

characterized by a field of view, collimting the

field of view of each detector; 10 detecting radiation

wisfakheh&dsfroma plurality of voxel s lying within the
i nspected object, each voxel being defined as the

1. i nt z@ﬁlﬁ“@rﬁh'f&rbhglfact%ﬁﬁng ﬁlﬁé)tﬁec@gn iﬁ'e %‘A‘él@&f AR ff%fe—ptaﬁ%f penetrating
detector elenments and e propagation direction of
radidtien.itheinetbed casaaiingf penetrating radi ati on; and
cal :
;AL B AR YO Mo G AR A, BB p Ay chppgrried
by paiopagatirn ésqmnmmrdgantmengmélsufouaon | east two pr opagat i on
(rjlag(?l ;ﬁosﬁn% p rahihgf (ie;t:ecg)g I%%}ngritg %l? Slg{r?gg h ?ﬂ& nFt ;{t{nn %adlatlon each
dmf@mth&aammwpmyaﬁh@«ﬂaﬁmnng the propagation direction
of the inc € g@ﬁq F%IIng radi ation so as to
be ?ﬁg?ﬁgﬁ %ﬂ%ﬁ??&? §UORTtNE: i nspected object at a
pl ulteabﬂntgyramﬁnqmcsbmeﬁedafom mpludﬁmﬁ voR€ls BingAvittind the ﬁhsbeﬂ:ted
accordanc 1, wherein th of _ det
objpeffagh WB‘ﬁ ‘[,]F@&%‘?asc} § BEEYeRYPRS 03 fell‘g%lfe dRepiRpe of t fh'deflctor
clemORP OMPME frophgatibiedirtbmbf tBlinsidaittbed df ﬁamtetrafngtr&tﬁmlon and
i nci dent beam of genetratlng radi ati on. 25 4.

metCAlSHIating Aicautign Aksairedpeaptting 12diatign PHEECLRR Pf ¥9%5ly; cach

vose® 8k PAr ERRspoRGing &NdnelR@ aMedshtvd d[ﬂ@ﬁatgﬁt'i(ﬂl GBS Bt ihdkidcident
transverse to the propagation rection so as to be

begnpefi Rgatitatipn radikonnspect ed object at a plurality of
poi nts of incidence. 5. A nethod in accordance with
claim1, further conprising a step of displaying the

2. 30 Atmeindar hesardgfeepeedlaian i, Agtheachinmrison varying thanterdgation

dll‘&:ftloﬁ) 8p Itﬁe ﬁ)&de\ﬂ't Btgk‘-ﬂ f{cplalgetlt%ﬁri&% v\hﬁ&’n &)bis Be 1n91delﬁ‘ %ﬁl‘élﬂf’aﬂy on the

in accordance Wt erein t e step o

insplicyd @bjcnipt d ptueditpeispoadsoefiinciddnge.i nci dent beam of
penetrating radiation includes disposing arrays of
scatter detectors along directions having a vector

3. conpaegnid is udzstdandei vaith ofaipalr, ahbreln thostéhel doreotpagadintdon includes

directi of the 10 WD 2008/.024825 PCT/ 07/ 076497
detpiiing 8%"1%{%8 SAFHEY PMORNGRE ﬂ%tge Taﬂlaé% radRce! \Rf ﬁ‘ﬁ l%ﬂlcgef“ﬁ? epm of
penshredii radihthd. St ep of di sposing detectors about the

i nci dent beam of penetrating radiation includes

di sposing detectors in a plane 5 substantially
4. tr ange@iodan hatotdagochEaOIAM 1D aRREF @nipigingadi at i on.

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.

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
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8. A nethod in accordance with claim1l, wherein
calculating the attenuation of penetrating radiation
w0 p@BARiBSs det er mi ni ng a nmean free path of scatPEr/Es2007/076497
radiation as a function of position within the
i nspected object. 10 9. A nethod in accordance with
claim1l, wherein the step of collimating includes
inclg@stdehpt i ng 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

7. 10. A'%le%tdqﬁ) gccoﬁaf?&%ﬁdcqﬂﬁlel Whgljggﬁiléaét% dlsg)ﬁgifé%]&{t%céors about

conprising var e ener str
thejimud edebrtams; @nmaufatlpmmélamat mcﬂgdesaﬂmhpaimg)d?teclols in/ phachod

subs{antzf‘acilgrcglrags%lcs? toV\fhg Iaeacf‘n riprpnéltratm% GlE alt n,the step of

des "scan 10Itlure W th respect
to an X-ray tube. 20 12. A rrethod in accordance with
erej o t he s

wh e scannj n
- G h Pedog? S lade R, v g R G e B Fatioppr
peﬂ@&hﬁ@daahﬁncalcﬁcﬂmdi:a ﬂe:ternmlhg a @lcan freclpati off dcireticdoadiptidnsds Ag
i dent eri al 25 threat substance based
ﬁmsﬁmaoféaﬁaﬁw%ﬂ%fmwe@sfw% ed nean free path with a

table of neasured values. 14. A nethod in accordance
wth claiml1, further caonprising validating

- cal @cHoddn acsordapssaiftoiiRiBals ados R the %tab%fgplhmatmg includes

resiria{n%f 1he gidldi @ RieRf o rRadtQreRL oMot duifteti@rd: Q% e%tfﬁﬁ@ﬂ%@ 0Pfngles with
opposing 30 field of view 01945/ A83 72744 f

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.

01945/A83WO 727443.1
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