OBJECT EXAM NATI ON BY DUAL ENERGY RADI ATI ON SCANNI NG AND DELAYED NEUTRON
DETECTI ON Rel at ed Applications 100011 The present application clains the
benefit of Provisional Patent 5 Application No. 60/549,093, filed on March
1, 2004 and Provisional Patent Application No. 60/568,541, filed on May 5,
2004, which are assigned to the assignee of the present invention and are
i ncorporated by reference herein. Field of the Invention 10002) Radi ation
scanni ng of objects, including | arge objects such as cargo 10 containers,

to identify contraggigeT FRAMMNANONSY DAL EVOEIGY RUANAGISK seaiMaNGon 1S

comonly used in the non-invaNBELAYRDNEORGY DEIRCAMON ©of objects, such
as | uggage, bags, briefcases, cargo containers, and the like, to |dent|fy

hi dden contraband at airports, Seapmaﬁedwm c buildings, for exanple.
The 15 contraband may include hi dden guns, knives, explosive devices,

i1legal drugs, ang,, preapo OJresgasg ﬂ&%&g}é&hﬁ@&e BUGH 3P PoviltrbiC ke’ @

"dirty" radioacti ve onb onmon 1 nspection systemis a

| i ne scanner, Swhéypelicatien dﬁt} é%4%Q93beﬁlt‘-d regpiatchd, 2004 aande Brayistopal o Ratept
stationary _sour ce gfefiafiateoRBs séfld § 3od, MljcR e Wsigned Rtn@asipi@t | Onar y
detector. The raé’ﬁ gt‘ﬁac;n 'S COP?ISITBIE ar?%%% ? beam orlgng penci | E20 beam
Radi at i on tr ansmniof the gresant isveption #nd apopesmorated baretf@mab@‘ernt o varyi ng degrees by

the contents. The attenuation of the;difghiRd lnQéhties @ function of the density
of the materials through which the Tadratron beam passes. The transmtted

radiation is det ed an asured aphi es. of the contents of
t he object may bé&%éﬂenera ‘F%‘rsci"ﬁ'g‘ﬁggﬂlbﬁ& %@‘qﬁgég§%§ﬁ%w¢% “VRApe, size
and varyi ng densicbitgisergto idafify dvatratand. ent s. (00041 The stationary source of
radi ati on used in a comon i nspecgl 3 ﬁtsrﬁn !ll St épl cally a source of X-ray
radi ati on of about 160 KeV to abo = ~ray source nmay be a
source of Brenmsstrahlung radiation, for exanple. The X-ray source in this
energy range may [#83kn X- rRana*tlQ!ilbéCOH)(ﬂcrﬂ&y-'S'th'd|ﬂmf\0m'f1Vé-i‘rW€415W°<K@W°@\ﬁ0N°“‘80 not

conpl etely penet romfg cksaglaﬁagbg%gé $a L{ﬁfefc@s%s %aga&n&%haadaqmlke% aflgy d cargo
containers are t l'ong (6 2 meters), 8 feet high
(2.4 meters), d’ ngﬂm@bftndvﬁtdépq@ 83390@ ai"dnmbb? é’)“ld“)ﬂsf fos xaBple orfhai ner s,
which are useg teorﬁﬁaatnauﬂayamahwﬁhaehygu&f mb&C%I&fveldua%gﬂnegﬂ daigbenad cargo to
be stored in the body of an airplane, rmay range in size (length, height,

wi dt h) from aboutvemmns obmass destrictipn, gich (a9 agyclgar er g3 dirty” radioactive bommb, fr

example. One common inspection system is a line scanner, where the object to be

inspected is passed between a stationary source of radiation, such as X-ray radiation,
and a stationary detector. The radiation is collimated into a fan beam or a pencil
20 beam. Radiation transmitted through the object is attenuated to varying degrees by
the contents. The attenuation of the radiation is a function of the density of the
materials through which the radiation beam passes. The transmitted radiation is
detected and measured. Radiographic images of the contents of the object may be
generated for inspection. The images show the shape, size and varying densities of
25  the contents.
[0004) The stationary source of radiation used in a common inspection system
is typically a source of X-ray radiation of about 160 KeV to about 450 KeV. The
X-ray source may be a source of Bremsstrahlung radiation, for example. The X-ray
source in this energy range may be an X-ray tube. X-ray radiation of 450 KeV will
30 not completely penetrate large objects such as cargo containers. Standard cargo
containers are typically 20 - 50 feet long (6.1 - 15.2 meters), 8 feet high (2.4 meters),

and 6-9 feet wide (1.8 - 2.7 meters). Air cargo containers, which are used to contain a



X 0.53 neters) up to about 240 x 118 x 96 inches (6.1 x 3.0 x 2.4 neters).
Large collections of objects, such as nmany pieces of |uggage, nay al so be
supported on a pallet. Pallets, which my have supporting side walls, may
be of conparable sizes as cargo containers and use of the term "cargo
conveyance" enconpasses cargo containers and pallets. [00051 Wile the
smuggl i ng of guns, explosives and ot her contraband onto planes in carry-on
bags and in |luggage has been a well known, ongoing concern, a |ess

publicized but al . ld0g ; Cross
borders and by glgath%%tl é};ﬁs E’ﬂﬁ%?%oé i)g{r?\t)gar c%g o %% Igthflcbg%é/f%% F‘]‘g‘ 17
)
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sl ow (thernal) ne'ﬁ’l” . %E'Fdhcaﬁ?‘égﬁﬁtgr b £*1 ?Fé‘feﬁéﬁ‘yf’{hgrs‘?olnggﬁ%‘{ % al's, and
mat eri al s t hat mp;anurrdea:gpo:f bas laminkygpageoiias beenaf wélBBﬁOWﬁebﬁgmeSansmpzh as
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the caprure of o st BRI Al seF Ba T sheing Syl ol Bt My 0
converted into plad byiboaria I8ge ciFgu)cdnudsya&BQ dnmzmamfahe rraymhxen cagwerted
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to herein as "nuEPuaper %Jg’f"éﬁ?' §1m° %ﬁos%tes bag’ﬁ?trafﬁ '8%&'398‘!:&@6?558'?@ Hevi ces,
nucl ear materi al $.S. &ads axamrmmpue Felamirenl abeg, ptirat may not be nucl ear

materials), by mfdh\i@' I ns ?Crﬁrc bs an Contbenw?ldzgfu e 0N llgn% ex]pl% d& as a

cargo conveyance, too S reg u Use i$7°Ca
radi oacti ve nat etd <a$psrsamdlonutyb eaterld@vcr@e'sddjympasswwmnpisqﬂmml@n denest ens,

such as a radi amaprhagqreeaﬁ%gred hickio (B8 Rihces! haClolail o Mikas FREGSKARP! &, the

radi ati on detector 0sI t1 oned dgéa pat ect. Since
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pal | adi um may al so be used thé esca radi ation, preventing its
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urani um 235, and oph W (tHEAS Deittdn! CFibRALNIA GlateVils iRAMR MXikeRBMMY, ¥nd ONY

hal f-11ives materials that may undergo fission by capture of fast neutrons, such as uraniem-238.
Fertile materials may be converted into fissile materials by the capture of a slow
(thermal) neutron. Uranium-238, for example, may be converted into plutonium-239.
Thorium-232, for example, may be converted into uranium-233. Fissionable, fissile,
and fertile material are referred to herein as “nuclear material.”
[0607] Identification of nuclear devices, nuclear materials, and radioactive
materials (that may not be nuclear materials), by manual inspection of the contents of
an object, such as a cargo conveyance, is too slow for regular use. Identification of
radioactive materials and nuclear devices by passive inspection systems, such as a
radiation detector, while faster, is difficult. For example, the radiation detector may
be positioned along a path of an object. Since nuclear materials are typically dense,
however, they absorb most of the photons they emit. Shielding material, such as iron,
lead, tungsten, or palladium may also be used to block the escape of radiation,

preventing its detection. In addition, certain fissile materials, such as uranium-233,



(on the order of 10-108 years). The count rate from spontaneous decays for
such material is so |low, that passive detection is not reliable. Al so, a
relatively small amount of radioactive material may be |l ocated within a

| arge cargo conveyance. It is also difficult to distinguish nuclear devices
and nuclear materials fromother dense itens that may be contained wthin
the object by standard X-ray scanning. (00081 The information that may be
derived about the materi al conposition of the contents of objects by X-ray
scanni ng may be g n spectra
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[0009] U.S. Patent No. 5,524,133, for example, discloses scanning systems for
large objects such as freight in a container or on a vehicle. In one embodiment, two
stationary sources of X-ray radiation are provided, each emitting a beam that is
collimated into a fan beam. The sources facing adjacent sides of the freight and the
fan beams are perpendicular to each other, A stationary detector array is located
opposite each source, on opposite sides of the freight, to receive radiation transmitted
through the freight. In addition, X-ray radiation of two different energies are emitted
by each source. One energy is significantly higher than the other. For example,
energies of 1 MeV and 5 or 6 MeV may be used. A ratio of the mean number of
X-rays detected at each energy endpoint by the detector array as a whole for each
slice or by the individual detectors of the array is determined and compared to a look
up table to identify a mean atomic number corresponding to the ratio. The material

content of the freight is thereby determined.



100101 A further conmplication with X-ray scanning is that neasurenents of
radi ation after interaction with the object under inspection are
statistical. The accuracy of a neasurenent of X-ray radiation transmtted

t hrough an object is limted by the nunber of photons used to nake the
measurenent, as well as intrinsic system noise, for exanple. Repeated
measurenents of the sanme quantity typically yield a cluster of nmeasurenent
val ues around a nmean value. A plot of the cluster of neasurenents typically
forns a "normal @0y i but MDﬁ!'l"th&Lthﬁhcafﬁhﬂvﬂi Xpsy sanfingofs than encasuredients diial
measur enent s (the wi.dt h . of he nor tr|b tion curv aracterized
by a standard dequéaf'fnbr?ﬁcrug'leﬁad’“%wg@otﬂ ? lglﬁ ToESReRioR ?%f'ra%%g%lm ?1.5 with a
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material, such  @g.iihARaHMXF B bEHAMR BercdiBYe RFoC BAURC ekshRbnidYs bhs
senS|t|V|ty and its specificity" ensi |V|ty|sthe probability that

the presence of (p&nidadby the sausesrges of the nymles Abrholgns fetasted; exalsivrqfatemn syst em

with high sensitiyibd Y AY thére | 6w hir¥ déﬁ&ted ttﬁéJ@tandaﬂsﬁetviaﬁ% dbGQkdsemli the
identification of the g&ﬁsence of uraniym wer. fal se negatives

(missed detecti o8P ?alﬁ‘ﬂfm‘f‘hé‘ﬁ’“a“%yg{hé?rf}\ﬁnnﬂﬁb‘?’&ﬁlpg‘gﬂ@dFTBFfF‘{ may Yowever

i ncreased sensi ftncithdey bragerdagisgink sd:aﬂmaglnmé](ir 1 @okerdlln nbhﬁcfpwmeb sty theal se
acc tab e. EVeCIf Ci tatistical

iti , whi ch t
P asur e ot aocor et 1S RGE R g R 1r6r Ebiritr§ Sl B i |
pr opelrl y L\dent i fmetmﬁnaﬁxﬁanaﬁa@f to]lc.ld’lghﬁﬂculﬂyl clnzliaa the@agcgecmmwadm&-iymfcasr t
e. system w i ecifi Wi al se positives
Cident 11 cat ) on Broth Beru BB S ia Glsy disoesyineo esvenker b SBsiE ploon )
than a system w tipoiteaw specificity. (00121 The coll ection of insufficient

phot ons may resu n measur enent di_str.ibutions Iy
devi ations. The hfﬂlit]“ but ?gen%cc c’fatmmm TEF Seekmf;% 'deqﬁggﬁl(%:% %gsg%lr ani um

may t her ef ore ovey lusgpivrhefodi tscnmplbumamnlsa ofiaragtehizad, bnoifs- “tehsitidty@ nand gits

materials. Ther ef‘éﬁ@c@ﬁcif-yt’. ga-)éitﬂﬁ); isqge EJO&%flqu‘ﬁ%ttﬂg Enre?enpea&ttir&ﬁﬂnﬂn a cargo
conveyance will be identified. A system with high sensitivity will identify more true
positives (correct identification of the presence of uranium} and fewer false negatives
(missed detection of uranium) than a system with low sensitivity. However, increased
sensitivify may result in an increase in the number of false positives, which may not
be acceptable. Specificity, which is a statistical measure of accuracy, is the
probability that the scanning system will properly identify the absence of uranium in a
cargo cohveyance, for example. A system with high specificity will identify fewer
false positives (identification of uranium in a cargo conveyance when it is not
present), than a system with low specificity.
[0012] The collection of insufficient photons may result in measurement
distributions with large standard deviations. The distributions for materials of
interest, such as uranium, may therefore overlap the distributions of other, non-

threatening materials.  Therefore, it may not be clear whether a particular



4 measurenent is indicative of a material of interest or not, resulting in
fal se positives. Practical, efficient, and non-intrusive nethods and
systens for detection of nuclear nmaterials hidden inside cargo conveyances
and ot her objects, with higher accuracy, are still needed. Summary of the

I nvention [0013] Fissionable, fissile, and fertile materials ("nuclear

materi al s") have high atomc nunbers (Z). For exanple, uranium has an
atom ¢ nunber ("Z") of 92 and plutoniumhas an atom c nunber of 94. Speci al
Nucl ear Materi al h e j ot her
fissile materi al gfe Erwe%c ?lfg |md'°3£‘%'°frr%a%nfj g(illnttll\gSt F,ﬂ %ﬂmfnk ﬁf%ggp%oﬁ%n ssion to
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atom ¢ nunbers tﬁéﬁnﬂlw ggt?ﬁ‘%rﬂg%/g?r %og%y%%%sé e ﬂ&%bj otrQ vgye;drrp L ’5@ an

atom ¢ nunber of a®alillnegded.t ypical ly Shl el ded by hi gh atonic nunber
materials, such as |lead (Z=82), tuqgsh f e Liventignd pal | adi um (Z=46). Iron,
which is a main material in a najo‘r'l'ryﬁfg‘g‘r'n'g%?rr% goods shi pped in cargo
conveyances, in contrast, has an atom c nunber of 26. Agricultur goods,
which™ may al so B913lhi ppedissipnabley 56“‘60“{5‘949@4?0@%‘“%\9@“@%ﬁ"qteéWér a\ﬁ‘f"bm c
nunbers.  Agri cumguraaimlgmﬁifer erQQQ:EBId’IQﬁHuM 129 Bp BME RibearyRf $7=6) ,

nitrogen (Z=7), an wat er . | ower
atomi ¢ numbers. SEhBHHRHEE aafa"oe'wé Frksb t P, Sasttl e el EsBMED,; et s
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t he presence of eria ves and obj uried
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of the invention urahilnm anioheinin gho fsotapes of mjaainm-2133 cexajﬁ nRelidmgtiwcaaterialsg t he
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havi ng an atom'c nber areal 8l ! &ed?tn 2”? ed t]gmu% %rgpe,[; based, at
| east in part, IH?eﬁg’aFu‘r’llctsl% P &f‘ﬁgl %)F "%Serrg 42‘ d altr glo éonveyance and
bot h ener gy endp@whtzs amyalrbma@ndatnen ity Ioflvedﬂstrrhblgocwxaahwb@ ifTh&gener gy
bet neen the. 1 adi S SR sorat des ¥k etm?‘)é@“@‘ﬁ%fgf}@inf”éﬁ“n‘{fﬂ% Bl 6.
Such a ratio is Mayelseehs F'UPR?érlélq%fgﬂa@ﬂEFymcahshﬁ/%ﬁQﬂn opar plgmic' IRAbETS. Mat er i al
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referred to as high atomc nu
watcr {H:0, H (Z=1); O (Z=8)), which have even lower atomic numbers.

Embodiments of the invention examine contents of objects for the presence of high
atomic number materials that may be indicative of the presence of nuclear materials.
Objects themselves and objects buried underground may be examined, as well.

[0014] In accordance with embodiments of the invention, the contents of an
object is examined by scanning the object with radiation beams having different
energies, such as different energy endpoints, calculating a function of the radiation
detected at the two energies, and determining whether the object comprises a material
having an atomic number greater than a predetermined atomic number based, at least
in part, on the function. The object may be a cargo conveyance and both encrgy
endpoints may be greater than 1 MeV, for example. The energy endpoints may be 9
MeV and 5 MeV, for example. The function may be a ratio between the radiation
detected at the two energy endpoints, for example. Such a ratio is referred to herein
as a transmission ratio (“TR”™). Material having an atomic number greater than the

predetermined atomic number is referred to as high atomic number material



5 ("HANM'). The first function nmay be conpared to a second function that is
based, at least in part, on the predeterm ned atom c nunber, to make the
determ nation. The second function nay be a threshold, for exanple. The
threshold nay be based, at least in part, on aratio (also a TR) derived
fromscanning a test material having the predeterm ned atom c nunber, at
the sanme two energy endpoints, for exanple. The threshold nmay be further
adj usted by a predeterm ned integral or non-integral number of standard
devi ations. Varying the nunber of standard deviations will affect the
sensitivity and €BedINT)ciThy first fundhion wysheanmpargdsp e atcoyd functiop fatis basedipt ect i ons.
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criterion are at ddce:aﬁﬁg et mfiberadfl f;ilse p«ﬁdlvesaibut\/ne maf a0 ddddlivk itie dehetiviegsoci at ed
regi on of the ob rove sensi.tivi of t he
concl usi on t hat "i‘%ﬁ\ﬁ ‘g’%é%‘%“ °e%o‘??i5ﬁ§eﬁt épS?‘hé/‘ q i KO S eanatf yze
di fferent types bdlancesinlatpaniculmi apglicatimo e nigiest miap aldo bé ered undery@ind, fik gr oupi ng
may be forned ab {’“g ach suspect resultant pixel (a resultant pixel that

r

neets the test cri ion), or a plurality of groupings may be forned to
enconpass all pl0Hls in Arpraieatiay of drrtionpifehet redivtionriggm trensyotted urpei 2 [ 00171

|0 accor dance w b SERGHLAROLGK S LINETLLPN o Bl NEfedky (£X3M N N0

contents of an oDbj ect I si ng scannl ng ortions of the
object with a fi rme! 3 dﬁlneltqné)mabéamkatated thWPmra@ﬁ@Pgiyteédeatmhe@@EhéOff| rst

radiation after cdJat Eﬁﬁ% hﬂ&soﬁoﬁélﬁonfdlnéﬁxefs %@f@&unmeﬁs@a}w iedd Brléﬁhalff' r St

portions. The netho fur rises scanni ng second portions of
object with a sebwiist bsadiraguinsh H@M%@Hw of thercemespongingPdsitPniodls sutfacs i after

interaction of tRers@erRdtadh@bixAfoiefpkM.t h the second portions. The

method continues bY cal Cuilgsutar;: pflxlelrssrzlce];ulljgn%}el t%?tscrggno%haere ra?cliéaisatt [I)o?e%trally
indicative of an HANM in the associated region of the object. To improve the
specificity and sensitivity of the conclusion that HANM is present, embodiments of
the invention analyze different types of resultant pixel groupings, in different ways.
A grouping may be formed about each suspect resultant pixe! (a resuitant pixel that
meets the test criterion), or a plurality of groupings may be formed to encompass all
pixels in an array. Multiple tests may be conducted.
[6017] In accordance with an embodiment of the invention, a method of
examining contents of an object is disclosed comprising scanning first portions of the
object with a first radiation beam at a first energy and detecting first radiation after
interaction of the first radiation beam with the first portions. The method further
comprises scanning second portions of the object with a second radiation beam and
detecting second radiation after interaction of the second radiation beam with the

second portions. The method continues by calcuiating first functions of the radiation

detected at the first and second energies for corresponding first and second pixels and



detected at the first and second energies for corresponding first and second
pi xel s and 6 grouping first functions of a plurality of correspondi ng

pi xels into at | east one group. The method further conprises calculating a
second function based on the first functions of at |east certain of the
plurality of pixels in the at |east one group and determ ning whether the
obj ect at feast potentially contains material having a high atom c nunber
greater than a predeterm ned atom c¢ nunber, based, at least in part, on the
second function ﬁﬁ% h a

rel ated enbodi rre%toublggrﬁgsml 9%% OPEP ur%tygpco"L%g lﬁcl)sﬁ ﬁtg)(r?#% ecti}’%uij

di scl osed conpri %ngn@cvénfurthg @mm@p e;elpulwnghi fdcomt ﬁanf@pnsb@%dn theafitsat i on

beans at first a gﬁqm)rl ses

detecting first gﬂlaﬁﬁlg%g%d raé%atﬁf%fntﬁiéplgﬁg%%ftpegﬁ 'E?%Egﬂea%hnggﬁhect at the

first and secondetemuning abetherithe phiechaidieashpgientialin ¢ontains rwer@hmmgaﬂt highy ratios
between functi 0n§ﬁm<?J nuHB% ka&?&hahﬂg e@é&r&ﬂeéﬁ%icﬂﬂﬁﬁér%&d% 1daliGn Ea?tc&ﬂd

radi ati on for eac pairs o correspondl ng first and
second pi xel s an@@?“@ﬂ@ ﬁ:gctzqq@frhegtrj@eﬁtqnvgrwrau 0S in an array conprising rows
and col ums corr gg@gndi ng 14 Qedofinde &SitH § AMitedPbniSdfinent NE mellBd dexaidil:{aﬁéﬂer

conpri ses conparing the respective ratios with a threshol d that is

function of a pré ‘T“é“rorﬁaﬂéﬂeﬁfﬁﬂﬁclf’s"ﬁllfﬁﬁ%‘fs‘“éﬁﬁ‘“%‘% gLegeh Wik ﬁst%{'é‘tseCB%

exam nat i (r)]n W Rmusmﬁaams Sl fiYek and Rlcoidahdrgiys, sa‘abmwsrh haﬂdtha@m:tmb Sofpriseespect i ve
rati os. The net ontinu tern niny t her t obj ect. at ] east
potentially cont §F tpedin ’f%rap‘gls“°¥pa?§‘ﬁﬁ°“aﬁ‘?"§?’g%'%§mr é‘?‘feé‘]t@? ﬁfsﬁﬁli‘iJ t he

pr eget erm neg at estbsd énfdfg&sr Thémedlod hén coh@msd byl dalcﬁlaﬁ]gg raﬂd% B&h@&t’lﬂﬁhcti%ns

pr edet er mi ned nu r of respectjye ratios in each of the at east pne

exam nation wi ndngg' r@é%ﬁ%o'&f“?‘{ é?‘it’B’t’F fiterserand padiatiop foriepch of aplurdlity of 1 at i os
and the threshol dairslcﬁ‘c@ﬁ&ﬁﬁnﬂtng%ﬁ@ncﬁseﬁnﬂ@@&eﬁhﬁﬂ ﬂ&%gﬁhﬂ‘fb@ﬁeetnib&&ﬂo@ln amn
accordance with another re contents

oo o et | o RS Ptk P e ol Sl SipsePadl B0 he TeoniEi R, O 01 O
det ect ed, rati osmathed cﬁatheud:omtpesbsa:ndpazmgrpﬂnﬂdedm atibhwals hdhrekholashaahcwe The

et hod CONT nUeS it APk AL Bhic il 8 SULLAR Rh e a2 1 10 2

function of the 170S Ion with the
t hreshol d. The mdh'@dorhmsndgerphuairtpoﬁrs\&sande@lmnm qfirasgecvmmsr Théwsetbdl ect at

| east potenti al | éonglgﬁgsadgnécltjc#gﬂ nﬁr%ﬁlhe-hfﬂ“o@ﬁgaa‘? 1&Et°éﬂt&1tn£im§{mn9rn%?etr§r t han

the predetermned ato n the conpari son
of the function bi#vinghe atemicowmbér Efwrghaoulm mgdetmolncmetomiwlem bhsed, @0201 I n

accordance W th @Q@tnhﬁﬁ‘t, BI?lvﬁét&qaﬁgméﬁnm@@ﬁumbar @f%@d@vé Rios in each of the at

least one examination windows meeting criterion with respect to the respective ratios

and the threshold, is greater than a predetermined number.

[0019] In accordance with another related embodiment, a method of
examining contents of an object is disclosed wherein an object is also scanned,
radiation is detected, ratios are calculated and compared to a threshold, as above. The
method continues by grouping a plurality of resultant pixels, calculating a function of
the ratios of the grouping, and comparing the function with the threshold. The
method further comprises determining whether the object at least potentially contains
material having an atomic number greater than the predetermined atomic number
based, at least in part, on the comparison of the function of the ratios of the grouping
to the threshold. '
[0020] In accordance with another related embodiment, a system for
examining contents of an object is disclosed comprising at least one radiation source

to scan at least a portion of an object with first and second radiation beams at first and



exam ning contents of an object is disclosed conprising at |east one

radi ati on source to scan at |least a portion of an object with first and
second radi ation beans at first and 7 second radiation energies. At |east
one detector is positioned to detect radiation at the first and second
radi ation energies after interaction with the object. At |east one
processor is coupled to the detector. The at | east one processor is
programmed to calculate first functions of the radiation detected at the
first and second energies, for. corresponding first and secopd. Ei xels, group
first functions &Fond rpfigfionenergies it leayopedetsionis pysifangd fodefefradiation pdlgst  one
group, and cal cufiat gndBses@RIOAMatkdaN kiR afdr ihtB@ctiohi Witk the WBREH ORSleat ohidhe
plurality of pixels in.the a% Ie[\]ast one ,&\rﬁougﬁ. The at |east one 8‘$rocessor
is further progr BRFEPT A HRIR FodhR dGHio HEE 4 Frast OBF BIOFCSKYr it BRERMESY St al | y
cont ai ns hi gh at cafdutatenfirabfasctiond @rtheadadikitive i dagetedhat alieofirstcand wedbed ergrgéeatfer t han a
predeterm ned atom c nunmb based t least in r on the second function
of the at IeastCoéﬁépoaﬁ%g{mlﬁgﬂdfm%i Hlé(gls’t frath esﬁttlt"' HoR iogna S@raﬁ B(e(){)resence
of nucl ear nat er iadespondihg piselo iradbhideast o grdup, owd chlenibtc lacsecomt durictidn) ofitle of very

hi gh concern, it | d. be dvant. us,t.o . conduct t i fically
desi gned for thi %“%‘P %5’ Se,c'f i%? pg’%lllgg(gi?pl’fegs' t e’lar%g‘fagta(fngsgquﬁatﬁgggiege%g%mt eri al
is at | east potepmbeeaiorys forties erugraminred de daergisna ohethir the objeadahleast pagntielly of t he

i nvention, the péo%g%crﬁ 0 bioflR] ANkt Qﬁ%ﬁf%nﬁf‘% ChiomfARThELY Rharer Siih{d C1eNtly
hi gh energi es may be u:s%d to determne If a ruclear material 1s contained
wi t hi n t he obj ecpredetamingdptomistrivphentiage, ab frest ot Pavp e the seqosd Bnetion 9§tg aher ei n,
or other tests. JfgndPi@lpear material may be a Special Nuclear Mterial
("SNM'), which is currently defined ?b#/ the U S. Nucl ear Regul at or_){

Conmi ssion to i nP¥de pl ubiBén dhg ideshbisatiomotsthe preseRFa Tty MPLRY | BHEH!S n t he

| sot opes urani Unggdechable, $icMBi SHT¥efle - mdtdtial) OB Cofe¥High cOReAY 8d wagMdibeOn
detection may be conducted if first test at least _potentially identifies

a i _ ,
the presence of YaHpeRmes 1P Gondgt 3 festspecificalbndasionsd e diopyiease-dhd §E et of the

invention, a net{gidatey thalemFhinkEridl QN beRAsS piEntANy PRE@E! Th Scddtdasdeosiad
conpri sing conduct i n[g a first A exam @atl on of ect and checking for the

. eXe an obj
detection of del 9HE" #BEH PHHE, inyeptiqny, the prosence OEQ‘g‘W’ AETUORS PHFGiSEARRIBE 2% hat

suspect mat eri al suffcigatl@ figh knergibemavetevad tb detirhate if £ARRa datSridl Gtoahithe Ng
i nucl. ear,

whet her the object .cant gL ns . L T8 eri aclr based dastusl e ste.i n_ part, on
the check for deVBuT Sro0Er 4 PARE Mt oifcr oo o3 dprussed e fe a8l ¢
anot her enbodi neteits. 0Thd e ldanmedtidl iy ba anSpedigidN@lear BaARINGFSMCORhREsS of an
object is discl Ocsu?rgntFyo e urleidsl;ynt e B%t L&a?k@&lé’t‘@r? ng%gnisas{c]m to include piutonium,
uranium-233, or uranium enriched in the isotopes uranium-233 or uranium-235. In
one example, delayed neutron detection may be conducted if a first test at least
potentially identifies the presence of an HANM.
[0022] In accordance with another embodiment of the invention, a method of
cxamining contents of an object is disclosed comprising conducting a first
examination of an object and checking for the detection of delayed neutrons, if the
first examination indicates that suspect material is present. The method further
comprises determining whether the object contains nuclear material based, at least in
part, on the check for detection of delayed neutrons.
{0023) In accordance with another embodiment of the invention, a method of
examining contents of an object is disclosed comprising determining whether an
object at least potentially contains material having an atomic number greater than a
predetermined number and, if so, determining whether the object contains nuclear

material.



object at |east potentially contains material having an atom c nunber
greater than a predeterm ned nunber and, if so, determ ning whether the
obj ect contains nuclear naterial. 8 [00241 I n accordance w th anot her
enbodi ment of the invention, a systemfor exam ning contents of an object
is disclosed conprising at |east one radiation source, a first detector to
detect radiation fromthe at | east one source after interaction wwth the
obj ect, and a second detector to detect neutrons. The system further

conprises at | egggaqpne pn&s&s.%@ﬁcewahmrk.ﬁbadh&nf b B¢ indéHloS AGHRGh fdet ect ors.
The processor is programed to process data fromthe first detector to

determne if the S¥HBEE "%IF"“FSé%ﬁt" objgss iseisclogad| comprasingat frast SisdiBON AN | al and

process data from fhteieordtieldet BGLRh fom thél &t BRSO ARR intdri@oPRjteCt
cont ai ns nucl ear materi al [ 00251 In accordance with anot her enbodi nent of

the invention, Eey’ab!eéh?‘?do"’r Scc%‘ﬁé’ﬁ‘FﬁP‘rf@ detesh PSS Jhe SYstegLUERS CPePriges2t| osed
conpri sing rreans €0 o&cmd@g caipleldeta&he iﬁrst R E.dc@:ﬂi @dtectts. OlThe ptocatorfis r st and

second radi ati on ene t he rst radi tlon is different
than the second rpé‘@faé'g'i‘ gﬁ"@'ﬁ?& gata ¥ 'E;flgfté'Fﬁe‘ft?frt? gipry B'ie tale®hs for
det ecting radi at iporntpiiigtcomsing tuspdee mbietisl tand pbese dara drofraithe atdond) Sgtecsdr t@r

i nteraction vmththeo Ling neutrons. Means for

detec
determ ni ng vvhet tcrm"t“h e@ﬁf%’cf’g’gﬁtC?néaé'?tn"%%?f@ﬁtﬁ'm |y contains materi al
havi ng an at om c [M2&per gmmbﬁnncémnamt}madleﬁemdmﬁfaﬂemt/mm arsyutdueﬂbr based,
at least in part, _on the r at.the fir &f and s

energies by the fe F%T'“%%?"éengs ?a" fc’)béecéfsgigelﬁ?eg\?? cfmgﬂ%ns gr SC?%'}PFaﬁS% corrpri ses

means for det er nipnitiog ofvvedtier attfhe anbjeeat rmctmibmemgmuwhaan therfadt eadiagibn based,

at least in part, pé@eg%ﬁer o G5 Vg nseionﬁ"x@l Lalg‘gn ;{%“r;%?”drth%&sgeﬁﬁ ?Lrtger]cr%%égs]es The term

"radi ati on energy o an arac - iation
beam The char actmespiss far cdetpgingh endiatien @M@l@yﬁtethﬁpﬁmt rand otecqund atediatinas, gaften f the

beam for exanpl gyerdfin R\@tﬂ'tlﬁ:tdb?& %ﬁ‘ﬁeﬁb(s Mt@ﬂn@%eﬁtﬁn@rh&&s%} detéflift
nom nal val ue of the ener beam O her characterizations o the

energy of the beafbetherathe Bb)e‘ﬂsaédFaS"aF@tWéﬂ"lY comping MaoEal hayipe iap ALogHC PHERDCDr awi ngs

(0027] Fig. is | SyredtefihdRh pRidetBRimd AR Mumbaf batséda'QtSI'ElsH il Sftakddhept 9 MeV
and 5 MeV as a function ofp transmtted radi ati on at V, for a variety of

materials; (0028pteqtsdyt the fistsand ircond engrefes by ths) fisst d@‘iectpraﬁ 59 pevided-afbidri t t ed
radiation at 9 Meytent Rlsé camsiRbs heMs rf@@he&hmﬁmg aiheéemv,obﬁarc@u@ms dudiaece of

dj t t f | ead 291 Fi h f
Ir égpegejn,?gflnve gfﬂﬂfegﬂ L@.gecedgqi legfe?ﬂﬂag.[ ata recewecpﬁ‘om t%e %ecgl\{\c/isdetelct\(/)re curves

[0026] The term “radiation energy” refers to an energy characteristic of the
radiation beam. The characteristic may be the energy endpoint or peak energy of the
beam, for example. The radiation energy may also refer to an average or nominal
value of the energy of the beam. Other characterizations of the energy of the beam

may be used, as well.

Brief Description of the Drawings

(0027] Fig. 1a is a graph of measurements of transmitted radiation at 9 MeV
and 5 MeV as a function of transmitted radiation at ¢ MeV, for a variety of materials;
{0028] Fig. 1b shows a surface plot of ratios of transmitted radiation at 9 MeV
to transmitted radiation at S MeV, through a piece of iron adjacent to a piece of iead;
[0029] Fig. lc shows five curves representative of ratios of simulated
measurements of transmitted radiation at 9 MeV to 5MeV as a function of

transmitted radiation at 9 MeV, through identified materials;



measurenents of transmtted radiation at 9 MeV to 5 MeV as a function of
transmtted radiation at 9 MeV, through identified materials; 9 [0030] Fig.
2 is a schematic representation of an exanple of a portion of an X-ray

i mge of a cargo conveyance; [0031] Fig. 3 is an exanple of an array of
values of X-ray radiation of 9 MeV transmtted through a portion of a cargo
conveyance, at a plurality of pixels; 100321 Fig. 4 is an exanple of an
array of values of X-ray radiation of 5 MeV transmtted through the portion

of the cargo conygsance Ofridhds a SohefhticGremésetatlonlof a® bxanipleStaSpontlod@8a Fig. 5
is an exanple of _.an array_of transm ssion ratios ("TRs") for a group of

resul tant pixel s XoR¥HtREGAT § FAEBOOPEYAedi ati on measured in Figs. 3 and 4, in
accordance w th aguagpbodi FeNt i ekdifplé a8 BirkyTvalb@B3 Klral rdiatibibofi9Mev f | ow
chart of an exanple of a nethod for _calculating TRs for use in enbodi ments
of the inventi onsguited thipyeh 2 nepion ef acatep gopveyrars: atgpluafl %ud"}‘ﬁ?fsé of a net hod
to adj ust det ect ¢gh32y adi atFigDR i dAreRrille & afl GRSLLIVEIPEsVT XOtay BudialicFBEes NagW

background; 100361 Fi.g. [ bar, chart of the m ni mym nunber, of | pw TR
pi xel s required "PH™ itévég%’at%f' pP"H‘"l8‘?@}6Ga’$°aF‘§‘é°y&P°3rm2eatfaoﬂlmﬂl§¥|° us sizes

of exam nation wphidews and various standard deviations, in an enbodi nent of

the invention; 1 1 Fig,.8.is aflo hart of..an exanpl e of..a%
"exam nation w n%@?vz est, T8 P 5%‘(’:"3}“8%\,@28“ R R T Y TR tn%g . 7
[0038] Fig. 9 isgmuplobwsdhaat pixedf basel eaxtber¥irey miiationmedahoel! indiigspd end 4iimg an

out put of an exa%cg%jlcg&%qm%b&ﬂg&@%fﬁﬁeinile s@ccordance with enbodi nents of

the invention, : “1s a flow chartf of an exanple of a
"contiguity test [0034lh acdix Gaisadion chart afant dyemple aboaiethehfor edlculdtog TRy ent i on;

[0040] Fig. 11 i§,8 @%aPifeRdordl ifVehd¥: ©f TRs for a group of pixels
representing a portion of a cargo contai her, for use in enbodi nents of the

invention; [00410038)i g. 1Zig &b is & flowckartafen gkample eheampthed iofadiyst detgeted x t est, "
| n accordance ifdhibliGrRIPRMnIERLioRlr ofiibhee b backBOfid] Fi 0. 1315 a flow
chart of an exanple of a nethod for cal culfating "thresholds, in accordance
with an enbodi mef03k t he FignV isritbapehart pitbe minimyrgy number pEloy TR pivglsapaied of an
exanmpl e of a nmet ppdhk@ra 5&1199bd Ale Marm rate for various sizes of examination windows and

various standard deviations, in an embodiment of the invention;

{0037} Fig. 8 is a flow chart of an example of an “examination window test,”

in accordance with the embodiment of Fig. 7;

[0038] Fig. 9 is a flow chart of an example of a method for providing an

output of an examination to an operator, in accordance with embodiments of the

invention;

[0039] Fig. 10 is a flow chart of an example of a “contiguity test,” in

accordance with another embodiment of the invention; ‘

[0040] Fig. 11 is an example of an array of TRs for a group of pixels

representing a portion of a cargo container, for use in embodiments of the invention;

[0041] Fig. 12 is a flow chart of an example of a “matrix test,” in accordance

with the embodiment of Fig. 11;

[0042] Fig. 13 is a flow chart of an example of a method for calculating

thresholds, in accordance with an embodiment of the invention;

[0043] Fig. 14 is a flow chart of an example of a method for selecting a

threshold based on the contents of a cargo conveyance, in accordance with another

embodiment of the invention;
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t hreshol d based on the contents of a cargo conveyance, in accordance with
anot her enbodi nent of the invention; 10 (0044] Fig. 15a is an exanple of a
nmet hod for exam ning an object for the presence of nuclear materials, in
accordance wi th another enbodi nrent of the invention; [0045] Fig. 15b is an
exanpl e of another nethod for exam ning an object for the presence of

nucl ear material, in accordance wth another enbodi nent of the invention;
[0046] Fig. 16 is a front view of a cargo scanning system programred to

ot erent enbodi Al of. ERCbY SHLLAM: JA% Ao BerahliloaR 20 ¥ Y OF 2

portion of a car canni ng s

showi ng two adj apestces ofi rrmésarorhatéﬁallsayn ragabrdabdeowith [@G&&] elfbalimeh8 Of sthea
schemati c, perspect tn\éﬁ" view of another X-ray scanning systemthat may

i npl ement enbodi nent's "of the invention; and [0049] Fig. 19 is a rear view of
t he system of Fi {043]8. DEmcrﬁbpi iromample phanoerhethdeldr Sntaindigraarabiscf050) | n

accordance w th Q;EJE@ rHfshu tT;a erlap vlf? QI:doﬁﬁnceaWIftHJ ngtﬁe?’ Qm‘BI)dl;r\Qﬁ of the

transm ssi on or attenuatlon 0 |at|on through an object at two different
energies i s useivemsionl assify the object or itens or regions within the

obj ect as a i Gk © PGS THANAY of § DM ibDLbnTRtgafimes ! 2t

material or shielding for such materi al The function may be a ratio. The
rati o or other sumkemmhmwwenﬁyf%mvwﬁmar ed to the sanme function of

transmission or glygnuati pg @flsﬁaﬂlv&w@@pa&.o&mﬁ?gmcanhm?s@wmmmt hrough a

test material of known atom ¢ nunber. Material ma assified as HANM i f
it has a higher Hearie® ¢ffigdd shoyans aadipcsaisoyreas @F KArY radigliPni est  material nay

be any material yjo4dy an aF@msclsrquﬂaﬁauke&ssp&dﬁa@ vieheofaztr@ﬂibﬁxf}wmﬁﬁni@f a

mat erial of concern. The test nater.i raon r exanple. The object
my be a cargo SONT(AARE mAlepent Mﬁ“@“tsﬁ E%’“V‘inﬂo‘ia rdance with

enbodi nents of t [o849]i nvenanonxsiheMﬁnhasmmmoﬁFlgmy be made to a desired
degree of statistical confi Qnce. I[qu L9 Eh 45 aang tom c nunber ("Z") of
26. Since typical itenms in a iron and ot her
materials with atonm c nunbers |ess than iron, the presence of any materi al
having an at oni c[8fber glezscerdanch sith iembedimentssefethe givention, 3 functios of Her ef or e

sufficient to scipgRRistion of iAo bARMbn ttRRA bl YjQ8 al (6 dBRSdnl GRS is
used to classify the object or items or regions within the object as a high atomic
number material (“HANM?”), which may be a nuclear material or shielding for such
material. The function may be a ratic, The ratio or other such function may be
compared to the same function of transmission or attenuation of radiation at the same
two energies through a test material of known atomic number. Material may be
classified as HANM if it has a higher atomic number than the test material. The test
material may be any material with an atomic number less than the atomic number of a
material of concern. The test material may be iron, for example. The object may be a
cargo conveyance, for example. Also, in accordance with embodiments of the
invention, the determination may be made to a desired degree of statistical
confidence.
[0051] Iron has an atomic number (“Z”) of 26. Since typical items in a cargo
conveyance comprise iron and other materials with atomic numbers less than iron, the
presence of any material having an atomic number greater than iron is suspicious. It
is therefore sufficient to screen for HANMs, without identifying the particular
material (although that is an option). While some HANM may not be nuclear
materials, non-nuclear HANMs, such as lead (Pb, Z=82), tungsten (W, Z=74), and

11



material (although that is an option). Wile some HANM nay not be nucl ear
mat eri al s, non-nucl ear HANMs, such as |lead (Pb, Z=82), tungsten (W Z=74),
and 11 bismuth (Bi, Z=83) nay be used to shield nuclear materials, and are,
therefore, also suspect materials. The presence of legitinmate HANMs in

cargo conveyances and the |ike is rare, and when they are present, they
shoul d be identified on a manifest for the cargo conveyance. Silver (Ag,
Z=47), for exanple, has nedical, industrial, and photographic uses. If

silver is being 8 Jn@tﬂzg ?%3%%@% u?e@t& kl‘ﬁgﬂ fucth ?leﬁatelli%)éﬁﬁi)ﬁi‘l‘:chggforc' 4 nt' fied

on the manifest. uclear materia stingui shed from
ot her HANM by t hetspect materdals. sﬁaemrpgeramlflmapﬁétsﬂﬁﬂlvbnn PargrueonvegaReek g dhet he

meni f est and vi gHal Ly i LIS it [ hoROS: i@dntitifforc R8P Ry aNCe My
t hereby avoid ﬁentgl ?’gg{s?%%th%} rﬁﬂes ttﬁ%s a nulclnelar ?rat eri gl decr easi ng

the inci dence of cdrgd senveysoesi t Sifes (Ag @65’2) fUT GXMH% ragdical fagustriale ands of
transm ssion thr ?ﬁ%ﬁhfnflﬁ&e Nk s:W ﬁrHel% §h1ﬁn[ﬁ3 5H e legitna® N8t SRouiNRD| es

classification o terials as es of 1ron, |lead, Lucite, and
tungst en were scideniigd @ e mandfest |I%Fﬂdﬂ@&rf§’°1hﬁﬂ%'ah’@i‘ﬁ beaslistinguished fem’ of 9 Mev

(measured hal f vahslaiARMey thei dﬂ'slr)usé}konlﬁnd MERE T andmIge. C@eclﬂﬁgjth5 mbdiiést (HVL
1.04 inches, 2.64 cm. The radl ation eam provi ded atron(r)
linear accel er at &1 Vistgly InsRsriineranJrraydmpes,pf \f%(ﬂ‘“@%‘il""@ﬁ&“@ﬁé“ g‘ﬁ‘@ y a"ﬁ‘@l o Alto,
California, thaldemiiRationtofiie HARNMeds abhubledyRnatenialg] dékrdasive e 1H'd’k&nd\é&>frfa§e be

swi tched from one Lner gy endpoi nt to another energy endpoint. Each sanple

was scanned at oR¥™®fergy end point, data was collected, and then the
sanpl e was scannmﬂsat theTsemﬂtrzﬂerlfhﬁtg;tios Qﬂdﬂﬁhﬁﬁo@fh@bt@hﬂﬁfeﬁ&Smﬂa‘ialseCt ed.

Radi ation transmtt. throu. sanpl e S . detec y a . Paxscan(r) 4030

Gadoti ni um o doet ey SEPRET FRBEDS BB P gL PR M S S e

posi tioned al onglead, hené, zad tuagsteh w&f'e scdmpedswith radiation Ibeane acing fetmioa epeogitsi on  of

ot e on "o VLS S b b 3 LY B S AL BB 02,

at 1.5 franes pe(HVIse(i‘t)nnclhe(s"fac ficn). Thoradiativn béard whvibodd¢dcbyamdd? Binttroo®, t he

source was run at. t t f mages
Fnggﬁfé?&?tmaM 16%{;@?;92%&% I\?Jdl rgp I, Pglo AH&) C«':-IIHP d‘h )

were sunmed over rames iron, |ead, lucite of
varyi ng thi cknesthelswasesetto rumdt 8.5 §eX| ang 4;5|M@édTbeMR/etm Wl@bﬁdrft@ emd t he

detector. The di El{eﬁgz%ﬁﬁpomﬂo%mﬁgﬁseﬁé énﬁgsﬁtt EQch'st@l: Uaﬂ gﬂﬂk‘ Bie

transni ssi on. For sanpl'e wer e qwre tore |n Vi v
format. Each i magnd ppins datervyea colieeted. tand @mtheeannplwaweanetct@rthe saeond energyor m ti es,

and stored. In aggpdihOhd HEMWILHIOkedd! RABHS raddRERE RbSEhVRER sdlpRCRL
detected by a Paxscan® 4030 gadolinium oxide (GdO) scintillator about two meters
from the source, positioned along a central axis of the source. The electronics portion
of the detector was covered by lead. For the 8.5 MeV data acquisition, the detector
was run at 300 pulses per second (“pps”) and the detector was run at 1.5 frames per
second (“fps™). For the 4.5 MeV data acquisition, the source was run at 200 pps and
the detector was run at 3 fps. The images were summed over 128 frames.
[0053] Samples of the iron, lead, and lucite of varying thicknesses were
individually placed between the source and the detector. The different thicknesses
resulted in different amounts of transmission. For each sample, two images were
acquired and stored in .viv format. Each image was normalized to correct for detector
non-uniformities, and stored. In addition, samples of different materials were placed
next to each other. For example, tungsten and iron were separately placed next to

lead. Also, samples of multiple materials were placed one behind another, along the
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next to each other. For exanple, tungsten and iron were separately placed
next to l|ead. Also, sanples of multiple materials were placed one behind
anot her, along the 12 direction of the beam For exanple, tungsten and | ead
were separately placed behind iron. 100541 Each i nage was processed by

| mage!, inmage processing and analysis in Java, a freeware program avail abl e
fromthe National Institutes of Health at http://rsb.info.nih.gov/ij/, for
exanple. O her inmage processing software known in the art could be used, as

well. A histogramao | S .0 i.ned at a
fixed I ocation |ﬂre§é6h°r}%ffab§gmaﬁﬂr e{*?{gpﬁg aginﬁdéetagﬁ'a'gr gpaﬁa\gé\a/}?’ Blf"fcgtr?e%é‘?det he

data col |l ected fir@am the region of interest were recorded. In sone cases,

when two differ materials were placed next to each oth r ns of
interest had to @@gﬂhosenbﬁ%ﬂm?‘%“@smﬁ%&s Je%’?g% agerrﬁmgesmgé'ﬁlg a%%k?espondl ng
| ocati ons of t heinshnplae frecveann eobgmin avadabie Gomerthd ébtmmt dnstigtes of Hiealdlf afr e,
exactly the sane o} [ ARG broc &SRR s ald ok Pl ON to be
at | east very cl%éﬁhéb @%E@f@mq@%ﬁﬁe té}gér{slm <& on 1 E each ?mage was
conput ed by di vumqg:lcbbe pried.tasgyedlm Arbisiogram affikee tegipy ef w}erﬁt Bl & B¥eResnean of
an image at the SR Fg nocvyh&mléaqhtdnggc%mk Frehf £38Bhdard GrRbTTAZE the
imge. Aratio o e energy transm ssions at 8. V were then
cal cul ated and r@%xvcdlle@ed fm’e thet reginms of insregivese TCSOFQCQVE’V swas C@P%O"hﬁéf!@rded

(0056] The resul &1&6@&%&4?‘3%&%14:0&9113:({@’eacmthgh rc'gﬁm@ofgﬁt@ﬂeﬁ hod totbgghd§@|t io of
the transnm ssion of a radiation beam havi ng a nom nal energg MeV to

the transm ssi of¥ iepd.dnsteadplyi agnacke dibe Berernegdiag leeatippsaf thefamp S“aneﬁa% MeV,

along the Y axigoth U&Féé&&v&r@ﬁott tha8fmd, S@k®thabtani. S\ M2Mionah@&br i BnaY¥esaxi s. The
X axis is sem-lo gui de to the eye connecting

a
cal cul ated rati o‘?‘agf‘{thﬂp ‘i‘tﬁ’f‘é%'f”ttfééﬁﬁwg'g’?eons whi ch correspond to different
thi cknesses of tfoessganpl e'rhefmrgyltmmlssﬁurfaeaa mgmecstcs)mpaﬂwuy diviRlthgraat i os at
different transm.ssions for connects .cal aEttated rati os at

different transntSR§GRMepppf hﬁd‘?‘?gé%lﬂoti'ﬂ?g'@ o\ apmage e sapg e0tay o next
to tungsten. Poiwithdat SiROwEngld @rosaitl @ hemalizeatle rigxge. t QA irhn of Miod aderdy shows

the ratio for transm ssio g nche f sten behind
3 inches (76.2 nHPBFsIPE ‘ﬂ g%éf# Q’e}%?ﬁi W?rf‘l a‘f““la?’g) "% 'gcl%ghegh(% 1 mm)
of tungsten behirangnsiona BSMEV Gaulsomconitd.i ron in a different image. Point H

shows the rati Oﬁﬂﬁ%e?’ ' nﬁQ T suqtzgre%hm in, ng.ll_.?;?ﬂ\i@gph%ga\%ﬁgoo h‘ﬁﬁ) oqfthe' ron

(76.2 mm . (0057 curves and polnts i separati on
bet ween transmission of a radiation beam having a nominal energy of 9 MeV to the

transmission of a radiation beam having a nominal energy of 4.5 MeV, along the Y
axis, versus the transmission at 8.5 MeV, along the X axis. The X axis is
semi-logarithmic. Curve A is a guide to the eye connecting calculated ratios at
different transmissions, which correspond to different thicknesses of the sample, for
iron. Curve B connects calculated ratios at different transmissions for lead. Curve C
connects calculated ratios at different transmissions for lucite. Point D shows the
ratio for iron next to tungsten. Point E shows the ratio for lead next to iron. Point F
shows the ratio for transmission through 1.5 inches (38.1 mm) of tungsten behind
3 inches {76.2 mm} of iron. Point G shows the ratio for 1.5 inches (38.]1 mm) of
tungsten behind 3 inches (76.2 mm) of iron in a different image. Point H shows the
ratio for 3 inches (76.2 mm) of lead behind 3 inches of iron (76.2 mm).

[8057] The curves and points in Fig. la show good separation between
materials at low transmission (high attenuation). Iron, lead, and lucite may be clearly
distinguished at transmissions of about 0.1 and less, as can tungsten and lead behind

iron. In addition, the position of the curves with respect to each other shows that the
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materials at |ow transm ssion (high attenuation). Iron, lead, and lucite may
be clearly distinguished at transm ssions of about 0.1 and | ess, as can
tungsten and | ead behind iron. In addition, the position of the curves with
respect to each other shows that the 13 ratios for materials decrease as
the atom c nunber increases, in this exanple. Materials may therefore be
classified as HANM based on the ratios for each material and conparison to
a respective ratio to a ratio of iron, for exanple. It is noted that the
curves converge C SYRE 1 ssi;,qn =l) | che, ation
could probably gmhgggbﬁ%ﬁ%%dgggg%%ﬁgg ?&Qﬁgﬁﬁ%é}gﬁg&%ge@smgtééﬁ@%tions),
as wel |, if a grMatedsls may thorforobe qiisaificsias HyNM Hesedon el ratinsl for hechenategial] ess
scatter, in an ogtsi.gi : : | @: | G i surface
plot of a ratio ?ﬁgggﬁﬁg?a%gkgﬁ%gﬁgﬁyggﬁgﬁgéfHm%gggﬁégﬁ%gt?bg%%%?ggion at
4.5 MeV, throughcuves gemierge (aF Gomplate)trapsmission dK=1)i is @pproachedl. adeparetiorocoplds i nches
(38.1 M) of le i f . I : : e sm ssion
was the sane throabagyt?f&(:a E@%?eél:}li ggﬁgéﬁgﬂs%ﬁ (qéégﬁent% ghggn%sg‘%emigagﬁgf} of
steel (iron) andnysiher ¢farhongydre detectddrpnd thereds leprascatist, ip ameptingrpd sgttamg|for( j r on)
and | ead have abgubiet he sane energy transm ssion at 8.5 MeV, as neasured by
the detector. The ratios_are significantly different. The roughness in each
surface i s due t@%% ati stfigalb isvhpiries sles 0%(?1 HReiMags PHVATLAFRREM 2 The two
lr)mt erial s Ry bg&fj SR dto)/trdiilislﬁis%}gh&i $.thﬁfév, lﬂﬂ&éﬂ%ﬁn&hbﬁi(’fq.zrrﬁ?ﬂ @ sREIIBHPar ag edcI
y many standar evi ati ons, ere ransm ssjon is | owey, st andar
devi ations wll %C?ﬂéﬁfgég}" T?éwa'?"@ﬁﬁ""l Dgéfeeﬁ ‘B‘é’g‘?esscf B'Qé‘ﬁ‘f‘féﬁ",tgaé nor e
sophi sticated st nbhisdiciwasifiakanse throuloth Mera®ll UiokRA I of HRSMhgel i tahe
experinent described aﬁ;ve, t he source an thf ﬂetector_mere clﬁse
toget her, requi ritsshOmnigndeortions of the image v thatwhicad, Hecteshden) adead fii¥eor ity of
incident radiatibbut thd)saéCinkrgd fransifiddioh @f 8. 9B VN mELEHd By tiRddetbe TRt ect or
efficiency was | ow. FLg“ | c s@gws fH&e curves, de ic%jnq ﬁinulated rati os of
radi ation transnPiPRE SENRGbRIFETRE (D5 ropehesy B Sachiffesei1s A Qolagsikly ¢ o
transm tted energyativhs m e ¥tio aamreniettn Athe ovv BiterialiamBterrgadily danmgnisieded at 9
MeV, based on a ,sinulation wthout thes robl ens. The.detegt,0 Qnpri ses
30 nm cadm umt ubr?éaé' §ate (%3?/\653 .seanlatct%hgy "Eainﬁuﬁmél ?rc(l)n(}cv'gté%nt%t e(rwhv\:/é:s&rg educed,
t he source and ttasmlieti@cis drwenghestdndarti deviatiapawil batager(thb otivs Wil beelosers) as
conpared to the I , : It r er (H20O,
al um num iron, tggetéﬁr%?lﬁﬂé S’g'tr‘%é"‘g‘%ﬁ éa?edasén%ﬁ%?haglfsgyomﬂ\#g regﬁ}rp@/@és are snoot her
than in the test[0889bve, adndhecenpoimene dessritied abeymi the sayrcezand SheMietecionpreases. As
above, at hi gh bt eipb, Whuthe bNGad ABAR eah 2hiB iQRkalds QMY dri@RRTI 51T ON)

there is significan .
incident radiation. In addition, scatter was not reduced and the detector efficiency

was low. Fig. lc shows five curves depicting simulated ratios of radiation transmitted
through five (5) different materials at 9 MeV to transmitted energy at 5 MeV, as a
function of the energy transmitted at 9 MeV, based on a simulation without these
problems. The detector comprises 30 mm cadmium tungstiate (CdW0,). In the
simulation, scatter was reduced, the source and the detector were further apart and
(about 13 meters) as compared to the actual test, above. The materials were water
(H20), aluminum, iron, uranium, and gold, as indicated. The curves are smoother
than in the test above, and converge as transmission at @ MeV increases. As above, at
high attenuation of the incident radiation (low transmission), there is significant
separation among the different materials. The separation, which increases as
transmission decreases (attenuation increases), shows a dependence on atomic

number. In addition, the ratio decreases as the atomic number increases, in this
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separation anong the different materials. The separation, which increases as
transm ssion decreases (attenuation increases), shows a dependence on atomc
nunber. In addition, the ratio decreases as the atom c number increases, in
this 14 exanple. If the ratio was cal cul ated by dividing the | ower energy
by the higher energy, then the ratio would increase as the atom c nunber

i ncreases. [0060) Wthout being limted to any particular theory, it is
believed that the relationship between the ratio and the atom c nunber

results fromthe differ i al. eff ct t catteri n air
production at di f’?&ﬁpgntﬁgﬁ& ﬂf’é‘?s ‘t‘ﬁ“fW@F‘éﬁF"c oﬁ’ﬁﬁﬁlgfgyﬁ%t @F gﬁ%r (such as
al um num (Z=13) afey)dhérethe (ahBQouthr(cha'si:)asthe RoidaBmber ilcaaget.on scattering is

t he dom nant nec sm at ener.gL e such..a cattering
causes the | ow a&gﬁq]c nun%h 1#‘%'8? |l‘g‘ft§ds'{°oa"§8%rfl?“ id ﬂ?°8%e¥'s gcﬁ%?mqp%ahot
such as 5 MeV phmtannshipatemcemﬂghmno pd de hivai turdpr ssEtstfeom megh@rrentldner gy

phot ons. such as. . NeY ANBIANS. D) & LAHSASER ot Ut Lt WwAnGM Lt ed

radi ation for | ow a urrber her
mat eri al s, such atemicsiinber n(M)(Slahohsmhamnu!lm(ZﬂﬁD@)ld voader r(Hfd.ot@€tldon causes

removal Of t he hb?%'-s )? %n%gz?%rg@sm tﬁe%ﬁur[aﬁtdl”&:hﬂﬂshﬂ QQH% lfcl%lcs ! ﬂclﬁgd' tion,

the vari ati on of sensitive to I n-ene
transm ssion, re%MeVi rﬁ?g'mptvnacamremgl opuse$ the lopatareic a@n@n@ﬁgyals tOrsmmo‘ysn on

I ncr eases. [0061éne{% dib@is, shéh ?s”ﬁleeG phbtfms' GO P(gEé?watZTl?a@the%h&'? hige the

hi ghest atomic er anong nmaterial's commonly found in cargo conveyances,
is used as a tes%“efgﬁmheioi‘%alsu‘ﬂb%ﬁ %MGHtI@GfOPSat“ihGé IP‘@@éeSttheaFFt‘PHg trapgmigedof | ron

is indicative of abAfonXcLB@MEmhiOhuntber Im&reausl &br gt A8mR Mub® Waterill¥iRAr gr eat er
than iron. As discussed ahove, typical itens In a cargo convte\égg]c conpri se
iron and ot her n&tSVFais? (i 10 WAHI &9 BaF Brodycla cauRSs femph ggr esence

of any material wietgy pﬁ&oﬁ chm; eedﬁumgaﬂé ragé. eﬁltaﬂﬂltlblhﬂﬁ vlaﬁamn of the rdtiaay ledsor e,
suspi ci ous. [0062 | c al so % energg/ transm ssi on

. and
i ncr eases (becaféﬁ"‘fﬁ’lglg cmﬂ%gr‘{‘ 5‘?@&?&“‘!‘???% 6? t‘“gt"h%“?ff'?’ 8y YRES HEt&Xeen t he
ratios for di fferr@@,hlss.aiaﬁ]ausad s decreases. Wiile Figs. la and Ic show
greater differen betvve ios fa nt el s. and.
subst ances as en@ﬁé@ tran ﬁ“ddé:cffé'é?géé (yfg‘{’) whigh bgse 'Sngfgf’%fﬁftg’)"c itis
noted that as thﬁmeﬁemgyngtmam &ﬁmﬂmygienrsi 1Srtiﬁl|gbebnve§rﬁhmr isphat anstestper pi xel
may be detected. Thi ncrea jn f t asured ratio,
decreasing the a?%terrla 3P % ER TRRT @ﬁs tf’r@tetg %f’ 'B%‘cag‘lv? Pgtﬁceﬁfefcgfeo
Enbodi nents of migerighthedsg tin atoméniindar gemuhan lfrcmr Ahdisapsed \abokat typical
statistically.

items in a cargo conveyance comprise iron and other materials with atomic numbers
less than iron. The presence of any material with an atomic number greater than iron
is, therefore, suspicious.

[0062] Figs. 1a and 1c also show that as the energy transmission increases
(because the materials are thinner), the difference between the ratios for different
materials decreases. While Figs. 1a and lc show greater differences between the
ratios for different elements and substances as energy transmission decreases (for
thicker objects), it is noted that as the energy transmission gets smaller, fewer photons
per pixel may be detected. This may increase the error margin of the measured ratio,
decreasing the accuracy with which materials may be differentiated. Embodiments of
the present invention account for the noisy data, statistically.

[0063] In examples of embodiments of the present invention, the relationship
between the ratio of transmission or attenuation of radiation through a material at two
different energies and the atomic number of the material is used to determine whether

an object at least potentially contains materials having atomic numbers greater than a

15



[0063] In exanples of enbodi ments of the present invention, the relationship
between the ratio of transm ssion or attenuation of radiation through a
material at two different energies and the atom c nunber of the material is
used to determ ne whether an object at |east potentially contains materials
having atom ¢ nunbers greater than a 15 predeterm ned atom ¢ nunber, which
is considered to be a high atom ¢ nunber material ("HANM'). The

predeterm ned atom ¢ nunber is selected so that the HANM may be a nucl ear
mat eri al or shi elpchidetgmfimd aomiv clumber, whickris adnsidfred €l pe lanhign gtoscampbber  an

obj ect is scanne st - tions or
spectra havi ng dq} %‘%Q ?ﬂn%\)%ﬁnume 8%5“%@ vé‘]gm?é éﬁ% ?géigkggéostpgftgérjred to
as endpoints or Wwbgawleaﬁnaﬁpﬂwhlolﬂmeﬁmagyclwwﬁerlﬁut| ons that may be
used include 5 Y/ The
radi ati on trans%tglg t hr g/rﬁyﬁ Jxﬁ éo/lgﬁggf& %{ﬁ éol% %@ﬁftﬁ}éﬁgﬁggy
endpoints is rreamnz)edistbi;uttdmceomtra @V@E’élﬁesntoﬂaxaﬂmcwdﬁveérwhw is fsdi at i on

may al so be detegl a3 é?.«’af;&m? ewen%@%s pe&ample@t)r&{erg*}ed.muh&g%m} ed

through the air jus fore an obj e enters respective. radiation

beam for exanpl &¢ umdrmqj@s 5 MGHGFMIM@aﬂlW andl%Mﬁﬁsl ndx MgH apddS eV

transm ssion is Qi iQARELn trzﬁﬁﬁhtc&‘ﬂir&@ﬁ Rl oBfeQ TR e t@@@ﬁfeb&ﬁﬁenefg?@hcﬂ%ln@ﬂs along a
beam pat h through portions of the object,” fromthe X-ray source to a

det ect or el enent measufAdy é‘E‘F?tWrF“‘o‘fe“‘tsﬁ 2 deiggtonpTagn Rtaﬁ“%ﬁ‘%'rﬁ“iytaésﬂ be dgerFddach beam

path, onto a sukichCGRergl Snd plif drRHbdikY RMsmitteddthiRbh the TANCjuSteforC in HEBRALt
correspond to all or of a rec IVI n surf?itce of the detector array,

whi ch may be fl at™6¥ @ﬁr"\‘iﬂﬁ““?o‘?d% Oy EX4MPIg, P USF iy AEMANZRNOBE, ¢

pi xel may correspohthlizficaNPr Qlr ks ﬁcmbnael amemtds:ecteif elefént dedeped or

array. If an inmage.i.s enerate vxg E &not re wred in
enbodi ments of t KSR B?Ea?eﬁ'?)é’ﬁtf‘ e Pﬂ@‘”ﬁl"ﬁ FhF 'Boﬁ‘ﬁmfo bi xel s of
the image. [ 006%¢tcdorfdenisnt.0R ;ﬁiﬁjectuloe ofl i efdiatidn Itraxckhatddmtnn@tcaﬂh&ahvmthdi fferent

energy endpoints for cor esp elelgs S ixels is u Late
" Cor r espondi ng” °P8F S“rgar?g 5P fes m 3R ?H’F Fﬁcg & A °8§%saﬁ' "Fl ally
t he sane beam pabha tehfnougwrfacemf tlubiewbr antgy, mbieh infag boﬂpten:tcurw@, foypxmlel y being

moved across a r %Qis%bx%‘mbcﬁé”‘m Ailich p&ff-l éa?%ﬁﬁ'é Péhd 1§ B QRhGEE et IRY oRffcAPVEC 2

slight distance between scannin and second energy endpoints.
Cor r espondi ng pi x&ths detegjorpony. If hem@olsgenetﬁecddehwh/@dn bptembutis aotireqpirehe sane

beam path through, énbtfodﬁrﬂeég%fﬁ% ”ﬁ‘v%nt ob" i @Eﬁ?hx;{ Edr%%?}loﬁd ?(L@xclgmﬁé dered to

be "corresponding |ve Beam car
conveyance overl apagby at | east one hal f al though that is not required. For

exanpl e, [0065] A function of the detected radiation at the two different energy
endpoints for corresponding portions or pixels is calculated. “Corresponding”
portions or pixels result from the same or substantially the same beam path through
the object. Since the object is typically being moved across a radiation beam during
scanning, the object may be moved a slight distance between scanning at the first and
second energy endpoints. Corresponding pixels may not, therefore, be derived from
exactly the same beam path through the cargo conveyance. Preferably pixels are
considered to be “corresponding” if their respective beam paths through the cargo
conveyance overlap by at least one-half, although that is not required. For example,
the pixels may overlap by less than half. It will be apparent to those skilled in the art
that in certain cases, such as if less sensitivity and specificity may be tolerated,
corresponding pixels may be proximate to each other (within a few pixels of each

other) and need not overlap.
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the pixels may overlap by less than half It wll be apparent to those
skilled in the art that in certain cases, such as if less sensitivity and
specificity nay be tolerated, corresponding pixels my be proximte to each
other (wwthin a few pixels of each other) and need not overlap. 16 100661
As di scussed above, the function may be a ratio between the radiation
detected at the higher energy endpoint (such as 9 MeV) and the radiation
detected at the |ower energy endpoint (such as 5 MeV), or vice versa, for
exanpl e. Such a i's, [ glerled Lo as rans )

cal cul ate the Téulﬁé\d]one ex S(Tusse &ar%%rﬁl?cflgn m%%a;alhgﬁmg% etg I(é’ tgtn th

hi gher energy entthmtedtat the h(ghmedegy d:ryipcumtanshmﬂ HdV) meidhatadistiondistested &d at a

| ower energy end o) if el Such a5 for the
correspondi ng pi @g?wﬂ %aeng%’ﬂftgéu&}%'sr €5 1%;;%%&9.?%6{,}%3%?1 jﬁus?t apzlﬂéel s, may
be represented ai refmfairtpaiy adrangnission ratio (bﬁ’ﬂuﬁb@ﬁbulefeé‘?ﬂrﬁ%plbﬁ'm rgmple t he
ratios)  associ afanithd il AIsh LORSHiRler ERAN LRI 1o AR Uandidl S

| nst ead of neasurl ng lation transm Ssi on, ation atténuation my be
neasur ed and use@dwpntmecﬁeﬁ@q 2lOWeInPIEY erfdawettfpromelurﬁ‘ew o gorpeseanding gixgle| | . For

exanpl e, an asymgd fot &d&@&ép@hﬁ.@ p.xwr}ef%héarto H@%eéaﬁmﬁﬁgns” SUGH pﬁ@ls% atio
between: 1) the energy detected at a first energy ndpoi nt plus the energy

detected at a seofErEREAgy BNIPYINAE maAy of pumbess @I‘?E?S@?“d“weioe@f &fiogdt t he

first energy endp@ichited it the [36tiGR &I GpQal Ll dlixdd) € S REP BmEREIY
endpoint. In other words, (detected rad| ation at 9 MeV + det ect ed radiation

at 5 MeV) _ ( defadiationdransmipsion, gqiation tepyation. majebeoraeasyied and used [y ihefatiey MeV), or
vi ce-versa. [ 006thtr ﬁiﬂptﬁﬂb(hchym&nﬁs%d ofs Qe F6veRknpRN an tabennldisc pirah@gul t ant

pi xel s are conpared wt e ndfuntlon erial having
t he predeternine “&'QPSWE %&3‘ 3(555?5\9 SRATE ﬁ%ﬁ%?ngwggtgc‘%dsaé g%’&%“e{%r ed to be
HANM . Pot ent i al endpdddd\lay the ietkegyt ddtéced dbasednd atergyeaslpointn aphPXthe arrgphet her
the TRs neet cri i t-h respee 0.the secon The second
function may be %?%ckgégwgﬁigft ¥R e@xporl‘Ptf)lmé""s the eaer%get%c??r&taté#hleosﬁconjle"eﬁé whet her
the TR is above odpde! olu vthe whre JHatotkd ridhmontdnr%ﬂb\‘élﬁdctao}edbad:dtmdneatm ned by

cal cul ating an oyt 098 @l bfiBali MV ALADSINLLRY, s LRVL B [OnR-gt the same

two energy endpoi
i nspection, for W& resul Hnambopnmedssﬁdhe irheltnbeslthe nidkseofi @hultafy| pixglegnl t ant

pixels may be af ﬁ-{?){é@%ﬂ oﬁ& Aot b%d![oﬁ %ﬁegntaééhﬁrhtawﬂé' g?@ga?ed‘é’tfe x‘?‘eﬁ“' ta”t

pi xel s may be analyzed to aracteri ze I ece Y,

average TR i s adjtensic etimbgr @!howerwlegr nihtexials arn@nnaldmégtpeﬂc Hahber Eﬁensalandar d
devi ations of t are [ ARG R10EH BfPERRG: Il IRK maBPehaRA G €T LY. It
is also preferred to ca tet e aver age

respect to the second function. The second function may be a threshold for example,
and the criterion may be whether the TR is above or below the threshold. The
threshold may be determined by calculating an average of the TRs of the transmitted
radiations at the same two energy endpoints as is used by the system to scan an object
under inspection, for the resultant pixels of the test material. All resultant pixels may
be analyzed or a statistically sufficient number of resultant pixels may be analyzed to
characterize the test piece. Preferably, the average TR is adjusted by an integral or
non-integral number of standard deviations of the TRs, to achieve a desired sensitivity
and specificity. It is also preferred to calculate the average TR for different
thicknesses of the test piece. Since transmission varies with thickness, particular
thresholds may thereby be calculated and used for particular transmissions or range of
transmissions detected at each pixel. The transmission at the higher energy endpoint,
here 9 MeV, may be used to select the threshold. The transmission at 5 MeV may be

used, instead.
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t hi cknesses of the test piece. Since transm ssion varies with thickness,
particular thresholds may thereby be cal cul ated and used for particul ar
transm ssions or range of transm ssions detected at each pixel. The
transm ssion at the higher energy endpoint, here 9 MV, may be used to
select the threshold. The transm ssion at 5 MeV may be wused, instead. 17
[0068] Preferably, the test material has an atom c nunber equal to or
greater than the highest atonic nunber of acceptable materials. For

(7260 <" are-or TSR | cul Sretepiv e b e 5o Hreyors Fmhbate) S8l B9t ai ni ng
fi rsﬁs)i onI react Ih Qhed. hThe tHe SHigliest etomed numﬁeheifafcwpablepmeﬂ‘eﬂﬂabl%brm%&nm iat 031 c
nunber | ess than,t I at om, As ti oned abov ea
(7285) .| Cangst S Rbye i eiale, P o treniom ALTY) Al b (G945 e SR T e
thtey maly ?ﬁ US?dndeﬁlhl&balﬂJ: mejtiaﬁitﬁla&"g%b Veif- dﬁ’ft&ﬁhg ﬁlrs]siod\{taaoﬁoms{ afhe kedbhterial,t he test
materi a eref ore has om ¢ nunber | ess a ste iS even nore
preferred that tlfqﬁgorf’e%r?faf?afel?a?&?a@@‘q ‘F‘W?er(lzssé%ﬁ“tﬂ rLFh%tIUrW’E)‘H’ést atonmic
nunber materi as rﬁmﬁaml abofzeguuad (Zdaszq,acﬁ@@teﬁ xaﬂ&eﬁmam zksa;gtaegasd &
significant quantitige &)g ‘ﬁé)esg ni ckel &}a éFR’ ve atom c
nunbers cl ose t8°%HY a‘h“‘ﬁ | TRy beﬂ@e d dipgrEve, Efﬁalcc}}%r@)? blyr ot her
such obj ect CoNkieedimakdal Gttt Bds dara@sMIE husmber Yk ﬁhb!n ﬂagstéiﬁ [HRteREdingRd based
on a mani fest for, the cargo conveyance, for exanp hen a threshol d based

on a test piecdrired thatdhg fest mater b&é"’ﬂﬁzﬁs("fh}"hdﬁ ﬂBe‘T‘E*Pﬁ‘("r‘?““"ﬁ’H’SF $Be used.

Iron, copper, mifdal ccﬂﬁn@ﬂ)hﬁ»hnd%tcﬁfgb@bxﬁeﬁﬂé!ds ed &gg{fg\e@n ﬂgmmhﬁqda@t&@st han the
materials of cancern I’TB.K in the ana SI S O carg conveyances

containing agrqoBRAT (4T “@ffdﬁﬂ@l (Zﬁgs)v/\)@l“fsh ha["%‘B@}c “FH'@"‘ES@W‘P“@P BHels¢onpari son
of the TR of t g uRidXat the kbatgb BéhvEIMMESHUttdr budh obiBEiceRhnY SrrRuInMIPHdREL t he

atom ¢ nunber of the material in the volune of the object traver sed by the
radi ati on beam"Whichdpayhe dgtermyiaedipsedpaa W‘fﬁ%g’rﬂ’&tcé'ng&PnVGYa“%émteé%‘f'P piece. In

the case wher e tfehiQ tilrbhoRl Hafddonladdse Fieddlor o biétd] h6h & MRS oPDelAn®) iy vBNET gy
pi xel by a value of a corresp ondlqr}%g‘gl ow energy pixel, if the TR'is |less

than the thresh&dd, Irgmm &pppes. ackshpr otk matesipls hawae Bgontlmum%ﬁas less B Hheans

resulting in t hoSeaRiofRbcedl mh,ee@hsednﬁtt&%hﬁklb ¥f 6P torBPanBR Bhtadln haV! ng a
hi gher atom c nupber than the material of test piece and is |5ent|f|ed

as at |east a pyihurbgoodpeprelhat erial s bel ow that atonic number are
classified as pggeHANM g résh@oﬁﬁé@oﬂﬁb%cﬁ oraR ﬂ&ﬂtﬁe ﬁﬂél@t&tﬁéﬁ?&sﬁﬁd jgdi vi di ng

the val ue of a_l ow ener‘gl pi xel t he value of a corresponding high energy
pi xel , if the TRiGEvepiogheder ﬂﬁa?ﬁpmlﬁ@umbﬁr ek the materighinrthe pelume p{ihe sbiefaver sed
by the traversed by the radiation beam is above or below that of the material of the test piece.

In the case where the TR is calculated by dividing a value of a high energy pixel by a
value of a corresponding low energy pixel, if the TR is less than the threshold, then
the volumes traversed by the radiation beams resulting in those pixels at least
potentially comprises material having a higher atomic number than the material of the
test piece and is identified as at least a potential HANM. Materials below that atomic
number are classified as non-HANM. In the case where the TR is calculated by
dividing the value of a low energy pixel by the value of a corresponding high energy
pixel, if the TR is greater than the threshold, then the volumes traversed by the
radiation beams resulting in those pixels at least potentially comprise material having
a higher atomic number than the material of the test piece and is identified as at least a
potential HANM. It is noted that in accordance with these embodiments of the
invention, it is not necessary to identify the atomic number of the material, although

that is an option, as is known in the art. U.S. Patent No. 5,524,133, for example,
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radi ati on beans resulting in those pixels at |east potentially conprise

mat eri al having a higher atom c nunber than the material of the test piece
and is identified as at least a potential HANM It is noted that in
accordance with these enbodinents of the invention, it is not necessary to
identify the atom c nunber of the material, although that is an option, as
is knomn in the art. U S. Patent No. 5,524,133, for exanple, 18 which is
di scussed above, describes a dual energy technique for identifying a nean

atom ¢ nunber of terjal based qn ratiq of X-ray radi.ati.on detected at
each energy. [O087g1® 'Sﬁl.’ss?azﬁ’gveaﬁ“’lc 58 dfg BYea eﬂ]cfi'?lqtuf g(ﬁ ‘@?lh g0 "®nveyance
cont ai ni ng an idianic A@bber afimater@fbaéddon aantid of Xlrextadidtiqni detebted atiemblenaigyng
illustrative pix {)‘ﬁ) A, B’Fi 2 i?ﬁn ?n[l]agel { TP&' i@%%Lr @‘cj)dvg nw éoma in&/ item
405, The pi xel Bls |és wi thrn e 1rcem 2&5. AR @ &XEm nat] on W n%o

di scussed in detiteirl 405edndtem 418, aall sedecteth pinels, ilPhding ilivetrasive pikels ApB.Fefisandmy depend
on the size and/Qr pUgRAra s &Gﬁrﬁ&&ﬂém%s‘?”ﬁ{ét e ?rﬁp{ﬁﬁﬁiﬁ'%etigﬁldﬂﬁ[ehﬁmor’
imaging integration tine, etc. The small'est pixel size may correspond to a
singl e detector exhmimativn windayyNbaliscestedde detail belovs|ieplsoshpwn| nThgsige ek lApl e, the

si ze of - each defa! Aty BLRHPHE oAt SR RIrKE of @ieloBeiGints QubriG ml0071L I f

the radiation beamused to scan the cargo conveyance I's a vertical fan
beam Fig. 2 is detspiopdmping intparatin ting et iTheasmadest pixelesiaginpyegofrespongfto adj acent

vertical, —one diRnGiRRRLieRGR R hMhePbf @bStor ddktnls! 18 ohd AhpEARNLRG L he car go
conveyance. |If the radiation beamis a cone beam Fig. 2 1s representative

of one or nore teaeh degEciopplementand eaeheningl 15§-Sameess ¢esul ting from scanning the

cargo conveyancepdfl] [ 0072e HiuiVebddftis@lto it EARSFnldyBibe @ Hiaakivesd det ect ed
at these and other pixels are stored as arrays in rrermée/ of a scapning

system for proce@spsigs Big- s rppreserialive pf a eqmbipatith of agiirpity e adiapsog vertical, 5 gy

exanpl e of a porgnk AinddbioRdd shhi pmysv@blu@{go@fscahﬁﬂg fel c@fpo RO GMcleffect ed at
a plurality of pixels for radiation of 9 V transmtte t hrough a portion

of a cargo convelafdationrbem is 3 gongpeamakig) Zisgepresenativecd IR I AP Bt ay f or

radiation det ectmer@tomq@&amﬁaﬁg/%gir&gmpg ¥&th Scafifig thodkRtdoMRydncansni tted through
the cargo conveyance at 5 MeV through the correspondi ngr#)ortl on of a cargo

conveyance. For [%Zhpl e, e Blurpof the Hensigitsdaradistias defesisd 3t thegrgandagihest i on

detected at theiRlisX@t strddSasdarByX inlBerdorfl addcarninlyBssterh Y6y prodsssing by ed

radi ati on detected at thgagi xel X' _i 53.2.4 X éoﬁ‘h Si, ncg al | rrgaﬁur ement s of
transnitted radiPSPERS $H°8 2% CUMPEeL iR 3 HIfPMEE oL AR FY A" FB-08Y S hat term
is omtted her eafftaiatiodergrgydeteSedial aplsatipl of pixkls &n radiativayt OMeV rensmitled ul at ed
TRs for the samg ortion.of the cargo conv as_Fi The TR

nROLLL on . of ¢ veyance as. gsz asnddA.

of a resultant pl'Xef AP rrg%u?éi Y ?ogrﬁyﬁﬂcﬁl E?énjg] 5 S*GRPIE QT LOTEPEIGE 1y
array for radiation detected at corresponding pixels for radiation transmitted through
the cargo conveyance at 5 MeV through the corresponding portion of a cargo
conveyance. For example, at 9 MeV, the normalized transmitted radiation detected at
the pixel X is 5.9 x 10” and at 5 MeV, the transmitted radiation detected at the pixel
X' is 2.4 x 10, Since all measurements of transmitted radiation are of the same
order of magnitude (10), that term is omitted hereafter. Fig. 5 is an example of an
array of the calculated TRs for the same portion of the cargo conveyance as Figs. 3
and 4. The TR of a resultant pixel A resulting from dividing the value of X (5.9) by
the value of X' (2.4} yielding a TR of 2.5, is shown, A resultant pixel typically has
the same size and shape as the initial pixels. All of these values are hypothetical.
[0073] Fig. 6a is a flowchart of an example of a method 800 for calculating
and analyzing TRs that may be implemented automatically by an X-ray scanning

system. In this example, transmission is detected at 5 MeV and at 9 MeV for a
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the value of X (2.4) yielding a TR of 2.5, is shown. A resultant pixel
typically has the sane size and shape as the initial pixels. Al of these
val ues are hypothetical. [0073[ Fig. 6a is a flowhart of an exanple of a
met hod 800 for calculating and analyzing TRs that may be inplenented
automatically by an X-ray scanning system In this exanple, transmssion is
detected at 5 MeV and at 9 MeV for a 19 plurality of correspondi ng pixels,
in Steps 801 and 802, respectively In Step 803, the TRs for each resul t ant

Vev at a pixel by S e S8 B, TSR TR, gL
correspondi ng pi @k, fonaSacBhesAnaut rpain gre chlculfled by kisrnhngrﬁsmwamd lmnmittcd s then
selected for ana tep 80 n this exa the r hant, pixel A
is selected. A th 'ﬂ‘blablb Meg "E EPY g‘(ﬁr{"“\ﬁ“feﬁl tfaﬂg;%lfﬁ Bfiar, g?u%#r\g%t pi xel is
preferably sel ectetkspaging ptxsl, hMow@lRutFQg:Beel durran sesuisai mixel sttharseleaéd he ener gy

endpoints, in St e 808. nec 0. cal cul at.e_an bl e
t hr eshol d based 3 PSR E'r%%’l @?} r[fb%gt%?men ?5“'("1%'0?‘6% a selecst%dlAgigl%gﬁsogcg

further, bel ow. Ifor <Smpmis8H)&jth ttiei BR s&ihe cirieonpiked isymefenibip reledial bagtdtached

transmi ssion at 0 t. s at 5
MeV, i nstead. Thgetge "lf%g'%?%r%gﬁg?%??he %}ﬁ;gg cnggt"ﬁf 1ﬁdSt5ﬂ'§é§ nltsrgé(ﬁ%l It is
then det erm ned werstsher tq (velcdiRe oén tapplicahly rth!mholﬂehwtt amnt lrmrméatma ftaged pel ow
the threshol d of tlﬂ‘wﬁéds 'aglls%tns@ s&lfgrtheﬁ'b@l%@ n §t615 §08I ﬁl?sssefeafbﬂ iétbadeth onlthd S

condition is satisfred. Resu tant pi'xel may, therefore, be an HANM The
pi xel is "markeddetgdedgtrangpissien ) MF-MNM'W brelbaaggphglede@ctsql iraasmision pled array of

Fig. 6a, in SteppgiBinskid. Iﬁew&&dtﬂ@smamtm@&awafénmsthe resul tant pixel A
is the last pixel to be analyzed, In . Since there are other pixels

to be anal yzed, 1#&4kondi tIti%ﬁW‘F #‘Wtﬂe%ﬂbqt@ﬂbéakaﬂﬁéhﬂtcﬁ'éemF?é‘t‘ﬁﬁ‘d’”?ebf‘m ns to

Step 805 to sel eﬁéElo@ tiRaHYesHolaIf 4f39rm§féﬁ|81/(§'§nce§'3% feﬂ%dﬁeﬂﬁoﬂhs cQIQfﬁdnr!sueS
After the corrputer has conpl et ed anal ysis of the TRs of pi xel s, the

condition in Steptisdt- Reatlatpoet 4 magdherqfere. bgap @ﬁf"%l?‘élp'x@ls‘ t’ﬂaékqdaésta pi xel .
The processing pbefel HANMBY MRizing G BRAC: 1mdaey6mglwatlet$tdp>sm phOBassor ,

such as a conputer of th annin 0075 e throu of a
scanni ng syst em AE§™ &'&%‘E‘éﬁ%’?’%@%ﬁ%bﬂ‘%@t PS“%‘PL E’é?ﬁy 'gﬂ%

techni ques to detse.emﬂﬁ& W RHHRE pixt D &0 e@h@@tzecpmt@hm&oxomawo@atmdeanddmse
regions that warr Et further exam_nation. e tests

.more of t
descri bed herein d eturog iy EptPS tpeselgia “‘?"ﬁ@'xﬁ'b?éc?f‘a iy aﬂ‘g&" ’E“ﬁp%jugh t he
system without totinher AGxans dftﬁtpu(aﬂhas%replmmm@ﬁscﬁfﬂbemmfailme;:&el&nlm ng the

object with a radiatian V|n one_ o t he ener n ints. Use of the
| ower ener gy end dﬁ ofn in é?e ecom e as tfhe curren plxepys t?ie q?s? pixel. " The

processing steps of the method 800 may be conducted by a processor, such as a
computer, of the scanning system.

[0075] The throughput of a scanning system may be increased by conducting
a prescan by known techniques to determine whether the object contains one or more
dense regions that warrant further examination. If so, one or more of the tests
described herein may be conducted. If not, the object may pass through the system
without further examination. The prescan may comprise scanning the object with a
radiation beam having one of the energy endpoints. Use of the lower energy endpoint
radiation beam is preferred because it is generally more sensitive. The results may be
analyzed for radiation attenuation or transmission indicative of a possible suspect
material. This may be done automatically by comparing the detected radiation or
contrast with a threshold, for example. Images may be generated and visually

examined, as well.
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radi ati on beamis preferred because it is generally nore sensitive. The
results may be analyzed for radiation attenuation or transm ssion

i ndi cative of a possible suspect material. This nay be done automatically
by conparing the detected radiation or contrast with a threshold, for
exanpl e. Images may be generated and visually exam ned, as well. 20 100761
A radi ati on beam path intercepting an HANMw || typically intercept
"background” material, such as agricultural materials or manufactured goods

in front of and/ or _behind the HANM The sensiti vit ﬂtﬁgeﬂﬁlfl city of the
scanni ng system [0 nay B éa‘?'ﬁt?Pé’G%’éipﬁ?'%‘ieﬁ%ﬂgla&W t Bund of
t he suspect ed mNMEEYoun&’eiﬂ&Eﬁdl Budh Gakhidultabi mgerlalier I&uﬁcneemgbops wdfoniof a

e S LA Lok R G e

transmtted radi
radiation for a corhiytedmpres@Estmemdtiii/fon e badkgolegt dundsusgtied HANMICUpyYi ng

the sanme beam path. Based on i rocess tech the art,
such as segment at%PHA wg’tcﬁ “lﬁtﬂlﬁﬁg?ﬁé’g "%’E 'In‘gg Sf‘ip@?t% gﬂﬁﬁﬁﬂ‘k@m\)’g&

possi bl e HANE/I rrg;dhe bﬁcl%gdﬁiﬂﬂinﬁdtﬁfil ,Vibakdd 6;e$lﬁemtr?smmed hﬁilémgﬁ Kgrtﬁulhdckgroﬁé&h dense
regions nmay be i ent| i re e ob ect, bein at one
of the energy enfipf §‘§ '(5'?"§'}E)\5t§€ E‘P%HS’B ar arRompine e Suspey %QW Madi at i on
Ior eaﬂl gi xel dbd&kgrulgiﬂ :ﬁatd&m_sa;ulpﬁm ha samy bésm pal.c Basied inpgdprotedsingg t he
ransmtted ra L on pi.xe e. dense region

transnitted radi gf nbc'rlilestﬁ" dﬁﬂ}ch"’g’ é‘ﬁ rgg’u'ﬂﬁ’on’aﬁe E%"@ﬁ '°ﬁe¥§¥‘s“err? 9% nt . The
TR for each pi xeindicative hé adesstde HANM magdy idehtifiad With esectutocthe backgrowidvi di ng
the adjusted tragagldledefiadidl/@NfnfhedR S SRR Pihe SRIPRI caffed hSCusSEd

above. [00771 In or ave-conpara I'cal>accu § In't
val ues for the denddher agigprendpoiitst hsedliwaskgaboumd[henlﬁ@ teinsnaitterd ratllh@nlfac kgr ound

to brois the santh el tiEN o ik o ke Luchils 89 YRL I iRl €1
one exanpl e, a praddédnesfra prweﬁthamgla;he dense regmn by the tsumimadiwtgmlthrou@ the

cent i meters of tUReaNkeRkEy dluEAGhe T SALIRR AP R sRHRsIAR e of the

dense region, cohs und nat er |
backgr ound nat eriharl bermgicded hy dwedﬂagéw@djusitdﬁt!ﬂnsmmﬁemaatloeaht fagherdrgyn of t he

TRs of the pixeLy (ggr;glmugs@edbp@cckgr ound. The nedian may al so be used, for
exanple. Two annuf’ rin may be defined around the pixels of the dense
regi on, for exanﬁ%ﬂ Th na‘?ﬁ‘ilmIt%lhaVP|Cﬁl§3Pft§4béPsFé%1§nqﬂbﬂcF¥féCYd'ér§%€emé’@P@ﬁrfOfmay be

separated from t fie40esagdh ¥ndthe bafctﬁoﬂﬁQﬁ@sde%@lh@Bac'ilﬁrogndt19p1%fe94!b?§x%l:l§ctédn each
direction, for exanple, "to account
such that the area of the background |s about equal to or is the same order of

magnitude as the area of the dense region. In one example, a predetermined arca,
such as the surrounding 1 to 5 centimeters of the contents in each direction outside the
boundaries of the dense region, may be considered background material. The TR of
the background material may be an average or other mathematical function of the TRs
of the pixels forming the background. The median may also be used, for example.
Two annular rings may be defined around the pixels of the dense region, for example.
The annular ring closest to the dense region may be separated from the boundary of
the dense region by 2 to 3 pixels in each direction, for example, to account for the
imprecision of determining the exact boundary of the dense region. The next ring,
which may encompass the same area as the suspect HANM, may be considered to
encompass background material.

[0078] Fig. 6b is an example of a method 850 that may be executed by a

processor, such as a computer, to adjust detected radiation through suspect dense

regions of an object, for the background of the dense regions. A dense region of an
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i npreci sion of determ ning the exact boundary of the dense region. The next
ring, which may enconpass the sane area as the suspect HANM nmay be
considered to enconpass background material. [00781 Fig. 6b is an exanple
of a nmethod 850 that nay be executed by a processor, such as a conputer, to
adj ust detected radi ati on through suspect dense regions of an object, for

t he background of the dense regions. A dense region of an 21 object is
identified, in Step 855. The dense region nmay be identified in a prescan of

t he object at one of .the gner, e i nt for exanpl.e..The boundarj}es of

t he dejnse r egi ofYEFdS Géﬁt‘é—?ﬁi"ﬂéﬁ? @?Jﬁaﬁﬂé‘%ﬁ%e“éﬁ’“lwg’g ‘%P%%;Qggf‘ﬁﬁ’s%ﬂ% ni ques,
such as segnent gtel dbject MdhE N the éher lchdpsine)Mor baniplee The bound@ies betheidask  f or
exanple. [0079] The background of the g@ns region is id I;]ltl‘];sl esd Ln Step
862, and the avE&ERe s delemined; g SRy Bgn [maes BRSEPR SRS S &her gy
endpoi nt i s det esé¢pniRtion, Whickhre prefd brbwndss thel kis, Giag be aked Fanegamplie det ect ed

radi ation for ea i xel he dens region, which..i hcl C ound
al ong the beam pﬁbﬁgf is di%f éaéggr li/n toﬁéhe ver S 1eon ISij"ej net'gf&ggn rgtggﬁ%ﬁ?ngﬁ%
transmtted throagdnag hendrsliogtiooust, theaiaciganind ervectggnern dpdpoint is determi®dep 866.
The result is the tr 1 radi ati f regi ener gy
endpoint, wt hout™ %‘ﬁégé{;nf‘ge?:'?glgsreslgﬁogg'bg@igermgteagada ?)'r?]g)rteﬁe ?’[elcliﬁ’lf %gt LTE The

met hod may t hen rqpicnc whidh tirglu@eselmciN@ind falokg the t8am tpath.cialdivided the theRevefage

resul tant pixels ense .  regi a0 1 SSi ons
for correspondi ngaéﬁtéﬁﬁgggﬁ@nt n%%lﬁgdo%goél g&%ﬂﬁe Esn&tag@%cﬁ%gggggrg%gﬁ{)yg%] The
sensitivity and Spedbd.i The spsubifis thedrapsmivadiradiation ohthe idense segicnst TRt | s at

| east potentiall y,i,ndi i 0 &L &
[ ndh vi Gual TR L3 PoRr SR e St Sy SR SGREH AP, AR h R

appl i cati ons. Enthsaipraserddo Step 80hef Higyba fn salsulats I&e forgesuligt pixels phibe diree t he

specificity and %Mibﬂeﬁbﬁ Yhe QblculifibStranSBilRInE Fop BdrieGPdniiig HiRAIE, @AGbREmpaRe nunber
of pixels analyzed. A proce?sor, such as a conputer, of the scanning system
may further anal ngtsﬁ%thfeélﬁﬂst ant data in accordance wth the enbodi nents

of the inventionjood@scri bafe Kali@ity ald@eErafon At damiNanaomat kask TRGESIL] 1 n one

enbodi nent of the invention, the nunmber of pixels having TRs _ bel ow the
threshol d (1 ow TRt astepientally dskcativrerd an HANM pEsEhPMEE GPmRen o iRy a
predeterm ned ar gRs td @feeKoldGndy Qobe @ficRNO0! pitdduRPapifiony. Hntbodans bed. The

exam nation wi ndgw may be a 3 pixel x 3 pixel or,?, i xel x .9 pixel mtrix of
pi xel s, for exaHsl 5‘.‘%/'35309 seely t&é‘éﬁ"’e‘%‘&’fﬁ"ﬁéf’? s} CF%&R)SV@CP?"Q‘%O thiss Fig. 2.
| f the nunber determination by increasing the number of pixels analyzed. A processor, such as a

computer, of the scanning system may further analyze the resultant data in accordance

with the embodiments of the invention, described below.

The Examination Window Test

[0081) in one embodiment of the invention, the number of pixels having TRs
below the threshold (“low TR pixels”) contained in a grouping of pixels having a
predetermined area, referred to as an examination window, is examined. The
examination window may be a 3 pixel x 3 pixel or 9 pixel x 9 pixel matrix of pixels,
for example. A 9 x 9 pixel examination window W is shown in Fig. 2. If the number
of the low TR pixels in the examination window exceeds a predetermined number,
then HANM is considered to be present. The threshold value {(average TR of a test
piece minus/plus a value of standard deviations), the window size, and the minimum
number of low TR pixels to be considered a threat may be chosen such that the
probability that a non-HANM would meet the threat criterion, times the number of

independent examination windows in an object (independent windows do not share
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of the low TR pixels in the exam nati on w ndow exceeds a predeterm ned
nunber, then HANMis considered to be present. The threshol d val ue (average
TR of a test piece mnus/plus a value of standard deviations), the w ndow
size, and the m nimum nunber of |ow TR pixels to be considered a threat may
be chosen such that the probability that a non- HANM woul d neet the threat
criterion, tinmes the nunber of independent exam nation wi ndows in an object
(i ndependent w ndows do not share 22 conmon pi xel s) having at |east one

pi xel bel ow t he threshoJ sire e srtrvr

D boct 110l Ly, Sel SOPREh oBFoy feling SEEesh pRpife B i dore SRR IR W ATVRL  nunber
of the standard densitisity amisspbaifidiig. Selbétioaof thd size ofithe b:eanﬂmaoragmdd'\Ranﬂtht he t est
material to calculate e ase 0 tistical
anal ysis. This tgs% ’.°t§h'?e Parﬁggwglonsm" heﬁleagtgdmhﬁtgt[fleo#e EHO?EH% ﬁ [ 00821
The size of the mammnrmtcalanamhedhwhmﬂys lsmsedropsizofioiowing stitisticyt asdysis.sElus i onal
area of the smal IteS L I#Aegl &{)récernatth%t t‘peet,cannl ng system can detect.
HANM i s typicall yc sr‘rﬁe gl © e ‘B‘é S'FO sphere The exam nati on w ndow
may be the lar gewlsusquar eThé istzt iofi ghevexhinination eindse mag chirgspordf tottheatrospher e.

i mum number of oL ARF ob P il B 3E ort R BiEHRe RabitiSRfn S @ie and @
considered a thr éiftNM Illriemle@ila(bmygglqdheﬂlsnlmb*t efsitsphesd. Alhd gxaghigition windonmay chosen
because as the nypher,gis s (k/flgﬁecrr% AR QEﬂo%rk@ﬁnggEﬁ\?tsds%ﬁem bh& (W Qhaq | ity of

a response froma true ases. The t and “m ni num nunber are
chosen such that srzrmbas;br:ebérmem any chdesgs aghresbeld Mapg\angia|minimpatnumpereof pistlect | on

criterion tines biewMURRIn wdRAGRANARRE oxRBLIRKKAN MLEIAYSI. BaRLY zed 1o

| ess than a desired false alarmrate. An exa an acceptabl e fal se
alarmrate is | e§éndafhdeviatiomis theyen pasause anthie mFmI?CnOflﬁ@GGd idevigiions ispreases, Less

than | in 10, 00Gd sobmiify B §fredpbRe- fmhpg%?aé HANM R cR3RP e t}ﬁesmétanavl ece of
iron is scanned at the sane two energ endpoints that will be used to scan

cargo conveyance&iHjunHRmogsae C‘%%%WF‘h asthe profgbilitTHat aporHANNE BH meet each

pi xel is consi demgdddietibe cﬂ&rlbmdﬁ&ertdeerr\hm@a&urn&?ememoz‘:xamgdaﬁ%nTWdaws ir og |
(0] r e ons el ow

For each val ue (i n ggr or g@g nt %gf r nunber a] e}f‘}
the average TR of“"aﬂﬁ {5Ess thitgjacdepired; TRlag glarfyy ‘Iaﬁe B ¥ampls BAAT PICERADKERIC b xel
"p" that a singl alan®e age sc8eE Mhan\¥ r|n|1006 Lk Stuntihian dobes prefeiraty eLekRihan mus t hat
gi ven val ue of ﬁ@g&da ﬁ%%f\ﬁ/t/][: ations due to statistical fluctuations and not
due to the prese Thf ter "N pi xel s are exam ned, there is a
probability "P" {0eds] exacli yne'eRimpl@fa téshpise opinselsSscanhdd at the skred oW ehétgy
threshold, also gll'rjcﬁ)mtn% tl?z;[t ?vtil'l Ee[ llls(i;'gl J.o s]:::zlmuc%r[glél acgr{v(g)?a%écs -w 'hat same scanning system.

The TR measured at each pixel is considered to be an independent measurement of

the TR for iron. For each value (integer or non-integer number) of standard

deviations below the average TR of the test object, there will be a probability per

pixel “p” that a single measurement will be less than the average TR minus that given

value of standard deviations due to statistical fluctuations and not due to the presence

of HANM. After “N” pixels are examined, there is a probability “P” that exactly “n”

of these pixels will be below the threshold, also due to statistical fluctuations. This

probability is given by the binomial distribution:

NI
P(n|N)= mp" (1-p"

[0084] The probability of every expected outcome can therefore be calculated.
Those tow TR pixels that have some very small probability of occurring statistically,
and therefore have a high probability of being a true HANM, may be identified. A
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probability is given by the binomal distribution: P(n1 N =n (NN
n)!pn(l-p)" o 100841 The probability of every expected outcone can therefore
be cal cul ated. Those | ow TR pixels that have sonme very snmall probability of
occurring statistically, and therefore have a high probability of being a
true HANM may be identified. A 23 false alarmrate, "Pre", for a given
situation is set and the probability of all the low TR pixels that woul d
seemnot to indicate the presence of a high atom c nunber nmaterial is

eval uat ed. These ¢plQbaRL et‘pesfoasgwapﬁﬁg.omtswma Be pribidiRy srafmbRlvRen the
sumand wunity is less t Bra. This sum of prob alg l1ties corresponds to

t he nunber of | owixgiRthabivedd seemingt tovipdidateithe m@e oppbigh pigmic number mateiBer of | ow

TR pi xel s above ﬁmsluatsnorm&o@mmgeswmsd dnBPihE BitRndRRECHERGR o a true
HANM [0085] For exanple, assunme a 9 x pi xel wi ndow and a thresﬁgll d equal

to the average TRUfipiesy hginPryi Hissumpd P@P@HH‘&? PIEWORdstte tip gumben ghlow

probability per Pixél@'thatt»ﬁﬁtbeafdwe itibed. PRAPWurhRe df NHR STTO Iptke R UboteO that
statistical fluctuations is p=0.02275. The robability P(n/N) of seeing n
pi xel s bel ow thecqrfﬁsgagﬂlggaumwrtnﬁgatgstke lye%ﬁ»%'ag YN st ati sti cal
fluctuations is: [gas#( n] 81ror%taﬂ1§1£ aﬁﬁﬁibablxbl]iﬂeﬁﬁmd&vQ}d]a&ﬁ@shﬁldibﬁlﬁﬂ)totHe 0.2923
0.4474 2 0.2722 0.7197 0. 1669 0. 8865 75 %g 0272 0.9894
6 0.0080 0.9974 2§ dGoHr 60’99’@&‘5“%06”\966@03@%9%‘{% probah “Ypli’%tﬁ‘&ﬁ'i lity
P(n/81) that eigktat 4 BikelPis $e1bw tNd thiestort d@u@@tarb&éaomamonstahpemmnﬂ Ghee to a

statistical fluctuation_i 00004 T f pro ies.t ei ght (8)
pi xels will be fB'i?ﬁ‘ﬂ"lB%IP SR AR t%fvod"utg hges'éf’?g E 5Péglw' ‘Pﬁ&“ﬁ&h on is
0.9999. Ther ef ostatistitdl@n@uatisnsis:! i n 10, 000 chance that if eight (8) or nore

pi xel s are foun betow-the-threshol-d—t—t+s—due—to—aStat+stieca

fluctuation and{not to the presence; of HANNN8This is tlhe SumxéPrabghifitiese o

false alarmrat¢_Pta, per exam natipn w ndow,
0 0.1550 0.1550
1 0.2923 0.4474
2 0.2722 0.7197
3 0.1669 0.8865
4 0.0757 0.9623
5 0.0272 0.9894
6 0.0080 0.9974
7 0.0020 0.9994
8 0.0d04 0.9999

[0086] The probability P(n/81) that eight (8) pixels will be found below the

threshold due to a statistical fluctuation is 0.0004. The sum of probabilities that eight
(8) pixels will be found below the threshold due to statistical fluctuation is 0.9999.
Therefore, there is a | in 10,000 chance that if eight (8) or more pixels are found
below the threshold, it is due to a statistical fluctuation and not to the presence of

HANM. This is the false negative or false alarm rate Py per examination window,
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24 based on eight (8) or nore pixels. The probability that nine (9) or nore
|l ow TR pixels are the result of a statistical fluctuation is I ess than the
false alarmrate Pre of I in 10,000, in this exanple. Therefore, to achieve
a false alarmrate Pta of less than | in 10,000, per wi ndow, then 9 or nore
pixels with a low TR need to be found in an exam nation w ndow. [0087] Fig.
7 is a bar chart of the m ni num nunber of Iow TR pixels required to achieve
al in 10,000 false alarmrate Pta for various sizes of exam nation w ndows

and standard dev'bg;[eldongxght (5) 2o 5cpuf N %ﬁe %obraﬁalh%t {n%mngg(dg‘m H& rl"olﬁlfvnpf;\ﬁ %OW si ze

standard devi ations nation
may be rel ativel yare thnmplbpf amansiuwamwmm@ lessrthamthe falserialarm adte Bia @€ 90 r equi r ed

to indicate HANM, %09 s efxg‘l-ng?lg ‘?l#c%fme "Shield ?fa?s iraﬁl‘?ﬁaté)lyf {Pﬂ nlﬁn%ﬁﬁi' |

anount (a fraction uses a er of

standar d devi at i dA€00, sngt:wndsw,lthert henmph@mﬁsmrthﬁﬁo“hmrmad tp g oynd dn arp

i ndi cate the presge ﬁat%ﬁmﬁw at a particular false alarmrate Pra is a
fairly strongfunc on o € exam nation w ndow size. For exanple, with a 9
X 9 matrix w ndd083i ze arkig. I7lssﬁMnd'artdf@ewmumnnm*zﬁvomwélﬂspv&qlsewwefbl red to

indicate HANM W'(& Q:htebeeai ﬂJ ﬁ]%o@lfeﬂ{e%am}a?e lP&ri@r mmt'ls slz@s J&x%gatlomﬁo@@ 8 x 8

matri x wi ndow size, a&i)lxes are required. [0088] Two exam nations may be
conduct ed, one wi2ith s@ndazd deviations nilh apd WOS%anGBWVe‘X dprgre pigpler |of rsadardrasses  of

HANM and anot hergehtiolls 8 Sdré)Efor BkarpRWhe ERmifhAEEF IndSWBLE Bhy H@mseny As
di scussed above, in this system a 9 x 9 matrix may be used et ect

| arger masses. THBMPREAN: QFcaWcﬁ%W%‘y" Bianber of pixels yegyiped o “HdEfPtc 1B, Wth
a3 x 3 matrix, tkemrdahes raw‘rr,smaﬁgé@ts)%n@eavmn 'afﬂ&ﬁnt &umcﬁ@f:df@qbnafen OIfchdre
average TR of the test o for exanpl e. 5 standard
devi ati ons and aY¥s % aglyng}pa,lli &“ml{chéf Hf“l—f-’%’érﬂ?é’aﬁﬂns FUph ﬁ%llgR‘B%ItWF’H‘@""t hr eshol d
woul d i ndi cate HAMvberiréqRiréd tofirdficar tmﬁéstedcvefm #h pimwlhrmse%@m rasp;shown in

Fig. 7. The exam.n test for . erm ni ng
Whot her an HANM T e 15on ke ot Rbe R o e R B A Dt her
exam nati on techmaqmsr;ndo\ncslzaohndg tirelard t deeintice DD GixeB nirs regiiredt toeindiparent | on

di scussed bel ow. L8 TRE RIVRT (APhSH 1 6085, SHATHPE sMer Pl "9, an

exam nati on oV ed At 638t he "obj e
wi ndow may be poBe, 24 pixeld astraguiredig i n one | ocation, such as in a comer of

the object, and 4R TOV o QubhEAPRIPL EnfIE! onc 05, EUMIRLHeaflie! o 2 2

ti me. Subsequently, the exam na one row of
pi xel s and t hen adrdowsta detectiBger mages of HANM, and another w1th a smaller wmdow to

detect smaller masses. As discussed above, in this system, a 9 x 9 matrix may be used
to detect larger masses. The smaller window may be a 3 x 3 matrix, for example.
With a 3 x 3 matrix, the number of standard deviations subtracted from the average
TR of the test object may be 2 or 2.5, for example. At 2.5 standard deviations and a 3
x 3 matrix, the presence of 3 pixels below the threshold would indicate HANM with a
false positive rate of 1 in 10,000, as shown in Fig. 7. The examination window test
may be the sole test for determining whether an HANM is present, or it may be used
in conjunction with other examination techniques, including the other embodiments of
the invention discussed below.

" [0089] The entire object may be examined by analyzing an examination
window moved across the TRs of the object. For example, the window may be
positioned starting in one location, such as in a comer of the object, and then moved
to the opposite corner, one column of pixels at a time. Subsequently, the examination

window may be moved down by one row of pixels and then across the TRs, one
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25 columm of pixels at a tine. The pixels in each w ndow are anal yzed and
the analysis ends when all the possible exam nati on wi ndows of the object
have been anal yzed. 100901 In an exanple of an inplenentation of the

exam nati on wi ndow test, during operation of the cargo scanning system the
cargo conveyance is subjected to two X-ray radiation beans, each with a
different energy endpoint, such as at 9 MV and 5 MeV. The radi ation at
each radi ati on endpoint is detected by a detector after interaction with

the cargo conveya‘{z,ené,n%%r} ,ﬁig%{'? e.OF %eg}i r{ggﬁﬁ%{h@w& &Xﬁ&éﬁ%& bRtapay¥RY be

programmed to i this an I ment e invention is
di scussed bel ow. elldmllen alilﬂy p0$lh1€exammemmﬂ®wgf’fthe phischbaye beo apghged- may be

executed by a Pr@gsysor. @ Q;@}%a CAT yfeﬁ.an tfoqrfﬁeéacmﬁmomwbmt&wnt the

exam nati on w nd est. Afte of the resul t'ant
pi xel s, in the meUABEOBHoOpP rbiegargwanremstapmwasq SP“FW%HT HhiettEb® with

the nethod 850 Ofth')QrayMatiofl(BEan%X@a@PWh a‘iﬂfﬁrcn@&@&&'%ﬁdpoﬁ@'s@&ﬂé a9 Meyel and
constructs an exam natl on w ndow, such a matri x centereggabout

the sel ected pixeind SiMeVs: Ehe @i'eﬂowtsacédw&%rmqpa@hm#ﬁe‘asdBV AEPRE AT ¢ he

|l ow TR (marked) phe@bison with e cAYADNPIhicON AWeRGDI of dcafpotPanfihg systdfithatconpar es
it wwth a predeterm ned nunber, |n Step 915. The predet e)r{gl ed nunber is

the highest st at i ReaPPgraumed ihinplenenlbisend oier gipofigatsl| e ROt be
fal se positives di@ufgedi@iovhavi ng a tow TR even t hough the p| xel is not an

HANM , under the ected..cqndi tions di scussed above tion of
the threshold is lﬁ@gin be(c:}:' %uﬂst%e?xa’B%lFéﬁ/ }t“ﬁ ?0 shhaicmay ge ﬁ‘ﬁ tc‘igy % or
exanpl e. [00921 Ilfrodeh;er, rsutmtmra amfnphteuvféFRxmp{@Its nm;ﬂergihemteexarmhamnoﬁmbqual to

the predeterm n%cst nHHbr cal’cul ono %aﬁsoi'{ﬂe feﬁ\'l\kﬁ[ plxc %anc oacﬁ)?) fﬁg%dl ng to

the low TR pixelsis CI74sY] as an nunber of
the [ow TR pi xel s(anmoptftohaélyema:nnjnmlpmmmnhadmvﬁw@s&%@fsﬁgh@a), fohexampidéeer m ned

nurber LTS e e8NS L BN BXATLD RO, MEAdow  Bot e [ ast

exam natl on wi ndow To be - anal not, the
exam nati on W ndowatiig csiiered ebbuoltie ehttedmixdf mpStaquH) t Bhd trenpuleefidentifive ar ow of

i xels d t i nd
St op 010, Thertiha ik i or X ARNM B3} p e Ml She AT ER AT o0 "o

descri bed above. cPmparpseit mthia Qﬁmtﬂmwcbeumlupetastewm tTIhe aredeterinired newtenisnat i on
wi ndow, differ entthtplﬂ Est s%sté.fuﬁn g&grgunqg umaéro&slﬁ@in?%‘dﬂ&glse pt:anp %3 (E'ﬁgeer m ned

nunber . If the currént examnation wn OWIS ow o)
anal yzed, an out prgsitives (a pixel having a fow TR even though the pixel is not an HANM), under the

selected conditions, as discussed above. Computation of the threshold is described
further below, with respect to Fig. 13, for example.

[0092] If the number of low TR pixels is greater than or equal to the
predetermined number, an area of the cargo conveyance corresponding to the low TR
pixels is classified as an HANM, in Step 920. If the number of the low TR pixels in
the examination window is less than the predetermined number, it is determined
whether the current examination window is the last examination window to be
analyzed, in Step 925.

[0093] If not, the examination window is shifted one column of pixels to the
left one row of pixels down, as appropriate, to construct a new current examination
window, in Step 910. Then the computer repeats all the steps of the method 900, as
described above. The method 900 may be repeated with a smaller examination
window, different number of standard deviations and different predetermined number.
If the current examination window is the last window to be analyzed, an output is

provided to an operator, in Step 930.
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provided to an operator, in Step 930. 26 [00941 Fig. 9 is an exanple of a
nmet hod 950 that may be executed by the processor, such as a conputer, to
display the results of the analysis to the operator of the cargo scanning
system 100. In Step 960, the processor checks whether there are any

exam nati on wi ndows with a nunber of marked pixels greater than or equal to
the predeterm ned nunber, as determined in Step 915 of the nethod 900, for
exanple. If the nunber of marked pixels, if any, is not greater than or
equal to the predgjgfm neds, Wﬁbﬁrexhﬂpléﬂya%ﬁ% 954 hﬁﬂmﬁ‘ﬂr Bg%m&&"@y feocessor
proceeds to Step 970 and di spl ays a nessage " t he nunber of
mar ked pi xel s i n REPRPSSE% avh3a @ CORPUnTE diRplay Be cfpléfatoé#le Pl*?é}ﬁlstt%@eﬁl’%%‘toér m ned
nunber, the procagsQeddcRBRI9stt® 168, 6R SHPV66, e HoRRbRhcsks WRMERere HENM
Found, " for exanple, % hus al'efting the operator to the presence of a high
atoni ¢ nunber nmtasy pEAminaton Windevws ith cmmpenod meeked rikes grededae oF cauadg el so

di splay the inmag ed@fenﬁlh@d xﬁﬁ&ﬁ:@? BAdeteRRindd 19@&}9’993’0%&@&“&1 ﬁ)bqw éigmﬁl@elf
presence of an NM | p. 990. An entire image iIncluding the w ndows may

n

be displayed i nshenntss Odea"‘éﬁdd’r'?@'SV\iff‘W {srret §TeRky ﬂefeq"hléoweﬁ&dﬁgfm"zsé wel |
ﬁ00951 | f tlhe Outrakiber lﬂdhﬁ%ﬁ&a?@ﬁbmwmapﬁoc@'s?w&#s tdSePrraad Gisplay@y t hen

ave several options. or e cargo_conveyance nay
be checked to détBftsheN V\M %f-ﬁb\fxlﬂ)f% kpd ;5’?"8{3 ﬁ%‘&'f’ﬁ‘f’%&'“éﬂ‘ﬁ i's not
a threat. The HANI)g/feaaytm tie preddiiyintied niber,athe @djcaaﬁtprmedmbatepasts,o thor
exanpl e, such as ver for medj c ich d be
identified on thé disg |af'8§5tsag°Tlﬁg‘WW% @ a’fa§18|°b§'“%a‘.%§8$\§% ‘prVE?r g‘h{hgrl al for
medi cal use, whi gitessitowt d hiph acedd sursdr materidl vetheaarpd esiveyaddee Tthpproe&smr may
al so cause the scanni,ng and the.processar to rfor |t|o I
scanni ng of the ¢& arygac%soccgﬁ’qé’ émagﬁ fB‘ F o i g twlmggg %na Jn%“s? ore be
measur enent s, i nglresehicngf @t HANM, as$tep QHOS dusstrd irage aichuding rilg/ \mmdttWSenamber at or
may conduct a maupled HSARG bmngtultaBsé.ﬁgg{eggt&%xmrmeu/% cargo conveyance

i 0

failing inspect e susSpecte esence of HANM may be renoved
fromthe area arl@0%kalt vlfﬂﬁ quwuhmémt@a‘hﬁmmr\s Rusesi tsr aperaidn ey theg 00961 | f

the output i s nolualddhed biend PiNGaRRESPRARRA' oF Aargh 18 R348 maf 98V Y aNCE

may be consi dere e I nspection. However, It the operator still

suspects HANM ar éhmkefh@rﬂete(fblas whetlan HARM pasdeeriamiopefly decé%@rﬂ@ﬂ és)not g feeabper at or
may still conducge3;maRysdy Be%ﬁ-ﬁﬁ‘&ﬂ&%t nﬂa%&oabtﬁvetn%rﬁﬁ?&QQarﬁﬁQ sith aE1 9. 6D

was not used in conjuncti on wth t cal cul at1on in the nethod 800

of Fig. 6a, the rHyader ‘B‘B@mahﬁy“qé@a'd@ﬁddﬁléhpuldc ‘P?e‘dWRﬁe"r ACHf HBF'&FteJ he and t hen
anal yzed as descriiAed idyQ¥s8 be hfradioactive material for medical use, which should be declared

on the manifest. The operator may also cause the scanning unit and the processor to

perform additional scanning of the cargo conveyance and/or mathematical analysis of
measurements, including other tests discussed herein, and/or the operator may
conduct a manual inspection of the cargo conveyance. A cargo conveyance failing
inspection due to the suspected presence of HANM may be removed from the area
and dealt with in accordance with known procedures.

[0096] If the output is not indicative of the presence of HANM, the cargo
conveyance may be considered to “pass” the inspection. However, if the operator still
suspects HANM are present (based on the prescan, for example), the operator may
still conduct a manual inspection. Also, if the method 850 of Fig. 6b was not used in
conjunction with the calculation of TRs in the method 800 of Fig. 6a, the method 850
may be conducted, the TRs recalculated, and then analyzed as described above. If
HANM is still not shown, any or all of the the other tests described herein, or other
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HANM is still not shown, any or all of the the other tests described herein,
or other 27 tests known in the art, nmay be conducted. Once the operator is
satisfied, the cargo conveyance may be "passed." The Contiguity Test [0097]
Once a first resultant pixel neeting the test criterion is found (as
described with respect to Fig. 6a, for exanple), another way to increase the
nunber of resultant pixels analyzed is to analyze the pixel's environnment
to identify pixels contiguous to that pixel that aI so neet the test
criterion. Analy2| t he envi ronne rst resulta i xel

i ncreases the staty sglf'\"g’ﬁl &y 5‘5’9&( 8"«5‘@?"&%52&“’? h"& opgrARY lérsﬁflspﬁje@]cé’f"ig%n) of

t he neasur enent s comegasemay bé ‘pagsed’e | i kely that the first pixel is part of
an HANM i f contiguous pixels are al 32{) ar of Al HANM Anal yzi ng pi xel s
surrounding the first pixel also eff E y { K% eases the number of phot ons
contributing to a determnation. If the area of the contiguous pixels is
greater than or I18Ghl t o Qnepracirst mpuiapterixed meesting the tesh&ritenen ESafokrsh(G9f  HANM
has greater sensldfegcvlbwwuwspeam@ﬁgfda,%; é&aﬁ]ﬂ@ﬁa@tuéfe@srm&meczﬁb Ravadron a
singl e pixel or a groupin aving an area |less than the predeterm ned ar ea.
[0098] The pr edetf@ﬁ“mqﬁé’ﬂ‘egr@alﬂﬁéy'sﬁé apalyze $hes pixelist sngyisenmeny i;idgitify piels n| | est

HANM capabl e of %%ueasrtg tifat ﬁﬁélftﬁa‘é WSS ﬁ\héi'ﬂ{égcsi‘&%rﬁiﬂr An8R%ihd B8 endiRim&xanpl e,
the area nay be 20. is the area of a 4.5 cmx 4.5 cm square. A

square of this é’if ﬂ@t iﬁsst ff‘éieﬁaés@mlawws dhe %?ﬂétrca%@%refdt@mes dhecsipndyrd ¢ e

snmal | est sphere BGEGAHEARESME theBuremMabRaRRt itlidase hﬂélm&h@ﬂﬁt pitd16s @itze of the

area may be determ y. coynti ng, marked pixels. St 815, . Fig. 6a,
di scussed above, W@?MHV\FWW‘BF&E%IS%NSMW@& ay ‘& P"f”& PBFS | ar ger

areas may be useQuasnd@} | the Tie pixeiaalé dfb@ivel§ Oitregew ke ﬁum&lrSompmlmﬁlot be in

t he shape of a squar. 009 If con uous xel s cover | ea _greater
than or equal to PWE&'“BL é‘ﬂ%g ; tg%larﬁ? ‘é’pﬁ‘co‘i?ﬂtdguo?sl?é Sdgg 37{“"\“50

consi dered to be egiial teBmtdepphnimed arad k¢ |deﬁﬁtﬂﬁﬁdﬁtofﬂﬂwwhﬁ geoatei peneitivifi axe| S
sharing an edge, el Hin are consi dered

suc pi xel i X . 2
o be cont i guous SPUHICHG Tt 2 GFEmiraiPh Rty 5158 s 8o sl tayogn 98 o £ and
G are not. A di fldsethamihe gefitterididedareaf "conti guous” may be used, which may
i ncl ude pixels s LNg a rte for .exa
invention is re%‘i9 d tovlg's & Pt étemé'gﬁtafcamy ¥ aecrﬁss'se‘:@apma %r}t)ﬂrlle at"eg on the
area, rather thatlAN¥Wagembleiofpiodicingwaeli- lmtainmgmmi@r ree¢t|oach& exdmple, hhape may be
consi dered as wellay pLOB5OUn Rt id thelafta 82 DIUPA 52 GudtB! RGuaGik hat My

be executed by

size is representative of a cross-sectional area of the smallest sphere encompassing a
square of these dimensions. The size of the area may be determined by counting
marked pixels. (See Step 815, Fig. 6a, discussed above, where low TR pixels are
marked.) Other smaller or larger areas may be used as well. The area of the
contiguous pixels need not be in the shape of a square.

[0099] If contiguous pixels covering an area greater than or equal to the
predetermined area are found, then an HANM is considered to be at least potentially
present. In one example, pixels sharing an edge, such as a pixel G aﬁd a pixel H in
Fig. 2, are considered to be contiguous, while pixels sharing only a vertex, such as
pixels F and G, are not. A different definition of “contiguous” may be used, which
may include pixels sharing a vertex, for example. This embodiment of the invention
is referred to as the “contiguity test.” Comparison based on the area, rather than
shape, is believed to be more reliable, but shape may be considered as well.

[00100] Fig. 10 is an example of a method 1000 that may be executed by a

processor, such as a computer, to implement the contiguity test. A marked pixel is
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processor, such as a conputer, to inplenment the contiguity test. A marked
pi xel is 28 selected, in Step 1010. It is determ ned whether there are
addi ti onal marked pixels contiguous to the selected pixel, in Step 1020.
Pixels in the array are checked and accunulated in all directions fromthe
sel ected marked pixel until a first "unmarked" pixel (whose TR is above
threshold) is reached in every direction. Algorithns for such analysis are
wel | known in the art. [001011 If there are marked pixels contiguous to the
sel ected marked z f r CORL d pixels
is conpared to alglf)l?cgdjélJ 4 1&3 gtr ggc&p@ﬁe?h‘ﬁggg{tﬁ%pglfee@g% i &%Flgst HANM
t he system 100 i sonfigudugrie dhetsolecied pist!, iniStept 142G Plecdamptheaaam@c gigckednd i n St ep
1030. The area c Vi e 1030, is
preferably det er%}'{cﬁle géc@ "&%‘E%r%n%?rlg'rn%ée( %oc?t%ie %%94"%%1%%@%”% é{‘}?&dach pi xel
is 0.5 cmx 0.5 oixel (WhesaFRas atovetheaghdld) igreachodin g@mrenmnkeﬂgorptumfos
centered around pelTYe 5, for exanple, is equal to 20.25
cn2 (4.5 cmx 4%9&%@%\/%@?% In Flhde}hée:é(rgnple the area is a square, that is
not required. |f [BMAH condf derearcimarsd gixels omgigpoys tothe éel“’ic@ﬂmafkﬁ‘ép'éﬂe@e of the
conti guous markeqlzebmésreasfthaafnhgauﬁﬁa: fﬁmmcd@&am&%&mma@nally, an
[

tho ar e cover od S T e RAF PGt BANG! e SEImAt t ASIBRCEGEEI AR ar ca,
the area of adj a@ﬂzﬂiplé’f&r k@b gi’x el Stepg03Rr Kad @ toveRaftyr ﬂaedmhlﬁé\dlvbnxem Step
another  mar ked SRR o SEagLa0. fy ey Usmney Py ni REIARRCR pi xel | s
sel ected, in Stepxandd Of esh@ixtiieo Geimxads c]:QﬂQateﬁcb&ﬁaﬁaiyesdnodtifgudLbafaﬁcedir e no
oLher Pxel e ¢ 0, BiRSaTed BBy sl oF Bsneplie & 3 o penif B B8 e
1070. It is noted4.f batx ©how. aMhnlemdthvnxhnmle thd ared is a Squaay thatob net required/ i lbusl y
e Shere ol uflhy BOSb D aARORERPY HEI SRS SRR |
that is not par tmadfedaasmneHAHMsIuy Swaﬂ&@d @ptfe:aallyStaapma@Gﬁ trisyarizemay m | arI y

pr evi ousl y mar ked ot e o HarlRBhs °, S0 T ot hay be used al bne or i n
conj unction with{&apAr eiﬁdn aredt ¢overed mcthnineplespixdlnis legeithargthe predetariined

enbodi ment s st SRErihetl DA Eh ey AP Ak T iniABRAACARM P out put

provi ded, as described respect exam nation W ndow test.
[ 00104] Anal yZi nétepﬂé%mﬁqrem?eﬁtppsdmlhorslaétpefc& dmuﬂe@ whethesitheed is prothgt so
usef ul marked pixel to process, in Step 1060. If so, a new marked pixel is selected, in Step

1010, and the method 1000 is repeated. If there are no other pixels to process, then
the condition in Step 1060 would not be satisfied and the computer- provides an output
to the operator, in Step 1070. It is noted that once an individual pixel is part of a
previously marked area, it need not be further analyzed by this process (although it
may be). Therefore, Step 1010 may be limited to selecting a marked pixe! that is not
part of a previously marked area. Step 1060 may be simifarly limited to determining
whether there is another marked pixel not part of a previously marked area.

[00103}) The contiguity test may be used alone or in conjunction with other
examination techniques, including the other embodiments tests described herein. The
operator may respond to the output provided, as described above with respect to the
examination window test.

[00104) Analyzing the environment of a suspect resultant pixel is also useful
where only a limited number of photons may be detected at each resultant pixel. For

example, certain non-threatening materials (non-HANMSs), such as agricultural goods,

29



where only a |imted nunber of photons nmay be detected at each resultant

pi xel . For exanple, certain non-threatening materials (non-HANMs), such as
agricultural goods, 29 may be very dense. Low TR pi xels may be found even
t hough the material is not an HANM because of the | ow transm ssion through
the dense material causes a high statistical inaccuracy. The contiguity
test may inprove the statistical accuracy of the determ nation based on
nmeasured radiation at a pi er by considering the radiation detected in the
envi ronment of the pixel I\/atr est 51 ln_another
embodi nent , resulTan} fy,xdé: \ég‘é"ré‘r%ﬁege%" "gyfeveﬁ‘c% &9' atct"ﬁl PR n the
group i s anal yzediANMebéqamtqfdn: lnuyram:awnahreuwgbe étmsenmdleaai cafset Mbigh TRs in
the group, for examl tor @SS | or a
plurality of groupi ngcgr lr'};a-ceﬁg"g'r rov%éﬂgﬁ%s{ gr?ggr%p%g?% i t ﬁem%ﬁcémmgThe
grouping may be dgterraination baﬁﬁdronematntpﬂbradmmnsattaelsxel iby wmieeﬂa)ﬁ'e radiftien red t o
as the "matrix t [0 n Fig. 2 is an exanple of

anot her itemw tﬁ%%%m%gt@eaeﬂlggénm-(ggtﬁa\t/“e%g[r%lggsl(fh The pixel Bis a low TR, and
t herefore suspect pixel, within the TheMattix(lesThe 3 x 3 pixel matrix B3 in
Fig. 2 is an exanple of a grouping, "constructed" around the pixel B. Fig.

11 is an exanpl e [@§108 ar ri@¥ndtfer telhsod}'ﬁ%:,fr@mtaat iR drk BRIURd ahd @ AimAEEQf
conveyance 10, sho pi xel. B and the nmatrix B3. Thefr.%/erage

TR, for exanpl e, B"fwr%%’@ R“a%‘P‘I'B(IS B@IXZE" cglcc,f\iﬂcﬁ?‘b‘&a)b?ﬁ AAYFTARH HgrediR ©
each pixel in therR¥gh tHexgrouphfer ed@ped Thel FoimiyRomRERBs R siisPect piReltohi eshol d.

If the average Ii%%%() the t hr eshol d, » HANM mab/ be" onsi dered to have been
found. In one eARIRo! giuRes MAY b6 Rqyided o, epcpmpags &ll fig poefsy The groypigg o
matri x B3 may be msyaed atnmnxi fbe Bitaimiple. Thip @ktastheraforehidbibdraws mg“reatmness sect i onal

2(r)?rga?{ sg; lﬁg;%ﬁ@@ cte ég'Béjr%H' I’E'%?'%%Q%ﬁ’aa SEaHOgF'hESEd ﬂthfcﬁﬁré?l on of

t he transm ssi onsonfeydrae 101 Xhé suxlerB ﬁsh:eldmml aad tﬂdﬂﬁd:@?sﬁsp&tqm&t aﬂmhmt theal
gtcgglrgf?/cgr gggu;rgc;ﬁgf ?ﬁegfé ?'xe tré)){(lﬁr%anf/? dual tlmﬁ re al gr g}h (rblet hfeal se
positives may cadsesuntdt eogat tie pl@d@t |Kyg. 1 israp eﬁﬂmﬂuoﬁiangirra}anﬂhdif%ﬂqpai ve
oreater acour acy PROPUE BYEYANGTNC ATV R R 1G0T fLERbiaRM e M 10T
made that the piX&p anagsém@ﬁgsxwlfaﬁf thenmmrix P@Gﬁl@@!‘aq’@) bY aYeraging ‘h"frﬁﬁﬁ(ﬂ/e t he
accuracy of the dglnefigd nn'ifhb %tr(xt Thel Q2B TR ib hen cSHhARARE thedBNRBII! @fhe f OT

| arger objects, after the 3 Xx matri x 1 s exam ne an even
average is below the thrcshold HANM may be considered to have been found. In

one example, where the pixel size is 0.5 cm, the 3 x 3 pixel matrix B3 may be used to
identify a potential HANM having a cross-sectional area of at least about 1.5 em x 1.5
cm. The threshold used in the comparison may be selected based on the average or
other such function of the transmissions of the pixels in the matrix.

[00107] The statistical accuracy of the TR for the 3 x 3 matrix is three times
greater than the statistical accuracy of the TR for the individual low TR pixel. Since
false positives may cause unnccessary, costly, time consuming, and disruptive
inspection of the cargo conveyance, additional confirmation, with even greater
accuracy, is preferably obtained before a definitive finding is made that the pixel B
belongs to an HANM.

[00108]) To further improve the accuracy of the determination (to decrease the
standard deviation) for larger objects, after the 3 x 3 matrix is examined, an even
larger matrix, such as a 9 x 9 pixel matrix B9, which is also shown in Fig. 2 and

Fig. 11, is preferably created, centered around the same selected low TR pixel B,
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| arger matrix, such as a 9 x 9 pixel matrix B9, which is also shown in Fig.
2 and Fig. 11, is preferably created, centered around the sane selected | ow
TR pixel B. 30 Oher size matrices, such as 5 x 5 and 7 x 7 pixel matrices,
may be constructed, instead or as well. The size of the larger matrix may
depend on the size of the itens to be identified and the size of the

pi xels. The 9 x 9 pixel matrix B9 contains eighty- one additional adjacent

pi xels with data contributing to the determnation of whether HANMIis

present. An aver f the.p | ar mat r

generated and |s%g'|1 m(g'lZe Haﬁlces S a@c?’f% ‘?Z xts-h p'xﬁig}aglceﬁ ?"agc?fﬁo?#{"écw&er age
TRs of the fi rsunsamdjorsxa@aﬂid'mamaafeisa lagammﬂimﬁdwcﬂdmnemmft&ehemsurrent

|l ow TR pi xel is , det.erm.ned th eyen nore Gl OBY SRS &My an HANM
In this exanple,® ee'ﬁ?%%ae?d\%e Gl m}"?"“"s ﬁesm%m?l "tamci [r.l#'tyfl cation
of a potenti al HAMAdduhmaiedja@ne;smlﬂ:@m @ta/c@mrrbutmg twthtehlclgnmaaten ofwietlicdence by
the 9 x 9 pixel 0010 ! hhatiklis the | ow
TR pi xel s have bg%rﬁ%?%?%%édgjn %T g‘?g @Q?\%r app ﬂEl'sQ:'f"?ﬁe H% bllaceslS as well
as over | appi ng 9 esncgutedand jscsinilarlyggmpased t@@ﬁs&lnrﬁah@lﬁeélf lw@rtbssvea%em a&the Fig. 2
shows an addi ti oRad afd Xecdndldiicks B bW R*@RRoR, heMBirkellt RHETRANZ lifle Mat ri x
B3. 100110] In another exanple, if the detector elenents are 1.5 cmx 1.5 cm
and a pixel siz@ctprainedsvigyeyengmage sonfidesesdigirensesent P HAdWML: dnéfﬂ&%ﬁa§éhea3 4.5 cm
cube of HANM Ik 1 bReid@bhictsy pr%l/ﬁ&ezmﬁrs't HdeRtiffeaidh G4l pbiBRiaP HANM, SWitge 1S 0. 1
cm a 45 pixel x 45 pixel _matrix would be required to enconpass a 4.5 cm
cube of HANM or PIEReRRs is gerifier fh eeeatergoplidepge bZGheé’B‘ thirel bk B Fig. 12 is an

exanpl e of a met Fmdosﬂ}loo ffh@&na%&’c&ﬁn&&‘ﬁnﬁmﬁﬁﬁehﬂvﬂl pf&é}@ﬁ@swn,pr&es@éa as a
conputer, to inplenent the matrix test. In this ’ﬁ t he, plxek size is

0.5 cmx 0,5 cm thpéerovg awing vy massicerephBel! #otye ?pppgg?  BEariges B8RP fy  and
mar k | ow HANM pi X@isﬁucteﬂmdroﬁminlaﬁﬁ}am'ly 2ahévarani0FHi@AENE B Agitrix P, P Btanple] ty test,
an exanpl e of Whé F htR he met hod 1000 of Fig. 10, a current
mar ked pixel is “S&M'8& l@ﬂs ‘?'Hatgi‘g 1105. The low TR pixel B within the
obj ect 410 in Fi ¢ot@)] is lrsamloﬁhertﬂdnpléOfthexmmlrelemémﬁarx13 crad 1.5 xmB& £ ent er ed

around the pixel Bis " see Ste
i dentify HANM enBBRSREdS ﬁSman gi’gzﬁ‘%‘f ”’S“’%‘H‘?%“" 2’%58215 fibe ?];1’]‘3@?’“" [001121
The average TR f tfrthd HmectmtcrcmentBBOJls:mta’memﬁqﬁked;silzatse}cﬂ &y, asiﬁrmsrxe’ng 4hpixel ni ne TRs

in the matrix BSm%rgﬁwcyufﬁ' 1re atencso%msb t5 e"éﬂiq du\%l'm I xels,
in Step 1120. In tThi's exa e avg?ggé TR 3% r|x 7.t
is then an area of 20.25 cm.

[00111] Fig. 12 is an example of a method 1100 that may be executed by a

processor, such as a computer, to implement the matrix test. In this example, the
pixel size is 0.5 cm x 0.5 cm. After executing the method 800 in Fig. 6a to identify
and mark low HANM pixels, and optionally after implementing the contiguity test, an
example of which is shown in the method 1000 of Fig. 10, a current marked pixel is
selected, in Step 1105. The low TR pixel B within the object 410 in Fig. 2, is
selected, for example. A 3 x 3 matrix B3 centered around the pixel B is “constructed”
(see Fig. 11), in Step 1115, to identify HANM encompassing an area of 0.5 cm x
0.5 cm, and larger.

[00112]) The average TR for the matrix B3 is then calculated by summing the
nine TRs in the matrix B3 and dividing that sum by the number of individual pixels,
in Step 1120, In this example, the average TR for the matrix B3 is 2.7. It is then
determined whether the average TR of the matrix B3 is below the threshold, in
Step 1125. The threshold in this example is 3.9. Since 2.7 is less than 3.9, the

condition is satisfied. This means that the matrix B3 represents an HANM with an
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determ ned whet her the average TR of the matrix B3 is below the threshold,
in Step 1125. The threshold in this exanple is 3.9. Since 2.7 is less than
3.9, the condition is satisfied. This nmeans that the matrix B3 represents
an HANM with an 31 accuracy of three tines that of the accuracy of the
initial suspicion that pixel B may be an HANM based solely on the fact that
pi xel B had a low TR [001131 In this exanple, for an HANM enconpassi ng a
cross-sectional area of 4.5 cmx 4.5 cmand larger, a 9 x 9 matrix B9 is

al so preferably gonaty behrd uﬁ@p&@m%e @Eﬁ&p@fm@%lmm@pm%mlm Sham k30, to
provide greater sen5|t|V|ty and specificit a finding of HANM by the 3 X

3 pixel matrix. Wl@s"(?fs"]ﬁ'w"ﬂ‘eéa"ﬁ@f‘trﬂ'%‘?l %Qaq alowdRown in Fig. 12. The

average TR for tmlmtrl X [rBflisl eSard, Etlaf HRONM 9nc$ﬁ1§&51ﬂ§-35ross]_sb&lon5[|§?&abn t he

matri x B9 are su d and the sumis, djvided by 81 (the nunber of di vi dual
pi xel s). In thi s gcmtaﬁ‘é?&ﬁ? pdrx é‘ﬁémf‘rg? r‘%!so éfﬁrﬁﬁlticﬂ'sml‘c‘eld °F"§°’ 9. Since

nihne (9) tines ?Srogmgrrle@weemn 8tep 163N W ﬂgﬂ@ﬁgreihtﬂeseﬁditﬁﬁty&hd @ﬁcnfﬁﬂt}obﬁbl i L y of
t he accur acy (0] t he is three ti S reater 1an the
statistical probdBiis SARN hfhe o 5 il matit vl PR o Hot BhE TR o
the matrix B9 i Sslﬁ;@«ﬁ[ﬁﬁF@dIl OTh lAgerage TReBBE thatrik B9 @frulbedn Stk 1138, Then
T so then it i SRedhic GO AR PP A MnPicBdes Rer! Caopi@pdhas 1o an
HANM in Step 1litﬂwndmltﬂm$) hinghie exatiplpy the TBfforsbnmaitik BO oy Fignid is 8Pe8infd city.
Since 2.9 1s !es in W)‘ ﬂ % a5’ atn lxglg c& sn‘agrcc'j %herEEiElSththprdbibl 1@%? gg&cﬁlr ned
§EHE T LE achip P

whet her the pixe I Xél" to anal‘y 5. Since
there are ot her ofthe E&dorph@aedltex B® lstjhyeammsmtdr therhige sﬁemdcatl pmhahtlsy ofche

satisfied, the r Stegp t. i.s. repeated
for the next mar QQ% o g?é‘&ﬁ&%&%%'tﬁ%ﬁ%@t‘he ﬁa%t@r'?g%@gmn[%t | ess
than the thres hoﬂujsshttlﬁ\emstehélﬁi Xta$ therBdetesmined whethef the meaiaga SRaimlepgahivithen St ep
1140_and the ”Et (Pé!h&& Oiﬁ ﬁ‘&pﬂﬂ:&‘}t is coﬁﬁ‘mgd ot 8 Rt Mafked Bl Al |

the TRs of all emarke 's are anal condition 1n Step 1145
becomes true andc%smﬂﬁo@t 3'1 EIAMV'Fcﬁé@ltl  ti bb@hﬁt%’eeﬂﬁée“%’ﬁ& atdor may

respond to the Ohﬁesm.t)ass:ﬂ&sm iPRe RROVE Y Lndities Raks:. UPisth& de&mmdnatl on

wi ndow t est. [0011@} i.s beljeved that thfeD mat ri x test n%y chntlfyacube
of HANM with si yhgheghepixel Bﬁitstiﬂetrwaa%e Rirelip aralyzen 18 Sise e ninse a2 cm t hi ck
shield of iron, b@ér mekAANE to“b'élenargaéd i chftton 1Yot BRIsA&Y, e mvadd adngie or in
conjunction with i i

conyuneton o0 s b 2l DB St B e RS oI ol O oS

than the predetefosingd si HeheofR bhthe maxrik BY s doy leks&thdn, the threshold, then the pixel
B is not confirmed as an HANM in Step 1140 and the method proceeds to Step 1145,
as discussed above. After all the TRs of all the marked pixels are analyzed, the
condition in Step 1145 becomes true and an output is provided to the operator. The
operator may respond to the output as described above with respect to the
examination window test.
[00115] It is believed that the matrix test may identify a cube of HANM with
sides of 4.5 cm, such as an uranium cube, behind a 20 ¢m thick shield of iron, for
example. The matrix test may be performed alone or in conjunction with any or all of
the other tests described herein, or other tests known in the art. For example, if the
area of the item 410 is less than the predetermined size of the contiguity test,
discussed above, it would not be identified as an HANM by that test. It could still be
a dangerous HANM, however, as several objects of an SNM may be smuggied in one
or more cargo conveyances and combined into a single object large enough to sustain

a nuclear reaction. An HANM smaller than the predetermined size could also be used
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di scussed above, it would not be identified as an HANM by that test. It
could still be a dangerous HANM however, as several objects of an SNM may
be smuggled in one or nore cargo conveyances and conbined into a single

obj ect | arge enough to sustain a nuclear reaction. An HANM snal | er than the
predeterm ned size could also be used 32 in a "dirty" bonb. Itens smaller
than the predeterm ned area of the contiguity test may be identified by the

matrix test B3 rdjrty” hampi Xtesrresnabler tham thet mredearained arge Qfé»tle G%ntlé@l%'fesrt he
conti gw ty t %% I agt Mq TR

pi xels in ar@ggbfess tf%gg’yt Hﬂ)r&&jg%te?ﬁrﬂ%n%ﬁiag?:z%m%% tﬂﬂde co | nU| ty test,
only low TR a‘:'eqmﬁéi&cqmgmgam oWhamtlmbpmuK tept @salbadug tuwdrtoteha;mp«t e T8 i ned

size need tao.:b Si s i s not
required. d‘?ﬁ%% ?gsl lggn%%@etpﬁgie lnelar?azle % %Onltﬁgm ngr%?w@i smal |
matri x (suc tixeeds ndt part Df dn até,awgeéatmernl the W%&ﬁ%tﬁ%@ﬂl@&e@fm an item
to at |least potentially entlf%theltemas an HANM the identification of

HANM may notang¥sis By theymafpik &esh butihat is netapquired.nmt ri ces are al so used. Such
potential i (i‘@(ﬁtlls[ | cat o) [fERN thi\OWEYRE! ler iR, ebere Bh‘l&td‘ﬁﬁatﬁfﬁﬁtﬁkr(s”lkh% such as
conducting the other tests described herein or known in the art, checking

t he mani f estthe 3y mxeb@mmﬁ%gn@mmalenmmnm jftom. to|at least potesialinot ed t hat

an aver age n a
mat 1 oy Sl BHE SRR Buiaghtarl o HARRPHR) U Ml dB ). D
at | easi015 iphrgenimaitites artAhlsd ubami mchrmteana!tnﬂmmgmuqm mgr,rimyre\be jultfy dense
regions identified in scan, .as. di,scu he.boundari.es of the
dense regi ormm eﬁﬂnﬁ'é??lf‘léﬁghgs co&F'é%‘B% %’63 ﬁSFFé 671 mﬂﬂoﬁﬂlgwﬁl Rels of
the dense reigi am dheykihg tiey Mangad andoe cbﬂiﬁctu@%ﬂrﬁﬂﬁal@ﬁmﬁxﬁ@&h tD it BBo

t hreshol d. Threshold Cal cul ati on 20 %100117 di scgussed aboyve, the
threshol d f dPted it 8l 3\FAgSOTHRM Sp, Fngtion, f the | TGP Sroppingscoties Warca| cul at ed
for each scapidha§¥beicBm Bﬁ@%hﬂ%ﬂwﬁo%&eﬁﬁ!a@%hefﬁéﬁﬂe%pﬂigﬂ@@t pken a cargo
scanni n system I s"periodically calibrated. The calculation depends, in
part, th@oifébﬂ!ry r Ber eypmplen e granping maydedbeesrse mgiops fdeptifieddn system
As di scusse A0AVE 2o I est 25
mat eri al ha\(}ll ng an a:d%%]%&fngﬁg B ess pﬁ}a %@'ﬁfe e@%%&&?]%%%gh% ea% of a
mat eri al of dmcmababm@smerﬂasofuhapmlsmf te dehe regine niapwde emangpdeandatbewi | | be
used to scan careg conve il‘:;r eferably, the test piece also has an
atom ¢ nunb&® rgg e[dhtg 'é‘& to that of common all owable material s,

to avoid fal se positives. Iron, Thekld Carildtieppper are exanpl es of
preferred test materials.

20  [00117) As discussed above, the threshold for separating an HANM from a
non-FIANM is preferably calculated for each scanning system. Threshold calculation

may take place when a cargo scanning system is periodically calibrated. The
calculation depends, in part, on the desired degree of sensitivity and specificity for the
system. As discussed above, the threshold may be determined by scanning a test

25  material having an atomic nurnber less than the lowest atomic number of a malerial of
concemn (such as uranium} at the same two cnergies as will bo vsed to scan cargo
conveyances. Preferably, the test piece also has an alomic number greater than or
equal to that of common allowable materials, to avoid false positives. Iron, nickel,
and copper are examples of preferred test materials.

30 |00118] The test piece preferably has a varying thickness, so that thresholds
may be calculated at different transmission through the test piece. The test piece may
be wedge shaped or step shaped, for example. The thicknesses may correspond to the
expected range of transmissions of acceptable materials and HANMs. Thresholds
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30 100118) The test piece preferably has a varying thickness, so that
thresholds may be calculated at different transm ssion through the test

pi ece. The test piece nay be wedge shaped or step shaped, for exanple. The
t hi cknesses may correspond to the expected range of transm ssions of
acceptable materials and HANMs. Thresholds 33 calculated at the different
t hi cknesses may be used with the test criteria applied to resultant pixels
havi ng correspondi ng transm ssions. The test piece may have a thickness of

fromabout 1 mm 0 Iy i ther

ener gy endpoi nt trcrggllﬁagg&%t fiedin %tt'&{%iege{ 5. gec'ész??l&s‘t géﬁgphcg@ég%@ﬁg tcgt andard

deviation is cal mauimeulm@rhatlhm caiRspoading sransassianss t dhe tqsf PFPRemPéél{“’epﬂ ece is

bar £ cular ¢ hi ok dbaRr b MGl 13 3l abchy RELY 6F anpl TEFbRLAEL 2 o1

data may be usedeittor ewg»hemdmmtkmefstse uswu b‘th@tearmsds gheny phapgdo Hhejsgndpekd duri ng

exam nation of a t ions, to
g%\ﬁ%ﬂgg ﬁs caEQlat'e&'%o? h@ gggcgpgaisﬁ“gﬁs :OIf gg%yﬁletg i wélge Eﬂaﬁeﬁ

calculate a thre et ween ca ate based on the test
pi ece. Alternati ﬁ@lsspndatdwéev@amwpd@téaﬂedtﬂarr%wyp@h@lpeé@@@r thigknepreof gperdon ed

transm ssion may  pge Y385k, dHdloraEY cmnsr@tdatg‘ﬁ\a?%e BEe@%xSé%ch HRAEQ] Thihe TRs
are cal cul ated, summed, and avera at eac i ckness. is known in the

art, the probabl pippdard deyjatign I‘Fe‘é??s‘hggﬁ*érﬂ"a"f‘@a‘%?“s"f éf‘logleFtc'ﬁl'“'&?'%RP'imﬁt'?eB’ﬁe'bf a
WB@SEF ed quantit )he?s%héﬁ hraﬁ@m%l%n% It@ca@cufate][mthﬂegmldafetdeh@cﬂmdt@lrtﬁ:esrbﬁm wean the
arithnmetic nmean of the distrjbution of t urenents and the measurenent
in question. Thi&" thfi EfpiEe i‘%lteﬁl@ﬁ%ed’?’ &t Wﬂ“?ﬁaﬁﬁﬁhaﬁeo‘g?ﬁeﬁtt? g]?fs[.“eagﬂ‘écﬁ

probalbi lities ar &aﬁﬁﬁﬁsﬁﬁﬁﬂﬁb@ﬁk@d,ﬁbﬂtﬁﬁmaﬁﬁkgbaﬁsq;rmle| knovvn in thehart. For
exanpl e, a nmeasur t ot t hr ee standar evi ati o romt e
arithmetic mean g_ﬁ'@pl ur i.f’? lf.és (o} “ﬁ%’&iﬁr%’f?gﬁgs“ gﬁ%‘m&ﬁ% ttbckﬁe(ﬁ?“
probability of b& lmgwa us thatartsthe pa)bawlay tlata oEasurdinbig ips edddtcdl ivanatipsoft e f al se
alarm rate, whi th| exanmm n T educe the
probability that %e?%” i 1;9’ éucst at Ré,fsl cal m\?‘é%?%?lggﬁmgﬁ eegghgtaﬂghﬁ’ with a
0. 0013 pr obabi | i mgarpéf thedistgbutiom ofithe measyrements dnd sheaxeasypéracnt hwrquestion. akdsar d

devi ations are s n ch

t hi ckness. The Vgisﬁgéeggmmigﬁ%@%gﬁ é@%?ﬁ%‘gssﬁg é’i’m“‘egél% ggﬂés?er? lggg&a inthis
exanpl e, 3, or i endry wsd kaowin thargg&er exxnpl, aasle@msmclitdhatekﬁlmplséndaﬂﬂe sane
standard devi ati Qéhalti%nsoﬁﬁlfnethé‘g ihmPGS et ofea?‘gfi] ;Q &kﬂ&iﬁemh{?%%%oloa achi eve

a different sensitivit speciticlity, rent value of standard
devi ati ons may bé 0@Lamrpla@@th@doffhcmmsmstm)emra@gen TFhipprobavdlity inthafalserplemunber
material of the (RSLyRKEE s e%mﬁ@fsmgﬁ Y@dbot hﬁ&eiﬁﬂ:}’to@rb&b‘é@ttﬁ%ﬁ’&%ﬁ?ﬁﬂi of

transmitted radiation may be froman HANM or a non- HANM the number of
st andard devi ati 8§sIR isa statlstlcal variation of the actual TR with a 0.0013 probablhty of being

incorrect, in this example three standard deviations are selected for the calculation of
the threshold, at each thickness. The value of standard deviations used may be an
integer, in this example, 3, or it may be a non-integer, such as 2.5, for example. The
same standard deviation is preferably used at each thickness.

(00120] To achieve a different sensitivity and specificity, a different value of
standard deviations may be subtracted from the average TR of the low atomic number
material of the test piece, at each given that any given measurement of transmitted
radiation may be from an HANM or a non-HANM, the number of standard deviations
to be subtracted from the TR of a low atomic number material is selected to achieve a
desired balance between an acceptable number of false positives and false negatives.
For example, subtracting eight standard deviations from the TR of a low atomic
number material would result in zero (0} false positives but possibly an unacceptable

number of false negatives. As mentioned above, if a greater number of false positives
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to be subtracted fromthe TR of a low atomi c nunber material is selected to
achieve a desired bal ance between an acceptabl e nunber of fal se positives
and fal se negatives. For exanple, subtracting eight standard devi ati ons
fromthe TR of a low atom ¢ nunber material would result in zero (0) false
positives but possibly an unacceptable nunber of false negatives. As

nmenti oned above, if a greater nunber of false positives 34 nay be
tolerated, then it nay not be necessary to take into consideration the

standard devi at ?n%r'be t[:@g%,a jilled 1{ mb hx?ot @%%%&ﬁcﬁhto%%iﬁiaﬂ&?&e hidY

endpoint is divided by t measur enent ower energy endpoint, then
the standard devdd®figlhs are subtracted fromthe average TR of the test

piece. If the mﬁﬁwwnent[faﬁe nBRurkAUR o BB Wi en%&?%&ﬂbﬁnt'@dﬂ!d&d getheby the
measur enent at the higher energy endpoint, the value of stan%)grd devi ati ons

i s added to the HEASWEHEnt #ithelowerrgergyendpointethen thergiandard deyigtiops 3¢ sHglgoted of

standard devi atl@d}.stf(uwerag@tmrdm e tds PicEENFithe MbdsHreMBil 58 PRCIobkCidegyof t he
systens. 1001221 Fig. 13 Bl cts an exanple of a nmethod 120 may be

i npl emented by & Eﬂ*'&d%é'é’B‘Fd %Gen"ea@reawefowma er enTEY AndRAIng: tae f‘ﬂl& of
thresholds. A teﬁﬁndﬂﬂﬁ@ﬁatloﬁs 1sammﬂﬁﬂe £¥rabd PR 6RhIRstHFRE NTIRGp&)RlrAbeM t h

radi ati on having a f nerg endp0| nt, .suc MeV, at a
plurality of thl?fﬁﬁ@éaé‘g "'af‘?f’sgf‘ ?)’“T?%’G the-pepisitiyityging speg ‘°‘t¥?f3'f‘Fssﬁftf'Psed t hr ough

the test piece |[s0m} ect erlg floldeRacdh qxhnislt of Axhéhbdi 110EheYnay At Gmpledmeedni ng nay
be conducted at MeV first, instead. 001%% HE S’E’ngl ece 1S t hen scanned
with a second raté]’l X PIOSFE Yo e IV FRIPYte J2 S8tiPS ‘bﬂf poi rﬁs €&t han t he
first energy endspannad byahtcbnrchscﬁnd\@Vsysmdwitmwmt’mthngomﬁtst atiginedetged t hr ough
the test piece at ,th of th| kn sisd for lurality
of pixels corres“'ic‘)ld odnqh&c %h’fe biele l“m Eﬁ“c Eﬁei’om%eﬁclgféi ﬂfﬂ‘ag}’ he TRs

for resultant plt)mkmltted aaronghdhd &Slepiedﬂyls diemtcﬂ fiy mﬁepkelalalsmm Sed R2&Wi ati on

neasured at 9 Ty n neasured at 5 MeV (or vice
versa) for the '%g?n?# '%%eb&“E’%‘? at%%,&lc‘; %ﬁgt&glﬁo [ 00124] The standard

devi ation of t he[O*tEBbuI at'Be téBRpleczess thet euamededth msacon@tr@panmh@_m lRvipg er abl vy,
e, standard devleahls @k oBhTAYEH GOkl AE] SRacBhe SAGTY. SIERERS OF { he

test piece for use In i tirn betmeen res during
act ual measur enﬁﬂ@@longaama@dh@em the teghrpiavmpt theplomlit of shidkaesesdodaliclsd to t he

fol I owi ng formulg a piralicy J¥plxels corresponding to the pixels of Step 1210, in Step 1220. The
TRs for resultant pixels are calculated by dividing the transmitted radiation measured
at 9 MeV by the transmitted radiation measured at 5 MeV (or vice versa) for the
corresponding pixels, in Step 1230.
[00124] The standard deviation of the calculated TRs is determined, in
Step 1240. Preferably, the standard deviation is calculated for the TRs at each
thickness of the test piece for use in interpolating between calculated thresholds
during actual measurements. Standard deviation may be calculated according to the
following formula:

Z(x %)’

=]

N-1

where x; is the measured attenuated radiation for a pixel /, % is the arithmetic mean

(average) of the measured attenuated radiation for all the pixels, which is calculated
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where x; is the neasured attenuated radiation for a pixel i, x is the
arithnetic nean (average) of the neasured attenuated radiation for all the

pi xel s, which is calculated 35 N ~x, according to the formula x = "i,

and A" is the nunber of pixels. In this illustrative exanple, the st andar d
deviation of the test neasurenents of transmtted radiation is calcul ated
to be 0.2. Oher statistical nethods may be used with different

di stributions of the neasured atfenuated radiation. [00125] The average TRs
of the TRs at each thickness arecal culated, in Step 1250. The threshold is
cal cul at ed aecceuliig tohihe Koosda K patidPB s themefmberadf| pjxels. hig this Hivssdtok ds ar e
cal cul ated by adjusting the average TR at each thickness of the test piece

by an i nt egr ataniple, 188 siafi L0 deViafle 1B he Aést SHeafifiah ehtsl ot iradshiied, radie@nident  upon
the desired sensitivi t)‘)eand specificity, in Step 1250 The cal cul at ed

threshol ds aftlculaledy @y bej fi2s; dhar piatistiob mﬂh@h&aﬂs bereiped avigh @hitdagent n
associ ation &{s&iﬂ &%ﬂ@&qhﬁ&daﬁt& Jﬁ‘ﬁb'%dh and standard devi ati ons for
at abase

each thickness o e test pirece In a of thresholds, for exanple.
[00126) Usi nﬂlﬂéﬂlhr es hthel aysasgedl Rinef the TRset saeh thivknss iaroenleulite lmﬁtyp be about

4.5, to diff nt c a about
2.5, enbeddgic?%w Tﬁ% gillgsl.g’léls @ﬁéﬁ%"z &Q@P&%ﬁ%trgﬁe@égg \f’?ﬁl I(Z,IH y have a
TR of about threshoidy abea&lbﬁlﬁﬂedlﬂytadjlﬁnﬂg:ﬁwa&vc%um ypeaz:althbckxlmsoatheaﬁwm c
nunber that i,s further iomthe atqm ¢ nunger cgl %%/‘g rlcultural goods
than the atoRiFe® P.ABdRtegrl P pon-intqeralnumber plostagagrgy s eRngSH o £ om
agricul tural \hgQesfed Bﬁﬁmfv'it?fahﬂ rsﬁéblﬁmiyh id BRp 180UITHR bagttBiacthREhcdad St cal
accuracy. To inprove sensitivity and speciticity of the jidentification of

HANM t hr eshBpigd ieSiem 22| Brsrth@shoddsanaxbe storad bpseesiationgyith ¢asrespoadig®

conveyance heing@issiannd@thnddidale@fafibRs for Eadhithicknsd @ffhel tBttpicke GRA @QabRBVEYyance
contains agricultural goods, the TR of agricultural goods, or a naterial

represent atlﬂféhfﬂﬁﬁl%rﬁmﬂw@meal goods, such as a plastic or water, may be

used in det e{jﬁiﬁ ng h@sm,‘ibe'&ﬁééﬂiiﬂ aséd”o?mttﬁggve‘?isgggﬁ??fr itorPinich ﬁﬂy B a}%l‘er such

materi al s. cite (R exanp test piece
of varying th$ dkrdeﬁ'srentiatpraefﬁmbtﬂdmw wﬂnc!;cmnysmeabmef aﬁ'dmeilcal cul at ed

ar oupi ng. ol AeeaieL it 205G blhred BB Boeorabt mE RS TR NG e on
about the conneiytiee dfﬁ“we Smr;.gﬁn emmweaelyrt&y anhﬁamvmmmbd mattxhlfmhgh t he
customs mani oen? tthe Jitgrrmr? gﬁgg)er of t)rplca :E)grxculmrniagr]c;o]ccl?a}anftllle atgmgzynumber of iron,
it is easier to differentiate an HANM from agricultural goods than from iron with the
required degree of statistical accuracy. To improve sensitivity and specificity of the
identification of HANM, thresholds may be selected based on the contents of the
cargo conveyance being examined. Therefore, if it is known that a cargo conveyance
contains agricultural goods, the TR of agricultural goods, or a material representative
of agricultural goods, such as a plastic or water, may be used in determining the
threshold, instead of the TR of iron or other such materials. Lucite (R) or Delrin (R)
may be used, for example. A test piece of varying thickness is preferably used, as
discussed above. The calculated thresholds may also be stored in the database of
thresholds for use in the grouping related techniques discussed above.
[00127] Sufficient information about the contents of the cargo conveyance may
be available through the customs manifest, for example. A typical manifest filed by
the shipper or owner of the cargo conveyance declares the type of goods that are
supposed to be shipped in the cargo conveyance, such as agricultural goods,

manufactured goods, etc.
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t he shi pper or owner of the cargo conveyance decl ares the type of goods that
are supposed to be shipped in the cargo conveyance, such as agricul tural
goods, manufactured goods, etc. 36 1001281 Fig. 14 is an exanple of a

met hod 1600 to select a threshold based on the type of contents declared in
the manifest. The manifest is checked to determne if the cargo conveyance
104 contai ns manufactured goods, in Step 1605. If it does, then thresholds
based on iron and the detected transm ssion, as discussed above, for
exanple, are selected as the thresholds to be used in analyzingﬁthe contents

of the cargo coldBBhnce Hig4l4 i§ an spwple pEa methqd 6O ke 3edasbr theeshald Pasd Wased on
copper or  ni ckeihe typB st @atdnts dbcldrdtain MRMahie&1 e aGnifet is cidkedas Betérinink ift he car go

conveyance contajns nanufact d goods, it is determ g t.her, t he

mani f est i ndi cat 8 Cﬂfﬁoa‘EO“{’WQ"%ng‘g‘bO"%B’dm%‘gfﬁfﬂfeéis %’38‘% 'é‘islﬁ%qg %‘%EF?"‘GT%“ goods,
in Step 1615. | fthieshodkizelased berirof adnthrtiesfdcttd thaswickican adistussddt abowd, fgoods i s
sel ected for use in analyzing t ontents.of the cargo . conye ot
does not, then ac"taWP@s?'fBIséecft%lrasiqﬁeoﬁ’?&l(’?cgé? e pigd ia[ha%g&gﬁhi% ."ég%gh% net hod
1600 may be i npl esmgenioadeyayceartdofpestat i6i0.r @ke awdsigddsamagphé baed of eoppethe car go
ComyeyanCe b MO r ol BB (R B! GBS Rl O ©
processor, such amuﬁacémmﬂem, is Kietyrminep [wehatkert thé menifost indidatds6tb@, the ¢argohe
mani f est has been el ectronicall ent er ed or anpl e, I t [001291
Cther X-ray scanﬁwﬁ=”§ﬁdfﬁ?m%ﬁ%¥§?¥§ Og%hﬁﬁ%ﬂ%gﬁﬁhgptémﬁggﬁn?ﬁﬁmégﬁjunction
wi th the groupi neasededredgeidultueat lgoids iscssledaisfor ish évlamalyeomg thetconténts oftthy cargecr ease

t he accuracy of Clpsi i re RiX6lS$y & HANM
and to reduce t%&a?gﬁgélg g&%ﬂ%ﬁ?&?E?ﬁgggggﬁgkgg%éﬁkﬁgi%?ﬁ%ﬁgﬁﬁﬁgﬁher any
mat eri al withi n methehti§b maphe dypieeated by eh opesitdr ireviswangas mipifapy forAhe ¢42M may be
a nuclear materi 1.S.54 | | SSl i Le: Ll e
presence of whi cﬁdmr’%’éﬁ(fe %'? %g@gpﬁc %‘nﬁefolﬂe%fgr %g{tﬁiﬂﬁ%t gﬁ“’@g’%@%‘&o“} grgté‘;r%si tivity
and speci fi city. ofrestioldsusre éal babwd dn thertests desarip@babove| vt pyedessat 289, asand

urani um 233 are @c?ﬁﬂam%},ﬁﬁgqgﬁi&h\%i&@m&%d‘af&oé‘,:ﬁ the Trhamitbe AADLE efg&kﬁ{dlggs

include fissile materia urant um 238. Fertile materials 1 nclu

ur ani um 238, whi e¥eredsfog @¥pp@i%t i bl e i nto pl ut oni um 239, and thorium 232, which
is convertible into uranium233. Cert\ichkaitT&api | € materials that nore
readily undergo fission than others are referred to as Special Nucl ear

I\R/gtgﬁ{ ia'?l)fy( C(?#TI\T/IB@}SngﬁN![V(h; Is{l;lgrl uxcggyr %1?331%1% iag(rﬁ;g%ri zrt]n%f)j/sigytecthtr\]ﬁuelsl 1§ay ll\)lg %lse%a{n
conjunction with the grouping related techniques described above, to further increase
the accuracy of the conclusion that the suspect pixel or pixels are HANM, and to
reduce the false alarm rate. The tests above determine whether any material within a
cargo conveyance is classifiable as HANM. An HANM may be a nuclear material
(fissionable, fissile, or fertile material), the presence of which needs to be identified
with a high degree of sensitivity and specificity. As discussed above, uranium-235,
plutonium-239, and uranium-233 are examples of fissile materials. Fissionable
materials inciude fissile materials and uranium-238. Fertile materials include
uranium-238, which is convertible into plutonium-239, and thorium-232, which is
convertible into uranium-233. Certain fissile materials that more readily undergo
fission than others are referred to as Special Nuclear Materials (“SNMs”). SNMs are
currently defined by the U.S. Nuclear Regulatory Commission to include plutonium,
uranium-233, or uranium enriched in the isotopes uranium-233 or uranium-235.

Nuclear materials emit delayed neutrons due to beta decay after fission of their nuclei

caused by exposure to X-ray radiation of sufficient energy, 1-2 ps after exposure, as is
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urani um 233, or uraniumenriched in the isotopes uranium 233 or urani um 235.
Nucl ear materials emt del ayed neutrons due to beta decay after fission of
their nuclei caused by exposure to X-ray radiation of sufficient energy,
1-2 s after exposure, as is 37 known in the art. Since non-nucl ear
materials do not emt delayed neutrons, the presence of del ayed neutrons
may be used to identify the presence of nuclear materials. Del ayed neutrons

may be detected and counted by a neutron detector, for exanple. Neutron
detectors are di e O M gHm] O¥.required
to i nduce phot of@ggﬁiﬁﬁ} n nugtT1Ee o aerrrlegt%JaE -52??1? !a ase%tﬂﬁ'([g’ the

phot of i ssi on or frésssicosf ddayed moutehns @t@pdﬁd@ed)mo tfd?etiwratbem'rﬁmcc of aivtlear |
identifies fi SSI[%Ier ?& L&jﬁe s s lb%%&t@&ed%nﬂ@%{cﬁ’b %E}Jcﬁ:tmnarfe%obfc?ed on
mass excess val ues for € sel ected el ement's e MhsSs excess val ues were
obt ai ned from Mmh;darNMOhétte@mdsdlsmd fusthdrebefovom NNDC Br ookhaven

Laborat ory, Janygge 19851'h fiin§ eerﬂ&r kcfulr%t@ﬂndh&e M@ﬂsﬁ@ﬁ ifalbigk Cards is
nndc. bnl . gov/ wa P

avail abl e at et - is noted that both

nucl ear mat er i al Bawgids refreid Fﬂjﬁlﬂ@é&hmﬁﬁ%s@f‘ Pfaﬁ%'OWS%I%GCRS’P‘?fd{'}é@ BHSBbneut r ons

within a very shgmte IF]@édtlﬁE’s fidsibf) th&h&8Eor MiecRd RRMEE chitulated Bsed dfinaki on.
Phot oneutrons are absorbed by the materials in the container and the

y t
conponents of t H&ES rajyesdurdhselcgted slements Tha Bl eroessYANRS VERCYRIFFLERBI ds for

phot oneut ron em wsieanWaidt Cafifs, aSﬂlaﬁﬁtﬁQﬂnNNMBafok}[ﬁﬁérﬂwbaﬂaﬁbry, Asmuaryyelbgs. The
phot oneut r on datﬁ was obt aj ned f é Nucl | nf OI‘dITB.tI on Sgéw ce, Los
Al anps, at http:?/ +2"F%n/ daf /B)ﬁot \‘ﬁf@fe ﬁ'ttﬁf“sPHBt GVaLElE ot and

phot oneut r on daifﬁwlnﬁdcainﬁgbvaﬁﬂGW\bﬂlctaM&m pdbltes :foteﬂﬁhaﬁb&ﬁhmoeaaymaferxmdner sour ces

known to those skill U238 T 2 Pu-239
Type of InteractT8A" %égﬁ%ﬁl} T ﬂ%ohﬁrf"g’cel'ﬁ{”é%rﬁﬁtfoﬂs 'Y’H%'Qs%&?r& g‘ﬁ‘ Ecé'ﬁg
Phot oneut r ons (y(mi)5 scd)/B:)f &pdsufe. B B-rdy Gadibtibn. 6 Ph&bmmﬁnssm ahsofbed f By, thMeV 5.1

5.8 5.8 5.0 5.4 r[] 11.Since the f hol ds f 6@%"“&3%@/ rscanm g

na s in the container and hIcSSI %neras -r
materials are in e range of "o m Dok VY35
a nucl ear mater mbwsmhe hxreéhas!ayfor pmhnattlonnmmimrafor thea&ltctdbmcltarﬁla&nhlb,\dsw |

d hot of | s
the ener gy above"ihd T AILEREIE Rcr e sin ot Ml IyRuEhShbedel one

that will be em Alm@ds, af mgi/l+2tlaidgonijatadphicemiéleanhtnd. Phdfofisaipn bad pleedeut@s i n t he
;i(?'gsl es, above'dagrls? e];lseorrea i avallhl?le rgmaax«%r(?e c?t%t[helo s%%rcg'srk%oggioet?lgs%(gkiw@delg the
the art,
Table
U-233 U-235 U-238 Th-232 Pu-239
Type of Interaction Threshold | Threshold | Threshold | Threshold | Threshold
Photoneutrons (y,n), MeV 57 53 6.1 6.4 5.6
Photofission (y,f), MeV 5.1 5.8 58 5.0 5.4

[00131]

Since the fission thresholds for all nuclear materials are in the range of

from about 5.0 MeV to about 5.8 MeV, scanning a nuclear material with X-ray

radiation of at least about 5.8 MeV will induce photofission and delayed neutrons in

all such materials. Increasing the energy above the threshold increases the number of

delayed neutrons that will be emitted, facilitating detection. 9 MeV may be used, as

in the examples, above. Preferably, the delayed neutrons are detected when the X-ray

beam is off and after photoneutron emission has ceased. In addition, by this time,
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beamis off and after photoneutron em ssion has ceased. In addition, by this
time, 38 X-ray photons that nay interfere with counting the del ayed
neutrons are also not present. [00132] An exanple of a sequence of
operations to detect del ayed neutrons due to photofission in accordance

wi th an enbodi nent of the invention is now described. First, at time t=0
sec, an electron burst of 9 MeV electrons strikes a target, generating

X-ray photons, as is known in the art. These X-ray photons are collimated
and projected ot p I n bur st
typically lasts X r%f gl\}v&@n{sgﬁ%gg %Hp&g%%lrkgg{mgr&%u{eg& o?eﬁuﬁgkegglagg%\émpdt h are
between 2.0-4.5 MsseniAt 1.0-2.0 Ms after X-ray photon production ends, a

neutron detecti Ofposdsgt €m X eﬁMpﬁJA’f%%unﬁe bopaliss to dieAkfded Rk AR f rom
photofission in nucléar materials, if present. The  acquisition tine period

may |ast up unti fopbaefigsisnie aqrpraance Mith ge spbadinesst ‘Pfd'f*P lﬂtﬁ“é‘?" fsgow deistitedt o pe
sent to the tar 9?{; st, at Mﬂh ?—%' sL:é’ af?l?i@éﬁton Bursr 059%6‘?‘ Jléc'tr§:%%ﬂ[k@§a {arde® ganedMfitger tine

t=0. This second burst MeV or The neutron detecti on
system may be tEirfh)eahQﬁ‘PﬂSaﬁ @rkne‘a%hn Hie ot e”ﬁ@lﬁ?g%“ﬁhlpg‘tm“sh%? golfmpjed/andk o

exanpl e. In anot Pglecte@SAIPELe0 Johﬁeymﬁyhﬁdenn%&ﬁﬁtm&l@m Suddt BREaBManl y af ter
a TR pixel test indicates the possible presence of HANMin an array of

resul tant pixel s2 f@u@isresconds: diypiselaialipniyr de pulpotidthetie byyedrdhbs HE st TR
cal cul ation, and;gng p,)ésa'ﬁt?r )@i'ag r{ﬂ@toﬁ F%H“ch& en@s aAbRoH 38 Hion FRRUED swikflQyl 331

Phot of i ssion results for an entire cargo conveyance or only

for a suspect ar @atocﬁetwwlw%(#%"%mmwéﬁsﬂ% s pusfsacmateiads, ifrpagsenye The

resul tant pixel a&ﬁls@iog 591@ q,eﬁéa 151%5 Hktt@mnumhé @bt \M.énhthl Rext b,ﬁ:kecw bR is
t hreshol d, indicating t %/@ > present. In one exanple, the
il iy

i dentification oftoMh® @ﬁ%é@fheé?féﬁv h‘?}’é\zé Semilisesapry S/mér)d’ﬁgfp‘lé'& ficity

that is not accepiahhr secBﬁcDGﬂ?&t'nﬁQ bk uergtnhw ot £3 M. Thbﬁheutﬂ;ﬁ%th@fon%&ﬂw €,
phot of i ssion results may be anal HANM is identified

ed if
accept abl e sensi PRYPg Wmg an afiz es ht‘.ﬁhtei}“gX Brrsbeices TMRY: ﬂﬂh@‘t"‘ﬂ@*" MO@F' ot her

nucl ear materi al:xahﬁplepﬂle%&ﬂfon dEEdr 4l thdpddesit dnONafiRf aemypuetekeamaaicdn@umer ons
i ndi cates that nucI mater %@M@Btﬂ“ resent. wi t.hin t conveyance.

The general | ocaP?Sf)' (S’fes?ﬁ?: ye rapient piggls G ast? ert 8‘5’8?‘? fied, as
i's known in the bath.endrgy actpoinispMR tahalatigterahd tayalysds dfhhe rrenulteaus disvadset i aI may
be determ ned. el i mental counts of a nunber of del ayed neutrons
generated by i ndfih ﬂg photofission in SNVs at different peak energies and
the del ayed neufd0td3}' deBlayofissioressulmpaple analgad ifarad entite Edrgoscooveysickor anges,
each only for a suspect area of the cargo conveyance. A suspect area may be a resultant
pixel or a group of resultant pixels with TRs below the threshold, indicating that
HANM may be present. In one example, the identification of the suspect area may
have a sensitivity and specificity that is not acceptable, prompting further testing. In
another example, photofission results may be analyzed if HANM is identified with an
acceptable sensitivity and specificity, to determine whether SNM or other nuclear
material is present.

[00134] Detection of any delayed neutrons indicates that nuclear materials are
present within the cargo conveyance. The general location of such nuclear materials
may also be identified, as is known in the art. In addition, the identity of the nuclear
material may be determined. Experimental counts of a number of delayed neutrons
generated by inducing photofission in SNMs at different peak energies and the
delayed neutrons’ decay times may be organized in five or six ranges, each

corresponding to a particular nuclear material. Comparison of the detayed neutron
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corresponding to a partlcular nucl ear material. Conparison of the del ayed
neutron 39 count of the object being tested with these ranges enabl es
identification of a particular nuclear naterial (and its atom c nunber).
Real -ti nme del ayed neutron counting and neutron detection technol ogy are
known in the art. See, for exanple, Tsahi Gozani, Active Non-Destructive
Anal ysis of Nuclear Materials (National Technology Information Service
1981), pp. 173-205. [001351 If further confirmation that a nuclear material,
such as an SNM e d?'ir%%%[&h tRing ?eseglcvm. &EJ ?ﬁnlgl:sckﬁa;lés%knﬂﬁéamzpofed PR

or exa 0

conveyance i s necessary e a manual | nspection is
per forned), anot micalpln@ipr@ﬁlu(wutmtmeumhsr) Regl-time dlayed Beuron coyntieg ¥dak range

of photofission GRELOYerd OJ]HGHnGBé%ﬁ@w‘Jth%c ﬁet%@q& amplVEtaitshzahd MeV.

This third scan per orrre I gher energy |evel maximzes_ the nunber
of del ayed neut réffiye g¥aePattwerivsy Aptistorof SNycksal Maserals (Mationy Teipd'es

detection. The hlngjgmgmrsgmlc@wglgtpqub@ﬁm may be provided by a separ ate
source or the sane source generates radiation a} the oth ener gy

endpoi nts. [0013@81%5 g. 1@5““@’ é‘i’f‘f%ﬁﬂl"@t arnugleatanatsih s By Sin¥ucti ng

the neutron teSgresehtht apaGEElAE6ALINM M&mmear@mwyﬁmeus nefeskHdy (fb.oamﬁme an obj ect
i's scanned by ra iation having a | ow energy egﬁr pg‘ such as VvV, for
exanpl e, in Step’®erd@. manpalinspectinn jsperfarmedh apet pto ?ﬂ"@r"éﬁ‘i“f"bﬁ“a\)’\n h the

obj ect, in Step hdRed aﬁhegéﬂcasxﬁgamilpﬂ@oﬁs@.@ﬁ bhepdy &fnutleg MRS bitsesaclanned with
Fadi ati on 1o derwey and ls B RhisdRiab e % e nprerts e ey 4740, “The
portions of the mbjrﬁmbernﬁty d&]eyeﬁh&umxstgemaecbbytdhetoﬁhjoectfacimmMgrreadmby a
radi ati on beam a& g‘ tion eﬁi oint. For _ex e radiation

beamis in the 5‘3 an o peE ?%beﬁmé’ggﬁeﬁmvlﬁgé ﬁy ofsepf“r?g BB ect is the

slice or slices thé salmmo‘ubq th@tgenctate valiasioat the otheeentsgp endpdintst | on beam; The

Scan.ni ng nay Cyc¢ 3?Ft Weellﬂ 5] !:y?svanaexgm%le P/F &1%91?60 ch&lﬁ&qﬁg H\@t e!xtro

sufficient nunbe pi xel's coverin fifcrent Tared  ar e° col ed to
conduct one of tteg, nestadohics evith ad embmlneemr Aoptgon veaEt sbjec[t(]ﬂi@ﬁr]ed'blsle results

are analyzed, in 1744. The ana cpﬁg,,l fo,f h ests,
di scussed above. ﬁﬂ%ﬁha‘”“ﬁﬁ‘?"i’ EHtPon lfom% s('f?leaspal r '?"e%’%%lgs%osﬁ%l ﬁgﬁ portions
may be per f or nedRagliatiok isydeectedigfter in@radtan with tihaljdst in $tep 1 12PN Agwrrespendmgut r on

det ect or - syst em p bR BRIV scabdll R RIGAG Oy ORG1 BheLE) ool o Of the

presence of suftficient nu dicative of the
presence of an HAMW, W| $thP &730eidr rediative ris fetqoted tafleraintgrastinacyith the oopiestnin

accordance with §t§tﬁ17t465’i“& HARRE bARCOLRRONS, be diFEMSrioRd SR A doVilvRR byh T he
neutron detection syst
radlatlon beam at each radiation endpoint. For example, if the radiation beam is in the

shape of a fan beam, then each portion of the object is the slice or slices of the object
traversed by the two radiation beams. The scanning may cycle between 5 MeV and
9 MeV radiation beams until a sufficient number of pixels covering a sufficient area
are collected to conduct one of the tests discussed above or other tests.

[00137] The results are analyzed, in Step 1744. The analysis may comprise any
of the tests, discussed above. HANM identification for one pair of corresponding
portions may be performed quickly enough to decide whether to turn on the neutron
detector system. Alternatively, the presence of one pixel indicative of the presence of
an HANM or a sufficient number of pixels indicative of the presence of an HANM
with a desired sensitivity and specificity in accordance with the tests described above,
may cause activation of the neutron detection system.

[00138] If HANM is not suspected, then the method 1700 is repeated for

another portion of the object.
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[00138] If HANMis not suspected, then the nmethod 1700 is repeated for

anot her portion of the object. 40 J0O01391 If HANMis suspected, in Step
1746, then a neutron detection system is activated, in Step 1750. As

di scussed above, the neutron detection systemis preferably activated
1.0-2.0 ps after scanning at 9 MeV (in this exanple) ends. [00140] It is
then determ ned whet her del ayed neutrons are detected, in Step 1760. If so,
an out put indicative of the presence of delayed neutrons is provided, in

Step 1770. If no 700 i s repeat f or anot her rtion of the
object. If the L"Hﬁ”? e ob[ﬂﬁ%ﬁ%g’%’e&éﬁ‘id gtﬁ'higﬂf’ AL A OB JeRieD PidTcat i ve of
the failure, to Bedceeited, ﬁiels&veldsmeuisrcﬁnaﬁsseaagboed sl heatrpr detedionl syqid@0k41] | n
accordance with ang r t he nucl e St, . nma onducted if
the presence of P—ﬁﬁﬁltq’@rac gé)rge% Sﬁ?“"i“ﬁ”sﬁé’b%@?&'ﬂf ﬁ‘f‘ée)cg other test,
i ncluding the teﬁmmqiescrItbed,e@laamuﬁadvhehaareayéanwmonsmra ttected] in Stepr
exanpl e, a dual energy rati o test, as_ descri bed |ﬂ§? S. Pa tentgﬁl#om
cted

5,524, 133, whi ch1768- Ifisp a5 qytmubindigatiyy of tr gresaeaCiflsagsd-neutiens it proyi
first to prelin sapitn. e} hé meﬂa&ﬁnoacgwdatemrammdr pofidh enthe objedthef obj ect

to det whet h t at t tiall t ticul
L T e IR

above. Such a duddiayehisugynstnesytaisomby proedédn nor e det ai I, conduct ed in Step

1744 in the method, 4700 o L for o ex I nduct ed
at only one ener@ Kd oi {rrllt féc%da,%?avfu.h a(I)n"rc{télgri %}E%dg?e"@et %?l&?)eﬁgs??aﬁacb% i nvol ve
aut omati ¢ anal ysixmdmedrléshalpt@emdf BANM <sma¢leaanatesidiissmpwt@deﬁ@ranmhe i mages.

The nuclear tes .6 |f an
object that is f%ﬂnﬁglu no?e%ﬁ%gﬁg%%talﬁ %J&{'edg%flq%hw aH |s Qn exanpl e
of a nmethod 1800d4ah eacrebrrmwt,vw-ﬁ festribed in g o distawsnNo. A,Sflﬂﬁe whiaht isj s
conducted on at in@&ﬁ&rat@d &Qk?éré?n@e Pefreu‘?'?nagﬂ% g&xﬁuctédrhr§tt§9reﬁlﬁﬂ1grlly ;dehnt\é%xet hen

determned if nuclear material Is at | éast suspected, in Step 1 I f not,
if remaining pofdahmstesel eopienyisf dbs objessdtor detamaing outedar thenabierstah &3St et ur ns

to Step 1810. If potddigilyebdridifs 8 RHaRicdiahARIcREeRReSHaANDSd PaBft Nbltsmh 133nd| cative
of the lack of suyspicion the presence qof nuclear materi i,rl)row ded.

[00143] |If nucl eScrbad & mere iieéa‘]s e Ut 2 £ ceBpelt 1Y g"cé‘n‘ﬁéﬁ

sufficient energdictd inGitp a 746k MeariAUTI0TFig. il ﬁheﬁani;ﬁésoAtdsnn@ruder to
conduct a nuclear test. A radiation beamvmth an .e erg‘%/f endpoi nt of at
| east 5.8 MeV meSPipwstedatanly phecnergy epdpping as will. (R 45) t1pEaaY iBvoyen

checked, in Stepauldfitic ahdlysiebrieais Re4bs ARSI MaBsis of one or more images. The

nuclear test may also be conducted after a manual inspection, if an object that is found

cannot be identified.

[00142] Fig. 15b is an example of a method 1800 in accordance with this
embodiment. A first test is conducted on at least a portion of an object, in Step 1810.
It is then determined if nuclear material is at least suspected, in Step 1820. If not, if
remaining portions of the object need to be tested, the method returns to Step 1810. [f
the entire object has been scanned, an output indicative of the lack of suspicion the
presence of nuclear material may be provided,

[00143] If nuclear material is suspected, the object is scanned at sufficient
energy to induce delayed neutrons, in Step 1830, in order to conduct a nuciear test. A
radiation beam with an energy endpoint of at least 5.8 MeV may be uvsed. The
detection of delayed neutrons is then checked, in Step 1840. If delayed neutrons are
detected, in Step 1850, then an output of the results indicative of the identification of

the presence of nuclear material is provided, in Step 1860. If no delayed neutrons are
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detected, in Step 1850, then an output of the results indicative of the

I dentification of the presence of nuclear material is provided, in Step
1860. If no delayed neutrons are 41 detected in Step 1850, then the nethod
returns to Step 1810 to scan another portion of the object. If the entire
obj ect has been scanned and not del ayed neutrons detected, a suitable

out put may be provided, as well. If a high enough energy is used in the

first test gidced ArdPili3o ﬁﬁ@ﬂ,elnietﬂweﬁ%taste@ens@@wnh@mﬁ&wafoho& ep 1830.
Scanni ng Systens 1001441 |§ 16 is a front view of an exanple of cargo

scanni ng sy deebiept olf theangigy bﬂ&bﬁenmﬂﬁbmd ratslslayerbrruirony deterded; ayvent i on.
A conveyor N%ﬁ@uﬁ%ﬁ%ﬂ%ﬁ%&c& ﬁ'\gclP : y@lsourgﬁgg%gg%"\%&%? e 440 through

t he scanni ng syste et ween an and a detector 2070.
The conveyot@ctsgammmo,zﬂemhmaybetwneecsmn@eﬁﬂdyctcﬁmww%conveyor belt, a
track or nmechanically driven rol Qﬁg gy exarrpl e. The X-ray source 2060
directs a radiation beam R of Br gﬂ’"ﬁ ﬁﬁ‘? X-ray radi ati on towards the

cargo conveyig4 2040rig 36 ielack'rrm vm} bﬁa:?@:%nlﬂubfeﬂ'@ﬂs&dﬂﬁmg&?ﬂéﬁ@ﬂﬂ@GO and

t he detector 2070. The c ve stem 0 ext.ends throu gs in the
shi el di ng wATOSEERskfoLiED 'Pﬁ'&s 8%8&”}“%&?&0% WCXC%e‘Y%ﬁ) &328
conveyance Spperts P@@Q@B@N’hGaltgarcgn\fﬂ}’@mpe%f&ﬁdbroggmﬂlelSsammg/w@m BYOG; he

conveyor tem 20 t hr ou ded n 2100. The tu 2100 has a
Fret” i oAbl o h dsron 387 olug doaereb st S uabe of "t he
X-ray radi abd ®medRmibaRy fdriveh thfreyof by aSitdekCR méHanitallt BevenaofersCRRveyance
2040 and fromthe ca;}go conveﬁance 2020 to the detector array 2070. If the

radi ati on bEAMPR. |Thedaypource RROGdrrrts aadiatigh beam B i BremistrahluigdifaY i on may
be sed 1 O rloiD Bhiar® el Al ool OMCXIifE WA 2087 Qu iRl g s

rollers, a gap may b anong plurality of | ers, where
necessary. euggerdfigl Mythal@b’»‘ﬁl@é EB?Q)Vl'H@dGQDNeIMGB}'WM%@m extgrubpfémghg t he

converer Wi SPER. oibufSeaRante EHRLRLORS P e e By b ! Ced

bet ween t he 0 conveyan and K¥Scattered
radi ation ftromm}fan@alﬂtﬂ)ng the detector. The conveyor system 2020 may be

reversed to 'ne portion of t 0 CO nce 2040 entire

cargo conve@gﬁ‘@i‘ agai cﬁ@“ %V?@HEE?W %?&?Wﬁgﬂy&ﬁ? °?'H8W?§V§8’“8@§Q/eyance

3828 lr)my bethtougRai smmiedv\mhidielmbm ¢ 37 mﬁmr;gneslabxa fispmdddowcyTi0 ng 4 Be source
et ween two ener endpoints.as the 0 y ei ng

conveyed t WWM@% 2hie aligw ﬁmemwfc @994 wcs %Qﬂemé%awg%

sources, fOR.RXa8EE2060 to the cargo conveyance 2040 and from the cargo conveyance

2020 to the detector array 2070. If the radiation beam R intercepts the conveyor

low attenuation of radiation may be used for the belt or track. If the conveyor system
2020 comprises rollers, a gap may be provided among the plurality of rollers, where
necessary. A window may also be provided in the structure supporting the conveyor
system 2020, if necessary. Collimators (not shown) may be provided between the
cargo conveyance 2040 and the detector 2070 to block scattered radiation from
reaching the detector. The conveyor system 2020 may be reversed to examine a
portion of the cargo conveyance 2040 or the entire cargo conveyance again. As
discussed further below, the cargo conveyance 2040 may be irradiated with multiple

energies by rapidly cyeling the source 2060 between two energy endpoints as the
cargo conveyance 2040 is being conveyed through the scanning unit 2000 or by

providing two adjacent sources, for example.
[00146] A collimator 2140 extends from the end of the X-ray source 2060. The
collimator 2140 includes a slot (not shown) shaped to collimate the X-ray beam
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[00146] A collimator 2140 extends fromthe end of the X-ray source 2060. The
col limator 2140 includes a slot (not shown) shaped to collinmate the X-ray
beam 42 emitted by the X-ray source 2060 into a desired shape, such as into
a fan beamor a cone beam The slot may have a vertical arc ranging from

| ess than | degree to about 50 degrees to define a vertical fan beam having
an arc 0 and ranging fromabout 5 degrees to about 45 degrees to define a
cone beam for exiteplby. theHaapbatrcm2ilhatoa desitddeshashagoels as aso adin beapr0@1a1 7]
The detector 2070 i.s electrically coupled to an i e.pracesspr 216 whi ch
o coupled 1o a R, 158 Hf Ry HeE hiRisat s CueBilos EBE 1% B Ched o bou

anal og-t o- di gi t 8§ de@besabdefifle aRertidaldhl BtarP hOGRSEHI AL © ARY RRRMHSHrom abbs Known
in the art. A processor, such as a conputer 2200, is electrically coupled
to and cont rol sde@Res topkousd daerees B dafitsa pape beam. foRExsmplay THe sl 123 BBYE t he
detector array veyor system 2020, the image processor 2160,
and t he displ ay&g%%g#%gaﬁrﬁ?i ons between the processor 2160 and all the
conponents are M14Hhown, Thealetictop 207( i @lecticajiy epupEdetomnoioags proce@e02ktly be

programed to iRl enen al,l _of tests. descri e. Th
processor 2200 %?Ep?oé?@géasg&nea 3%”@?|“§?‘tﬁ‘21"p‘f%%§s | n“%gs(g? ?r)\@pl %or%pr%Fs t he
i mage pr ocessoralﬂkfg?o-diﬂital emgﬁ%icw ﬂﬁgmﬂglﬁﬂ pﬁ@ﬁinF&cﬁWnts, adidi Knbefidh the 5160
processors or conputers nmay be provided, ) . e i e processor :
the conmputer 2289 WP@L&U&M&%@W@&@@WF@I&@%@@ f%gqfﬁ@@frgﬁ the
differently. TheoldBaPoPIRSEIRAE of HOKTRYAfPAs Mk dbllfiof QIRYIGT) T

ut er may or

exanple. The co e progranmed 1 n software an ardware to
conduct any or abhveyof syisteen 2EX) shedemgé pReessabDM®, ahdithe igspéayadti3D eConrfeetions
prograns nmay be inplenmented through an Application Specific Integrated
Gircuit (ASIC) befiveen thediracessariil #8 andpld thecoamopents areiofalovse tesiggleteor

array. The confk yr at,on. of t122002[21%%&%%%%%31%ﬁ&ﬁ@&%gdqng{]mtan%gggﬁg ?fs

the col limated &t atlon DEaM e r I on
col li mat ed i nt odaciited itwae) Fheoprecedioh 2080 anag|providt goineroradlly afy the Gpbbcessyy be

provi ded, conprising a single row of detector elenments. |f col li mat ed
radi ati on beam h’?“é‘%@oﬂé ﬂl?e&ﬁ?ges[’f{f’f’f’% . %W%asmt PrE $9?eé?ﬂrd%ﬁ% E‘oﬂ’é’wﬂgam
the detector araaﬂtidmvp&ee@oﬁwc&hgiﬁm nfRale (HOL@E! Ak WA aYhe? e pRRERGE Si NY
two or nore adjacent rows of detector el énents. The detector array 2070 nay

conprise a pl ur &40 yhorompuen 8200and) Eecdisriys 21 aprycbhgrragedgandneonsecithr e
The detector or TSEPAT: e iHREPIckBSy 116B BN Ak of S SoRU r ool
arm 2070a of anThe gimgpiat may be programmed in software and/or hardware 1o conduct any or all
of the tests described above. In one example, the programs may be implemented
through an Application Specific Integrated Circuit (ASIC) for example.
[00148] The detector 2070 may be a detector array. The configuration of the
detector 2070 may depend on the shape of the collimated radiation beam R. For

example, if the radiation beam R is collimated into & fan bean, a one-dimensional

Detector array 2070 may be provided, comprising a single row of detector elements.
If the collimated radiation beam is a cone beam, such as an asymmetric pyramidal
cone beam, the detector array may be a two dimensional detector array 2070
comprising two or more adjacent rows of detector elements. The detector array 2070
may comprise a plurality of modules of detectors, cach comprising one or more rows
of detector elements supported in a housing, as is known in the art, The detector or
detector array may be straight or L-shaped. A horizontal arm 2070a of an L-shaped
detector array is shown in phantom in Fig. 16. Fig. 19, discussed below, also shows
an L-shaped detector. If an L-shaped detector is used in Fig. 16, the source 2060 may
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detector array is shown in phantomin Fig. 16. Fig. 19, discussed bel ow,

al so shows an L-shaped detector. If an L-shaped detector is used in Fig.

16, the source 2060 nmay 43 be positioned at a | ower vertical position, the
radi ati on beam R woul d intercept nore of the horizontal arm 2070a and the
vertical portion 2070b of the detector 2070 may be shorter. [001491 The
detector 2070 may be a photon detector, such as a photodi ode detector array
conprising inorganic scintillators, as is known in the art. Cadm um

tungstat e (CdWO4) ps&didnbd Atladbwdr SeMiBH pbtion St8& radfa@én &mrmlwaud Aedephagss silicon
(aSi) detectors, such as, PaxScanTM detectors, a

v a from i an Medi cal
Systems, Inc., OPedongony! armyglipasndithe vertical partiop 2@@%@2 bs. defﬂ@' :égémﬂ’aut ron
detectors 2072 b Shoer. 2076, and 2078 are preferably positioned at multiple
| ocati ons around 1 car cont ai to,detect the neutrons Lgh are
emitted isotropﬁ?:oalp y i n 19F [detggtor (5'}% be @ i‘?&f{]%tﬂr > J4t %St%Ph%k/“ge may be
supported by thdegaor#Qy ch@prisingangpmic ﬁhﬁllmutwdmk:d:eheﬁttmarfzocﬁmmy be
supported by the det 207 The neutr det ect o b upported
by the upper pélfrigftﬂﬁ?(g‘*‘g{)ﬂéc‘atg{a&st ’B?Yn?d’fﬁfpg?r eﬁ@mg Sg}a?%écr’ﬁ @?S
L- shaped det ect ﬂéte(t&&&u&%ﬁﬁ)ScanWhﬁtcﬂ@rﬂTafraiiﬁbldﬁ’blﬁdia(mn Mac'ﬁeal ISpstene Irsuppor ted

by the conveyor g her part of the scanning system
bel ow t he cargo \t}tg%a% é“ aﬂ%ﬁ)‘fﬁ‘il The neutron detectors 2072-2078 may

be cylindrical mﬂﬂdpﬂjrtl oMNghtronc detedters s2072,| Red, wWioFh 3ide . 20Theye rusferablve usef ul
engtns of appr QMRLEkmb5R JokinsHund! 3 dsblboRdhfio CORENARERSZ040, for

exanpl e. I n one exa counters are ere cadm um (Cd) and
pol yet hyl ene | ayﬂéerQ aremttmr)v@romﬁllmadrhdumtm@ Udhe areutrop datseon 172 may bl

neutr ons uhi ch_ Aifhond§ihe BEH AP SanBRS ORI RIAR QUINRRTR hiffied 11 Lhe

pol yethyl ene | a el ng detecte etectors
del ayed neutr ofs tar @tqcm 2870 r Ehegrsuizent dafecion 20 Hemaybe genpeigadoysthe smet abI e

heutron det ector it Bf ¢ @%Qbﬂldréy Qméa@%eoffaﬁmsaa@ema deBdbthy i s,

Meri den, CT, exanp vi ew of @gortl on of an
exanpl e of a caﬂgen%amﬁﬁtwgor @%%mhbemwed §h8wqﬁrgvetfwysteaj29 HtSOPadi at i on

sources 2060a, 20608t ofhe Beahfin %@ﬁr&icﬁ/tﬁ@&kg%tcbm #oyioag. a different energy
endpoi nt. El enents _common_ to system 2000 o [€_commD |y

nunbered. The céM&lor sybe é‘ﬁ‘l"i"(‘}Z‘é?te"@Ef’pBQﬂztzQ?&dHﬁyc@nﬁﬂﬂ?gmé PHPFE®Onveyance

2040 through t heosdfilledgvithy e MheORBakave b@ﬁmgm hEapbto&ﬁﬁatasr I35 @our ce
2060a and a first detector 2070a, a bet wee second tr)liany{& source 2060b

and a second def¥cEoFHepreRcoOMYgyaIcss 1050, terspp % &"ample te chiers ik

covered with cadmium (Cd) and polyethylene layers. The layer of cadmium is used
to absorb thermal neutrons which are “slow” neutrons. Fast neutrons are thermalized
in the polyethylene layer before being detected in the *He detectors. Only the delayed
neutrons are therefore detected in the *He detectors. Suitable neutron detectors are
commercially available from Canberra Industries, Meriden, CT, for example.

[00152] Fig. 17 is a top view of a portion of an example of a cargo scanning
system 2000a, showing two, adjacent radiation sources 2060a, 2060b, each to
generate radiation having a different energy endpoint. Elements common to the
system 2000 of Fig. 16 are commonly numbered. The conveyor system 2020
subports and conveys a cargo conveyance 2040 through the scanning system 2000a,
between the first X-ray source 2060a and a first detector 2070a, and between the
second X-ray source 2060b and a second detector 2070b. The X-ray sources 2060a
and 2060b direct radiation beams R1, R2 towards the cargo conveyance 2040. The
X-ray source 2060a may generate a first radiation beam R1 with a first X-ray energy

endpoint of 5 MeV, for example, and the X-ray source 2060b may generate a second
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and 20606 direct radiation beans RI, R2 towards the cargo conveyance 2040.
The X-ray source 2060a may generate a first radiation beam R with a first
X-ray energy endpoint of 5 MeV, for exanple, and the X-ray source 2060b may
generate a second 44 radiation beam R2 with a second energy endpoint of 9
MeV, for exanple, or vice-versa. The X-ray sources 2060a and 2060b are
positioned at the sanme angle with respect to the cargo conveyance 2040 and
on the sane horizontal pl ane. They may be immediately adjacent to or may be

situated apart fr each o The al so he o] ed one above the
other. 1t o belPaUT fom K vits & pEbudrn s ol Y. RE i,

cont ai ner nay b@l&X\&ﬁhnﬁﬁE X-ﬁ’ayabm-bﬁs 286Datatd ﬂ]@OtSzeeﬂO%d@net{aE)MSBﬂc ahgle itAMm ne
cargo conveyances 2040 aV| r than out. 5. feet (1.5

ot ors) 't e e FRPEd S ey S gL P pird PO R U e Ty bF o1

havi ng ener gy enidgediatly ajjaemt @rornfagbe gitnated alart ok, cath dber. dhey BayMisd beray be
uoed, ol EXATBl R ol SENSAETNAD o el Bl A8 Pl PEYs gRIPOL N o

for cargo conveyances w dt'h out 5 5 nmeters)
include | MeV arfdotcgntammaathdcﬁnﬂt@weabdutmtowwcowsr exanple. In order to

conduct  the neut et est o ROl NEnRIBLARORTHINRL ILIaRGRIE hfl sy 2 | e2s!

5.8 MeV. The X-ray source na tor as a |natron(D
Li near Accel er atf()f86( (1L5 matbwbnhﬂr)( ryy deam a@ﬁﬂarﬂ%@tesf@b&t gqngraqgomémon al at an

APPrOPY | AL€ | Y Soufl ot Bl ol PV SI Moty VB BB, 11O

Palo Alto, CA ("Va Var| i'natron
pul ses are out pubr ﬁi@mpbeé%ﬁkﬁcusspﬁéib%r|(ath6fL€iXPFamlP-°<)?f( ?fbﬁrgﬁaﬂéldwtb fR18g angl e of

about  20- 30 de%ﬁ@?még{avﬁgam@dtﬁgmﬁrm% aBbul SHecBQYImrdSs) MYudP e Mesedaas wel |,
such as el ectrost ic accelerators, mcrotrons and betatrons, for exanple.

The source or e Aol MY, defesxampie, ol order foccopgyct the Igdiiop 1956 ( Co- 60)

pl ut oni um beryl Idnammé Eﬂérg@%)ldpoﬁiﬂﬂ{eéﬁ’s tEHERE IeGdt §IMNRAT, VEHe IXURY 6oy bbased
sources. | n exam ning ob ects having a width | ess than about 5 feet (1.5

neters), X-ray t EE@?“@H‘WH fiigh éﬁfb?’@?}fﬂlﬂ@ Lipgar Agcsloratos § Jdnaay®a) %"’(‘5‘“5@“ used. One

energy below 1 %ééle"f‘d?ﬂég&@ntﬁpﬁ‘éﬁ aﬁprtM?iMe B8 or R@elyﬁgﬂlaélg'ﬁoﬁL\%a§nﬁ&1&a¢r
obj ects. For exa 0 ke 5 °'MeV may be used Both energies may al so

be below | MeV. S?@ir:m%itmﬁa@ Altp CAENarianidl foroakele/ Fmtbﬂ Beriandeagron@ 369 ong as
the radiation w ] u gg}g 01541 A
single X-ray bedm UIsﬁsga\?/?%tﬁ'gtpgﬁ %g g gﬂ%&%ﬁ“ gﬁ'&:i‘g’%%‘%? gslrr%gopg{ﬁ 5 Oft?g%ug with a
si ngl e energy sefsitdegmes]dorepwplearGby X-oy sepagsamna 96 deedestwalli glkhand | ow
portions of the QoELEY. Sag&%%&@ midrd gﬁsaﬁmﬁ'ﬁ%ﬁﬂoﬁs V\% @ﬁmgi@t efile NQrce 2 682, 411

and U. S. Patent No. or exa re incorporated by
ref erence, her eispurces may also include carbon 12 (C-12), cohalt-60 (Co-60), plutonium-beryllium

(Pu-Be), and/or americium-beryllium (Am-Be) based sources. In examining objects
having a width less than about 5 feet (1.5 meters), X-ray tubes emitting energy in the
keV range may also be used. One energy below | MeV and one above 1 MeV may
be used for such smaller objects. For example, 600 keV and 5 MeV may be used.
Both energies may also be below 1 MeV. For example, 120 keV and 200 keV may be
used, as long as the radiation will penetrate through the object being examined.

[00154] A single X-ray beam having a single energy endpoint may also be
used, with a single energy sensitive detector array to separately detect high and low
portions of the energy spectrum, as described in U.S. Patent No. 5,682,411 and U.S.
Patent No. 6,438,201 Bl, for example, which are incorporated by reference, herein.
As described in these patents, different portions of the detector array such as alternate

lines, may be more sensitive to radiation of one or the other energy.
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As described in these patents, different portions of the detector array such
as alternate lines, may be nore sensitive to radiation of one or the other
energy. 45 [001551 A single radiation source that sw tches between energy
endpoints may also be used. A description of a suitable source may be found
in US. Application No. 10/957,212 for a Standing Wave Particl e Beam

Accel erator, filed on Cctober 1, 2004, which is assigned to the assignee of
the present inventor and is incorporat ed by reference herein. Qther linear

accelerators th sed in the t . ntion are descri bed
T S ot ont | 0TS 208 B3TelsrmtiqioEsRhE HER i Festr el Cafba R b et
No. 4,382,208, wdische aed al dsscnalsim efreedtitibie tolvee amy ibg fived af .UtSneppircamnt. .
invention and arg, i;nees pOr ngt?{m Bafd ﬁé}'t?c‘?e &E\ﬁA&tle;gﬁnf,kfﬂé@&eécagl%{hsw tching
bet ween ener gi es UsI Ng 'Iec BSwit , such as rel’ays, and otHer types
of switches, suli4azhigok astigaedi cheswiignehefshe mesent lventor anS\iﬂ' i!lemomydsbmeeds of

about 100 mlli d y ga‘[gql

conveyance 20 fe%fe&?'ge. %rém 99’% @&F\J a%e?c?arﬁmgs g‘\%ter msﬁdu Iﬁ'f%@i@éfl n anot her
exanpl e, the technnlyodescoteddn Uk PawiioVe 6,766,028 1ubed PatnntaNo AE0.656, adst em f or
real -time inspectico 0 y.anc I N tractor
trailers. The tgés]tg %t%&d"%%ﬁ%%{%t eggg;ﬁaﬁ% a%ﬂ%vagté (ltah:\e sggn olfl?t‘%pexarrpl e. The
syst em nmay corrprm‘seetlwv\eﬂd @fee ncorporated r’oacme@rem&er mrtler sTeCehslqw?ésf@? istygaingn U, S.
Application No. beﬂ\péeﬁ'%ﬁcr‘éﬁé uin éhﬁchaﬁ% ﬁvﬁlgllléscﬁitch Q8 rlays! ahEdman éé”& 6, 2003,

which is assigned to assi gnee of th present i nventi on an
i ncor porated by W@ﬁeﬂ'@% ahé‘rl'él Sate #%tcbﬁeafeé‘%aﬁbl Bvigrbing rspeset) of %P"t‘th@o' 864

application, onenfiRk&aGORhFbd ARl fof BlafdpRStolshi a?%aFg%%on@?H{cGQO fekt BQUr CES.
The ot her teI escopic traitor carries the Xtray photon defector and data
anal ysi s equi prreRgters)png if s4veab®iPeYy trailers may be driven to an inspection

site in a tel esppigf, Cth&ﬁéreﬁmﬁgnam te&me@e@q&én@éd abbR idyl R us@nfaSet up
for scanning. A truck to be inspected (/‘ét en betweén the trailers.
o!

The source and t'ﬂ‘é"ldélfs&&’t@ﬂeala?f"éﬁ inypestions caéasrce%‘eyeﬁe castisd Aysieks @ escopi ng

section of the rteseeer&llevse T st BhySbe danddéeam.gmysﬁaﬁoﬁlﬁﬁeﬁﬁw@ nenveyance
[00157] Fig. 18 is a schematic r?’ef&resentatlon of ge erspective view o

mobi | e scanni ngVH§8 EMCIBRAES FUQ PRl TRfioT FREers 88 S&%Wl'%ytsi SRplicaton car go
conveyance 2302 Ng.30/a80, sa4thhby86a applidgtlon’y filkd &€ JuaE 61 2083 tvalich2i3 @kignddye sour ce

2306 em tting a fan beam. 2307 and a.portion of L- shape hot on det ect or
2308 compri 1 ng ‘B¢ TR g 1 resg e iR 3 e D FEEE PEEPY FOfle 2308,
are al so shown. ¢keplt ek ebaipinrthe t&ﬁaiab;ﬂltmonsmnppﬂesbd:mtgtrﬁd&e canids e X3P6 and t he

detector 2308 al Guld® tor ssc)nr(?:\é\@’Tl}e%ther m)escoprx tralt[]or carries the X-ray photon detector and

data analysis equipment. The tefescoping trailers may be driven to an inspection site
in a telescoped, compressed state, expanded at the site, and set up for scanning. A
truck to be inspected may then park between the trailers. The source and the detector
are then moved across the expanded telescoping section of the respective trailers in
unison, to scan the cargo conveyance,

[00157] Fig. 18 is a schematic representation of a perspective view of a mobile
scanning system 2300 described in the ‘864 application. The cargo conveyance 2302
is carried by a truck or tractor trailor 2304. The source 2306 emitting a fan beam
2307 and a portion of an L-shaped photon detector 2308 comprising a horizontal
portion 2308a and a vertical portion 2308b, are also shown. The telescoping trailers
supporting the source 2306 and the detector 2308 are not shown, to simplify the
figure. One neutron detector 2310 is supported by the source 2306, another neutron

detector 2312 is supported by a horizontal portion 2308a of the detector 2308, and
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figure. One neutron detector 2310 is supported by the source 2306, another
neutron detector 2312 is supported by a horizontal portion 2308a of the
detector 2308, and 46 another neutron detector 2314 (shown in Fig. 19) is
supported by the vertical portion 2308b of the detector. [00158] Fig. 19 is
a rear schematic view of the system 2300 along line 19-19 of Fig. 18.
Common el enents are conmmonly nunbered. An additional neutron detector 2314
is supported by a vertical arm 2308b. Another neutron detector 2316 may be
placed in a trench T in the ground G beneath the position of the cargo
conveyance 23@otikhaentioh detestondd 16 (showmin Big. 1095issuppioded bysthe eerticalglortipat ect or

may al so be us owgL i n the ' 864 application. In that case, the
neutron det ect gfbsgg?%ﬁ%%ay be supported at or near the top of the vertical

detector, for HWAM) e. TFim 19 btagearselem2B08ew ofABd ©steen23D@alongilpheeitf-1%ofa

=) I . i | t
Phe tosts of anl b orfiiordehithaRe oG AfReBE XEundbatiMiBE fabdor ™2 *0E06
may be a singl 3lddssqpopedbiuz ivertcad atne 23N8bi AgoBerivievtrom det&tdvi?y 16 aay g
radiation b ea”ﬁlacefdo aSHRANP ll“em tl;gs ot s Sé&hdath e 1%51?181% %F th%tcg'%lc()ec%n dery{nﬁcleaced next

to each other,"one to produce Irst energy % ation beaman e other to
produce a sec2¥? wrertiptruckdr ghilais peady Aferticebdzteploe. Ampayalscabd used, t he

tests, desori be, ghaSr dPeRSoBGH o3 QUR! e ILluon RLER] EAN,01 nucl ear

materials, suc he™ 1 nvention 1s pa utarly suited
for scanni ng capgatedadoneyithe g of the vated deadetondpr éxhmplen Thedeataatorn@308be readi |y

adapted to sca ther. aobjects, such as |u e ahd carry-qn s.in
ai rports and sg:,'al%orrn?ysPe ggdp\?\eéltﬁa fr%af%)()]or Ic?lrggl iTi%on & [wees'crghg - roé{g’i source
or sources ar epdemmined éginplenidntthe &xta nfdng or dbafities enitvdinsatsrdeeribed soue.ces nmay

provi de ot her es of di at.ion,. such as a ti del a eutr. eam or
ganma rays, fo?yegiogﬁﬁlngg[nﬁéflbgﬂ sﬁl © PRE* r%%‘f’%gﬁ %%%W%&ﬁ%\gaf'?gg@ﬁ‘?ssi on of
t he hi gher eneKgyy radidtiar beams, olexvayle. Tav s@xasplag plsé be aargbd diyslaczd mea

conveyance is divi,d by the transm ssion of . the | ower ene radi ation (5
Vv T o e anpfousht s e 1 Rreh A e Sios’ o i B s TRE I e R ™ o Lo
criterion for &c@ﬁ@gﬁgiyg&did%w%irﬁ, fohatamplee ARfR ot sll bﬁﬂﬁ téstyadesdrived abdmeesgpl ?_.
However, as nentipne ove, .the tr sipn at the.lower e radi ati on
b i o gy o e RraiGald ghe Qg 2 DBty SRR aTSRMY T %m o
cialse ﬁ TR abov;p()lm L hr @l&hllel me\gmyHegtidaeis_tl:_gsmibﬂm3ﬁ¢u&ail tfarl acamg;ﬁ?tdagb HANM in
all the exanples, above. In i tian may be cal cu e as on

radi ation at {rg?ﬂﬁ'é{ﬁaﬂ‘f‘?s fgﬁg?“érégmg’f h’}edﬂi‘feﬁrt“?no??ﬂ ¥’5ﬁ§aﬁlﬁ§ #Wadtafo 8 S energy

endpoi nts. objects, such as luggage and carry-on bags in airports and seaports, as well.

[00160] In addition, while an X-ray source or sources are described in the
examples above, the source or sources may provide other types of radiation, such as a
time delayed neutron beam or gamma rays, for example.

[00161] In the examples above, the transmission of the higher energy radiation
(9 MeV, for example) through the cargo conveyance is divided by the transmission of
the lower energy radiation (5 MeV, for example) through the cargo conveyance to
yield the TR and the test criterion for a potential HANM is that the TR is less than the
threshold. However, as mentioned above, the transmission at the lower energy
radiation may be divided by the transmission at the higher energy radiation, in which
case a TR above the threshold would be considered to be a potential HANM, in all the
examples, above. In addition, TRs may be calculated based on radiation attenuation
instead of radiation transmission at the two energy endpoints.

[00162] One of ordinary skill in the art will recognize that other changes may
be made to the embodiments described herein without departing from the spirit and

scope of the invention, which is defined by the claims, below.
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[00162] One of ordinary skill in the art will recognize that other changes
may be made to the enbodi nents described herein wi thout departing fromthe
spirit and scope of the invention, which is defined by the clains, below
47 Clainms 1. A nethod of exam ning contents of an object, the nethod
conprising: conducting a first exam nation of at |east a portion of an

obj ect; checking for the detection of delayed neutrons, if the first

exam nation indicates that suspect material is present; and determ ning
whet her the, Qbject contains nuclear material based, at |east in part, on

t he check etection of delayed neutrons. 2. The nethod of claim1,
conprising: checking for the detection of delayed neutrons, only if the
first examnation ipdicajes that suspect material iIs present, 3. The nethod
of claim 1, conprising: aﬁ'ﬁ{hﬁg % el"‘%ﬂglfngacﬁ'?)tfﬂ?tf‘o 4f PW@“OBP%C‘PGWCFh

suf fici ent cgmghisaid:on to induce generation of del ayed neutrons, prior to
checking for the detection of delayed neutrons. 4. The nethod of claim 3,
wherei n: scanning the at dogdeating agstiexaningtiorodf) a deasta postiomef aatabisst:dur i ng t he

first exam nation. 5. The .ho f..claim. .Si ng; anaqi at
| east a portion of the oBﬁ%g'“%f?ﬁ‘P%d%ﬁ%%gﬁ %?%g%yaié%g¥&%fé?ﬂﬁg,h%§ior to

checki ng f exantif@iotldidicdtésanatalisptel myedalnieprescanand 6. The net hod of claim 5,
further conprising: scanning the at | east a portion of the object with
second radi ation of at |4Eminiag Keetherdhe oRierFopiinsiyslegematirlhisest abel ayed

neut r ons; ﬁ._.lgg igﬁgrgromtﬁg aﬁcmh%&i&m“ﬁ%ﬁﬁ%ﬁ?ﬁ?%'ai ns nuclear materi al

based, at east 1 n part, on the secon or the detection of del ayed
neutrons. 7. The nethod oFheghethed af cldiork kempoongri sing: identifying a

nuol ear mater i al wi thin the0bl SStARASiobr YRS bR bty OF ok
examination indicates that suspect material is present.
3. The method of claim 1, comprising:
scanning at least a portion of the object with sufficient radiation to
induce generation of delayed neutrons, prior to checking for the detection of delayed
neutrons.
4, The method of claim 3, wherein:
scanning the at least a portion of object with radiation during the
first examination.
5. The method of claim 3, comprising:
scanning the at least a portion of the object with radiation of at
least 5.8 MeV, prior to checking for the detection of delayed neutrons.
6. The method of claim 5, further comprising:
scanning the at least a portion of the object with second radiation
of at least 13 MeV;
checking for the detection of delayed neutrons; and
determining whether the object contains nuciear material based, at
least in part, on the second check for the detection of delayed neutrons.
7. The method of claim 1, further comprising:
identifying a nuclear material within the object based, at least in

part, on the detection of delayed neutrons.
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48 8. The nethod of claim11, further conprising; scanning at |east a portion
of the object with radiation having a first energy; scanning at |east a
portion of the object with radiation having a second energy of at |east 5.8
MeV, the second energy being greater than the first energy; detecting

radi ation after scanning at the first energy; detecting radiation after
scanning at the second energy; and checking for the presence of del ayed
neutrons after scanning the object at the second energy. 9. The nethod of

claim 8, conprising:, peri.qdicall anni at the.first and second energies,
detecting radiati ord-at tﬁ? T&*’%‘i/oéﬁﬂmge@gﬁﬁr s¥AME"eand checking for the
detection of del ayed neutscarisng atlRast Bpor(Tei BOehcObbjedtaiith BadifRATHaVERND
determ ni ng whet her suspect material Is present by: determ ning whether the

obj ect at leshgerdoétentially contains material having an atom c nunber

greater than the predetern r toitik , the
scanning of the at | east Sgbg]or ?ﬂ;ﬁ?&;fa Pﬁg&g&fgj(i:et b@?at\w(taﬂ ??d?g{(%ahr?gnlge%ond

ener gi es. $dcondi@rergyaifaotbasifs. & MeiVinthbGecdnd ehdrey beiogprear tign tieafisidnatgyng a
function of the radiation, detected at the first %}ndlr second energies; and
I

det er mi ni ng whet her the dl5/%HRS Baiatign afterseanning at the SrslGeteYns  materi al

having an atom c nunber of.ea}ifE rddd@0n bAG BARGRL R INE REShdUABRST ad@sed, at
| east in part, on the function. 12. The method of claim 11, further

conprising: calcul ati ng eheeking fasfthe ipeesenndidtdetayed orwitnne dfige saaheing ithest  and
second enelg.gitegé id%naief%/{i ng a material within the object, based at | east
in part, A th‘Eci 8¢ 8 checki ng for the detection of del ayed neutrons

if the identified n@teriHemahad susARd, compedingl . 49 13. The method of
claim1l1, wherein the nuclear material is at |east one _ .
periodically scanning at the first and second energies, detecting
radiation at the first and second scans, and checking for the detection of delayed neutrons.
10.  The method of claim 8, comprising determining whether suspect
material is present by:
determining whether the object at least potentially contains
material having an atomic number greater than the predetermined number based, at least
in part, on the scanning of the at least a portion of the object at the first and second
energies.
11.  The method of claim 10, further comprising:
calculating a function of the radiation detected at the first and
second energies; and
determining whether the object at least potentially contains
material having an atomic number greater than the predetermined number based, at least
in part, on the function.
12.  The method of claim 11, further comprising:
calculating a ratio of the radiation detected at the first and second
energics;
identifying a material within the object, based at least in part, on
the ratio; and
checking for the detection of delayed neutrons if the identified

material is a suspect material.
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of plutonium uranium 233, uraniumenriched in uranium 233, and urani um
enriched in wuranium235. 14. The nethod of claim1, wherein: the first
exam nation conprises a manually exam ning the object. 15. The method of
claim1l1, wherein the first exam nation conprises: scanning the object;
generating an image; and analyzing the imge. 16. A nethod of exam ning
contents of an object, the nmethod conprising: scanning at |east a portion
of an object with X-ray radiation; checking for the detection of del ayed

neutrons resulting f[fﬂ‘.+M§§ﬁ@§%éf&?ﬁglﬁﬁﬁm§@h@§1cﬁﬂi%%ERQH%%IQaﬁ%ﬂé?”fs of

t he object; and deterim ning obj ec ntalr ns nucl éar nateria
based, at of plaiun yakitm-233, uheieheaichédin dehmei-DiR) aod uekmiay edrichedtin ons.
17. The method of _claim 16, further conprising: detecting X-ray radiation
i nteracti nélra\m“tnﬁzﬁcwe obj ect; analyzing the detected radiation to identify

suspect material; angy checkhBfod of clhiftfl, dfHeRGh:i on of del ayed neutrons
resulting from interaction of the X-ray radiation with contents of the

object, only if the det ecthedirsxexayinaticadiontpriess a mahively exaninig thashpeatt
material is present. 18. irhee rrtﬁt[go olf Flwahi m. 1%erfA/§1%r erinn ghecoki n ef_or t he
detection of del ayetP-neuf FoREMRLRNGTITLL Wherein, e (USLEHAMURtOTEQIPIRES o ¢ i on of
the object with second ragh@iih®the oBfec@t | east 13 MeV; checking for the
detection of del ayed neutrons; and determnini ng whether the object contains
nucl ear material based, afencralipgen impgeadd on the second check for the
detection of del ayed ”e“tﬁn%[}&in 3Ae ﬂ.‘?ageThe met hod of claim 16, wherein the
nucl ear material is at |east  &ne o pl ut oni um urani um 233, urani um
enriched in urani um P83, Anchethodnbfiraxeminighedntents of ani objie@3She 2@ethdd syst em
for exam ni nrg contents of an object, the system conprising:
comprising:
scanning at least a portion of an object with X-ray radiation;
checking for the detection of delayed neutrons resulting from
interaction of the X-ray radiation with contents of the object; and
determining whether the object contains nuclear material based, at
least in part, on the check for detection of delayed neutrons.
17.  The method of claim 16, further comprising:
detecting X-ray radiation interacting with the object;
analyzing the detected radiation to identify suspect material; and
checking for the detection of delayed neutrons resulting from
interaction of the X-ray radiation with contents of the object, only if the detected X-ray
radiation indicates that suspect material is present.
18.  The method of claim 16, wherein checking for the detection of
delayed neutrons comprises:
scanning the at least a portion of the object with second radiation
of at least 13 MeV;
checking for the detection of delayed neutrons; and

determining whether the object contains nuclear material based, at

least in part, on the second check for the detection of delayed neutrons.
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at | east one radiation source; a detector to detect del ayed neutrons; and at
| east one processor coupled to the detector, the at |east one processor
bei ng programred to: process data fromthe second detector to determ ne

whet her the object contains nuclear material. 21. The system of clai m 20,
further conprising: a second detector to detect radiation fromthe at |east
one radiation source after interaction with the object; wherein the at

| east one processor is further progranmed to: process data fromthe second

detector to deterning i f fiie, GRLOGE Al 1keaRkreROBE AL HafilH Al fScgpsPect

material. 22. The system®© arm whet ein one’radiation

source Coofy ¢fPhRtomiumo Uifaf Rinb P33 ukanyunt agtichied @huraridm-J38e asy sfagimdénrichad m 22,
wherein the at | east one processor is further programred to process data
fromthe fIV¥RNIYBIEEt or to determ ne whether nuclear nmaterial is present

only after determ niqng \M],gtQ@{emsL{gpe&gmmgerdoﬁ{engssOpragsggfect, 2he gnpsystem

of claim 20, wherein the at "l east one radiation source conprises a source
of X-ray reonmisimgn. 25. A system for exam ning contents of an object, the
system conprising: means :lFor scandgi ng at |l east a portion of an object at
first and second radi atiBFeEF SFUBIONRAYFEi n the first radiation energy is

different than the second ddi@eirad H&ectABRYAYneutfB@Iand or detecting radi ation
photons at the first and second radiations, after interaction with the

obj ect; 51 means for det ettlpasy coelpageessoneguplehde theedetsctprthelat d3ash peng
whet her th | . at entially contains material having an atomc
ro%)sls(ﬁ%teu‘% gr%?rg%;eﬂeﬁ Q4.

nunber greater than erm ned atom ¢ nunber based, at least in part,
on the radiati on det ect echradess detaffrdrs tthabetoad derctoe ne gieasinb ywhdkiter fhe St
detector; and neans for determ ni ng whet her the object contains nucl ear
mat eri al %ﬁ%“é&?“%‘t“sp%%{%%mi‘aﬁer&ért, on data received fromthe second

detector. 21.  The system of claim 20, further comprising:
a second detector to detect radiation from the at least one radiation
source after interaction with the object;
wherein the at least one processor is further programmed to:
process data from the second detector to determine if the object at
least potentially contains suspect material.

22. The system of claim 21, wherein the at least one radiation source
comprises a source of X-ray radiation.

23.  The system of claim 22, wherein the at least one processor is
further programmed 1o process data from the first detector to determine whether nuclear
material is present only after determining whether suspect material is present.

24. The system of claim 20, wherein the at least one radiation source
comprises a source of X-ray radiation.

25. A system for examining contents of an object, the system
comprising:

means for scanning at least a portion of an object at first and
second radiation energies, wherein the first radiation energy is different than the second
radiation energy;

means for detecting radiation photons at the first and second

radiations, after interaction with the object;
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means for detecting delayed neutrons;

means for determining whether the object at least potentially
contains material having an atomic number greater than a predetermined atomic number
based, at least in part, on the radiation detected at the first and second energies by the first
detector; and

means for determining whether the object contains nuclear material

based, at least in part, on data received from the second detector.
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