OBJECT EXAM NATI ON BY DUAL ENERGY RADI ATI ON SCANNI NG AND DELAYED NEUTRON
DETECTI ON Rel at ed Applications [00011 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 [0002) Radi ation
scanni ng of objects, including | arge objects such as cargo 10 containers,
to identify contraband. Background of the |Invention 003 Radl ation is
comonly used in tABIECHEXAMEYAHONBY DUALENERGY ARG s, such
as | uggage, bags, briefcases ANIhPE MHU@@NDEH'@QHQN i ke, to identify

hi dden contraband at airports, seaports, and public buildings, for exanple.
The 15 contraband may incl ude hidde A , expl osive devi ces,
illegal drugs, and weapons of mass destruction, such as a nuclear or a
"dirty" radi oact i[twol]bonb Therpresemampliatiom&nimmmhedeﬁspéd’trcin@sipnslys‘atem is a
|1 ne scanner, g?caﬁ& %%8/844 ®3b9ﬁ1ed Q)ip%;cﬁ &%Opa&%eq’r&% WEIC Patéhe
stationary sour ce radi at'i on radi ation d'a stati onary
det ect or. The r adipplidation Ng 66568, ﬁfﬂaﬁbdion MizpS3, 620$‘hwhbbammgmdpeth@asslg@9 beam
Radi ation transm it 0 varying degrees by
the contents. The a%?rg%leﬂg@?%ﬂ&?ﬂ%&gﬁfagtﬁlb E}Jf?@égh Unction of the densi ty
of the materials through which theE m passes. The transmtted
radiation is detected and neasured. Radl ographi c i mages of the contents of
the object may beygegiener aR@@iatiddl schidfiest lobjelts, iddhRlidgMREEe TbebeWudhhe calg@pe, size

and varying densities of .25 the contents. [0004) The stationary source of
radi ation uséed i FOMAREHFIACHIRSIPBEIPRh system is typically a source of X-ray
radi ati on of about 160 KeV to abophckéRfdnieithe Iventioh- r ay source nmay be a

sour ce of Brem;strahl ung radi ation, for exanple. The X-ray source in this
ener gy range may ggya 1&owa§¢on2&onﬁy AR Bl ARG Y gl 50 1O!
conpl etely penet Iar ge ob such as cargo contaln t andard cargo
containers are tytnbnmtSJ pclR 1Ugg§95 bagst briefsasgs, GiﬁgOlcontamﬁrszandﬁhedrks,)to idgntifeet hi gh
(2.4 neters), a l? A M1 O ainers,
whi ch are used tgﬂg%n?é’lhﬁﬁgd\%gﬁ%‘{'&‘t %a%otl@p%’g B%?a'lld' gs’ fog or thgir1 cargo to
be stored inlf hec@gdlganéfmaanndudepmm guns, knives, explosive dev;ccs, illegal drugs, and

weapons of mass destruction, such as a nuclear or a “dirty” radioactive bomb, for

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



may range in size (length, height, width) fromabout 35 x 21 x 21 inches
(0.89 x 0.53 x 0.53 neters) up to about 240 x 118 x 96 inches (6.1 x 3.0 X
2.4 meters). Large collections of objects, such as many pieces of |uggage,
may al so be supported on a pallet. Pallets, which may have supporting side
wal I's, may be of conparable sizes as cargo containers and use of the teen
"cargo conveyance" enconpasses cargo containers and pallets. [0005] Wile

t he smuggling 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
publ i ci zed but alrbtmRliseef pierss ehiugrage proothenearemigdigisiorrd ipfhechody paBevalagter oss

borders and by b.ﬁ?trgdg@ il feqRoSRHIRHC ATE YOMGES 39R1Y x2¥6idBeo 0B & 083 17
mllion cargo confainers brou%gtt to the United States béﬂboat are
il '

i nspect ed. " ChecRpbinfetqig} ppforabouti 348 x INE wedodindhey | ¥ 3Rpof tmetardp Largey 11,

2002, p. 52. [00Q&kec¥ngGF 6bjRATREHR thanf! biede¥ ob RZEZe, mAY I beuBpikes 1Y €Nt i ONal
explosion to disperse radioactive material over a wde territory, are

exanmpl es of nucl &afet.gRallptschich My haye supprstingids gralle may be of einrashly ¥t es and

smal | er objects. -igslicBmahényCand dsk S @B AL rcabdoS 8ddvByan@ denk Sihpakde® caBS eri al s
that may be used to manufacture atom c devices, may also be simlarly

snmuggl ed i n such iRt dpeiielsi | e materials, such as urani um 235,

urani um 233, and [g@osit oni UIWHR@Ihe Eiyggliihder @as, fek§iodias aby oihBeconafitiand ento Of a
slow (thermal) nepytran. Fi ssi)onab[Le materjals | ncllggqe fissile materials, and
t; W? OWﬁle

materials that mBY GABEFTGOT Pags Aih M egRes,ias beetqh B8RSO eh as
urani um 238. Feldss publiciaédetut alss saripys theatGe the embygding nf contralmsd heossborddrs al s by

t he capture of aP%{ MIﬁﬁgh rmal ) neutron. Urani é 8 or, ,ex. | e, may be
converted into p g’hlb " 3EC CHEOFIMIMIES, qnl}r 51%:)}2 %p?fe{he Ay BT S8Ber t ed
i nto urani um 233contdiretd rowght ®, thé Uaisdd States bavdatfaey inspeatedrat@hetigbinaTeror’ef er r ed
to herein as "nU@I mat efr,i % N % %é% IF @gfi ation of nuclear devices,
nucl ear materi al ;Sggrﬁ‘ﬁs ?r%‘ﬁ&?)rg Rspg Fe %P gﬁ ’E"tsl‘c%at may not be nucl ear
materials), by nio0dl i nspentic bomtsfand tirnclaintbeh tvbichfise avnedntient expbsioh as a
cargo conveyance,, cliﬁ)ettsg %8{%!18%%: ];n%{erieg%gé’ll'laa“l.:idelé%r?itorlg,qgenetxlar];lir)]lgsa&lngaea? Bcvices[
radi oacti ve materi al’'s "and nucl ear evli ces Dy passive | spectl or] SYS ens,
such as a radi atheomayideewiuggled whichrgo feamepancesi and dinfallerc elfjects. F8adiengtanepl e, t he
radiation detectgrgBye RSP MR GhHaRMar IR uRh (3 RPLEGE -atorlid!C €
h
nucl ear materials are typically dense, owever, they absorb nost of the
phot ons t hey eni devighinydilsegersimibarly sinuggiaddi seph dbjeots., Fisbileamaterialngich e, or
Il adi um may  al §04i36.045 Sadi@n38 L Gka bl b #di PESUANLI NG its

pa . Qnill-248, din-23 9" FI Bnien 238 Y udd if by thPbdp
detection. In addition, certain fisslle nmaterial’s, stch as urani um 233,

of a slow (thermal) neutron. Fissionable materials include fissile materials, and

materials that may undergo fission by capture of fast neutrons, such as uranium-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.”

[0007] 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 palladiumtn may also be used to block the escape of radiation,

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



2 uranium 235, and plutonium 239 whil e radioactive, have exceedingly |ong
hal f-1ives (on the order of 104-108 years). The count rate from spontaneous
decays for such material is so |low, that passive detection is not reliable.
Also, a relatively small anmpbunt of radi oactive material may be | ocated
within a |large cargo conveyance. It is also difficult to distinguish

nucl ear devices and nuclear materials fromother dense itens that may be
contained within the object by standard X-ray scanning. [00081 The
information that nmay be derjved about the nmaterial conposition of the
contents of obj ec¥asiug 238, and pluteningi2A® Whids ragiaactiym AmNeadcasgingly dong balf-byes

radi ation beams (4 i GRELEYO'SREGHS. MRY Lot FNOshh fshehtABSus ABEEGIor GRAPOI Nt S
(peak energies) that, interact differently with the contents of the object.

The interaction i%etial i joalpw. Habrassiesndetection isdwh raiiple. Algg, relaiveleitl with
energy s Ioect ][ a6 MayholkR of Fdail\%aﬁé nﬁ@ériﬂ%a&%h’ lc&ﬁkﬂd’ Wittsin Wildrge o&fg@ebm?dng@ dtis ]
potentials o n .or higher, i C enerate X-ray radi ati on beans
wi th peak energi I}égog]ffggu%ﬁ\}g\filﬁlﬁgfll@l ‘7\'7'5{9?‘ yg#‘é?rfé‘ﬂ?‘f’@%ﬂ'?‘mﬁ%i’ ﬁé?ﬁ' %ﬂ ay"Beam

havi ng a peak enetkgytafmsy W&M;mmévaviﬁﬁidtayohj@dﬁayadtﬁneﬂd XWay kcghﬁn@ttenuat ed

mai nly by Conpto ttering. .There js no C air_production_..over nost
of that spectrumT'}q%—;gfl an @?ﬁ@rﬁ‘é%t"i’éw’h ‘i?fl‘ﬁ?éjé{%(’ BRI CAPPRRILP

hi gher, nore pai thepsoardhis of ObjedtsSby }dadm@dnnir@qﬁ@g m-n:nﬁmgd BY tha gsabfsadiitak es

place. Aratio of the transmtted radi aton detected.at, t ener

endpoi nts nay be%‘r’m i} sngrey EﬁecY"rlléav'“ﬁg%‘h‘ﬁ'be"ﬁ‘ﬁr%e&yse“g?mﬁtﬁé”egg‘f"gﬁgfeé)ﬁxﬁthr ough
whi ch the radi at iimeradyedifferpalyseith thal ddnenighof thaiobjeqr OThec inkepavtiod & tgtedd] 1. 022
MeV, Conpton scat i redom,nat es_ungil hi [ rai

reached. [00091 ﬂ%‘%?‘dﬂggt lgoﬁte Wie’g%géf?yléeﬁfns £ g?'éﬁe;%%? %ﬁl ﬁé}g%ﬁgd(@%géganni ng
systens for | ar geraplsparotsswithuadeelamtig pateptials ioff 6aM¥omdad MY oprhigher, avhigkhi cl e.

I n one enbodi nen } Lonar u e ingdv) ovi ded,
each emtting a %%nae%\f%)ﬁ(at%i shﬁ{:la(;'l ?‘?a%t ggﬁﬁ)ﬁ@{) eg%ré'% OEZé;nh?évT%gd ?bg’?‘f?rés faci ng
adj acent sides ofespastively.dfog e Xemdbeameavifipanpdak smrsgynfd NV, penktrayuddaation o each
ot her. A stationgy r. ' i . e on
opposite sides o?fl Im%%@‘%&%##%% gyFlé@ét#r\ggcg{rwgﬂﬁ'a??agﬁﬁtnﬁ)gnﬁgﬁ‘ﬁ{a{rggj%éti] ’Fough t he
freight. In addi erasmosbefithap spegtiurat FerrpncX-ray\hoard hiving eptak eneggdfesMa¥er eni t t ed
by each source. e | LG £ t ' than, & LNEL ratidOr
exanple, energi gséﬁ%gg%%r Ig%%h%pdg&ﬁ/eé\:lyﬁgrg%?eﬂsgd.Eb Aﬂsg}% o o?mt he nean
number of  X-r ay8f Hetratsmitsd smdiatine fetesied ptfo spipotndpoitly may be dicetive 6ftheyr ray as

a whol e for eachypesld fiibefs P the ineriaNHlioUsWEEL 8L REAiBH el pdlts Althd¥h | S

determ ned and conpared to a | ook ) . L
pair production starts at 1.022 MeV, Compton scattering predominates until higher

peak energies are reached.

[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 adjécent 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.



up table to identify a nmean atom c nunber corresponding to the ratio. The
material content of the freight is thereby determ ned. 3 [00101 A further
conplication with X-ray scanning is that neasurenents of radiation after
interaction with the object under inspection are statistical. The accuracy
of a measurenent of X-ray radiation transmtted through an object is |imted
by the nunber of photons used to nmake the neasurenent, as well as intrinsic
system noise, for exanple. Repeated neasurenents of the same quantity
typically yield a cluster of measurenent values around a nean value. A plot
of the cluster offt0lfbasur énfither eopplication yithh Frray seannipg jsrthat reasrenepistof on”

curve. The di spergjian, oafﬂe§ hﬁem&aﬁﬁwﬁldma!ougga&ggﬁﬂswcﬁon( bidCstsilall Ghe t he

normal distribution curve) I's characteri ze a standard deviation. Using
Poi sson stati sti @scurasy X & masuremeni o Hiy-ray radiation transmétet thoprehiat obieat ilimiedm  t he

percentage error bgfthetd%ﬁxbﬁeé}‘?ﬂ&‘éﬁgﬁédstoi kORE medshlem@ht AR LYol SAURAT € root

of the nunmber of photons detected, exclusive of system noise. ASZ mor e
phot ons are det e@piet] for ¢rample o fensated despsuzaments of éhersame guantitydtypiprbly vigdkdir acy of

measur ement i NCr @RSES of WRhduferlehEvAMENRIn®@Ta REAL RN, AT BEL 66 tHBHusRE of
i ncreased by increasing the scannin [ is generally not acceptable to

. gtime, 1t I
sl ow the t hr ougHsaturgmepts tyrically {95 @ apompal digintugign nsupys- sipetdisasrsip Pt B anpl e,
it is unaccept ablifividual hburerédtE@le Witk kethe hafial dirikition bilvé) adhbictelobay t he

passage of cargo ,conveyances . t hroygh ports or borders, or tq delay the
screeni ng of pas?ér?gé“‘x@mga?ﬁg‘a‘éﬂ’?d {38 alissan Staa?t%d?t’z-rw[ &R e fccur acy
of a IScanni nngY%Iﬁﬁéﬁhﬁﬁﬁlﬂ: Wg-édygbéaﬁ@ﬁﬁei betcoatapleqrtr af ,thegﬂféﬁkumﬁﬁnturiﬁfé?ym for
exanpl e, may be z %ra%tgrlz_e y |t§ "senglt vity" and its ,"sgfem Icity".
Sensitivity is thddpidsRptheisayars mofiot thy gumber obphopng fetepted ngxGhisiy 0f3Y¥0 o
conveyance W | | heisd. dedt mdre qhotods 8¢ SdeBied) thé) stahdRl 8SMdibh idvdrédgesvand| thé dent i fy
nore true positi vesssgc rrect identifi cwhilog_ﬁof E)hefp[_letsenézg Q urgeni unm) and
fewer false negaffVés °€Wfa§‘ér5'86 R0 "OF "G aIP ) PR FEYS &M th 1 ow
sensitivity. Howeeeasedibydnceasieglthe semsing iime.tit/isgayeralle ot scceptablentoishvertease in

t he nunber of fa [ W ¢ " Liicity,
which is a stati g{t%cl%ggﬁ h’%éaés%rﬁyep légrkg@csl%glg?}; slte'snl') ﬁ: ﬁg%%lp%’gigigi%ﬁc?@atﬁ ‘re]];'adt t he
scanni ng syst em thel durrprtopakétplajedio ndignf ficantlyededdystbe pessade ofr @rgousnnieyames car go
conveyance, for e ! i LI Gl LY W i i.fy fewer
fal se positives ??%gﬁ% ?r]:si dg‘gﬁ 'i}%%\ e ovﬁtfiagrﬁ% ﬁ?hg?n?\'%goqg%rs %5chsob\r%4e{7gtrll‘%g%ﬁfen it is
not present), thimerts systemwith | ow specificity.

(0011} The accuracy of a scanning system seeking to identify a material, such
as uranium, for example, may be characterized by its “sensitivity” and its
“specificity”. Sensitivity is the probability that the presence of uranium in 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
sensitivity 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



[0012] The collection of insufficient photons may result in nmeasurenent
distributions with [ arge standard devi ations. The distributions for
materials of interest, such as uranium may therefore overlap the

di stributions of other, non- threatening materials. Therefore, it may not be
cl ear whether a particular 4 neasurenent is indicative of a material of
interest or not, resulting in false positives. Practical, efficient, and
non-intrusi ve nmethods and systens for detection of nuclear materials hidden

i nsi de cargo conveyances and ot her ects,, with hi her .acg are still
noatied. _Sumar s oFEHETEHIb LU0 THE A PL LR IRSE REPUSE ReRSRrSr 1 | e

materi al s ("nucl enﬂactnsalt efficihts a:)d aviftrusive glethalsofmd Gysternd i set(wﬁ)m offuclesrxanpl e,
urani um has an atoni

' and .pl.ut on at oni ¢ nunber

of 64" Speci al. NERESH HHGE e sabeeonieyme oo Bipé B R, Y
fission than ot heirettilbisdetied. mat eri al s, are defined by the U S. Nuclear

Regul at ory Comm ssion to include pl ut oni urm héﬂ anl (m 233, and uranium
enriched in the isotopes of uraniu di oactive material s,
certain of which may have | ower atom c nunbers than nucl ear materials
(cobalt-60, for Bﬂtﬂr}pl e, Fissonableafissild, and dertile rmaérialz 7§ nucipae matepale'a | hpxe

shi el ded by hi 9“ ‘f‘f @g{%@@@”&‘oﬂ,\tﬁﬁl‘pﬁ: urdMfd n@San %{im(m?rmg«]@)(‘fz” § bgst en

(Z=74), and paIIa IS a naln teri majority

of industrial gootd !%lllﬁ)lpwédla$ an atamigonumbemefcitantresial Nycleap Mafesiak (“SW&;%”)an

atom ¢ nunber of gfen ﬁgf'é fehdify UWnBlrg D QAT thafhithed fisdiRYnddrAR, RE defticPRGGhel N Car go
conveyances, have even | ower "atom c nunbers. A rlcultural goods_are

predoni nant | y conBdsdlclsar Bepulatery (Fermmission fo dig (PZ“‘?')‘“m’aHB“'“%é’@%r ad1120, H

(Z=1); 0 (Z=8)), Wish nAaved Gy e LR ofliafilus-208 5P es3s. Rﬁmadhm%alsof the
i nventi on exam ne contents of objects for the presence of hi at o c

nunber material s erah ofichangy rk'GY“clﬁ‘t"Ffv%Dmﬁ nymersihaisasicar GFtefFﬁR:(P%b&P -60,

materials. Obj ecgs ei ®hy/ &5 2B rﬁﬂib@ﬁ&fsﬂ?bﬁré %.am)daﬁgaémgdmgmmm
exam ned, as well. 4] I n accordance wt di ments of thé invention,

the contents of &Hm S‘U}@ﬁrﬁ‘lﬁ é“cbﬁ%lﬁ?%as%f“@étﬁﬁ@‘ﬂ@ pipabagiE 240k frodadi at i on

beans having di f fyefi@nts aCm@ihOhm@srial SHCH naﬁr.qd bf ﬂfdﬁﬁﬁaleftﬁﬂgléh@ﬁbdpiﬁldﬁg‘é
calculating a function of .the radjation F%\t t he t s, and

det er mi ni ng whet HEFVYAEHH cEtiragty raf‘§5’§“°a" Aﬁﬁ%“ﬁ'\épﬁ‘??g ¢ number
greater than a priegehies e nedépped chﬁ‘rgcﬂld&’ﬁﬁian&a,sﬁﬂw &en | l@@&t atorhid rambérs. on t he

function. The ob Jgg(%ltculrt]lﬁyl gggds%rccpz%gd%r%m%r% y cor\ﬁggs(&? ot%:al%ortl) ?ZU%), I’gg}/ (Z=T), and
water {H20, 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 ieast
in part, on the function. The object may be a cargo conveyance and both energy
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



endpoints may be greater than 1 MeV, for exanple. The energy endpoi nts may
be 9 MV and 5 MV, for exanple. The function may be a ratio between the
radi ation detected at the two energy endpoints, for exanple. Such a ratio
is referred to herein as a transmssion ratio ("TR'). Material having an
atom ¢ nunber greater than the predeterm ned atom c nunber is referred to
as high atom c nunber material 5 ("HANM'). The first function may be
conpared to a second function that is based, at least in part, on the
predeterm ned atom ¢ nunber, to nmake the determ nation. The second function

™2y be a 't N esnolhys K0 CHATR Sucrlid bt G5k Bkc R RAG M baskiedSt 11

part, on a ratio (also a TR) derivec 'scanning a test material having
the predet er m nderstainamftcomiberpesdotersined omisanvwmnberts makerths desempiation; sThe f or
exanpl e. The  threshelathcfiBY mBFbd y%&g&dﬁgﬂ LShEE BYe trBhedSAH I ARE, 4 Nt egr al

or non-integral nunber of standard deviations. Varying the nunber of
standard devi at i 48t ipPTt. Qi F @t (alse TRy dladied fromisjaning adpib Eiateriel eying e ¢ he
system typical | Yrddtre@RRRSAtdriic AlrhBef dt R Samd @0 en€PiR RIpBints| o€ eRafplenThé he

nunber of standard devi ations nmay inprove the _splgm fgl{aﬁl t%), ) de(ire sing the
nunber of fal se psesheidyray befithes ddiusigs byf ersdetramingd wleatan or MoBRIPET3: PO

decreasi ng t he defe@hdadd@hatibhs eVROSHE ieViRberyTeiniidrg idbVatAs wilb Bffdct thyi ty need
to be balanced in g particular application. The object nmay al so buri ed
under ground, for SenSiixy|a8d speseficify of B SySRab i teRicady %Pi‘ﬁeo%”{itf"“f'h % adi ati on
bea][n transmi L ted em%pwgzktrasin@%tnmfaéraﬁ slgﬂfafdi deViatidns rla@ iﬂlbiioe&ill:le spRoifibity ]
surface, such as a detector, is erred tq as a_ "pixel." Functi.ons may be
cal cul at ed bet Weé'ﬁcr?aé'ﬂfgaf'%‘? B‘H"k&éfjégat'séc?oa{wcég@h ’%’H@’r@@f é?cfﬁase @8??'5'§%@|’1di ng

pi xel s. Corr esporeireagingithes Haequne bé trad bysitdver Bpypifiolry atd kaaisivictoned habé , but

that is not required. The projecti.on of. the. corre ndj.n i opt o the
surface is ref erb ?lg%fe? g %ga?“crulggﬁ[f pthgartf’? - B?cxogegt or ajﬁsﬁg)f %Bfl%elﬁ'gégjfgﬂlga
Resul tant pi xel semasmtld.ng the test criterion are at |east potentially

i ndi cative of an L in tAhSro_?,(s,t oﬁ%if%t Sﬁiloﬁ ‘819619%%&?& InSififtted thbubPr OVe the
specificity and sensitivity o e conclusion tha I'S present,
enbodi ments of phrbculanpertion of thervhjegtzentald firace michfay pdeteeér, isaslafreddnes pi xel

groupings, in dikfeneng Aé’ﬂé/ré-rrbaly"he% RL W EBY ralfarib iR R a AP ggghforsgfpg(:t

resul tant pixel (a resultant xel that neets the test criterl
plurality of groepresepadirgpiisls. fGormwanding rixpdsonreferably giveriap biy,aé leastiope-balf. ar r ay.

Mil tiple tests nmgy e as%ngameedméﬁaui%n bfth@&rREpAANGEP VAL ShrPdle QIFRQAL MENt  Of

the invention, a nethod o . o
referred to as “resuitant” pixels or just pixels.

[0016) Resultant pixels meeting the test criterion are at least potentially
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 pixel {a resultant 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 calculating first functions of the radiation

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



exam ning contents of an object is disclosed conprising scanning first
portions of the object with a first radiation beamat a first energy and
detecting first radiation after interaction of the first radiati on beam
with the first portions. The nethod further conprises scanning second
portions of the object with a second radi ati on beam and detecting second
radi ation after interaction of the second radiation beamwth the second
portions. The nethod continues by calculating first functions of the

radiation  detect gilugte BRERNAL oAMnEF A SRSIA Shel sy SELLPRIALO 117

and second pi xels oupi ng A TSt ons
correspondi ng pi x&he methpd faltthet@amprmnealgﬂ@iup a setdng fnrettttmwasqslr orhé;he firtnpr i ses

cal culating a secmgl‘ongfst 843 DARRbeAR, Bk of l&elftumstawegs%oﬂgﬁ@hp st

certain of the plurality of one grou ‘
det er mi ni ng whet h@termhmg)‘bilee!mt tla:tobje@aatleaptonomntmllaldoytams)mawwlsham'mg@rﬁlal havi ng

a high atom c nugRer gh6al ekt A AR SHRLEIID Al Bl SRR parigsed, at

| east in part, on e sec on o] ast one grou 0181 In
accordance with athe edconddfiinctih ottheat deast one grephod of exami ni ng contents of an

obj ect is discl 05@918?0”1” | Moﬁ&f'&‘@%t’ﬂga Fb’ihteﬂbdn%&m‘%é B héthat oﬁéﬂmﬁﬂ* ond

radi ation beans at first and second energies, as above. The_ nethod Further
conprises det ect FOREnE Of &t oblashis diselosed cormptisiag Farning rRbiert Wit e RGPt he

obj ect at the firghia@atheaRCRTRA afINREM @l%rgiéghﬁ abBEN R hAREH AR CoMRBesDY
calculating ratios between functions of the first radiation and functions

of the second radfefctigniisbandesrepndandiatiop|igpssitiadythigpeh fhajobisciort o fredfondi ng

first and second RianAlefiergiasd BleAhdtRA tﬁéﬂ%oﬂtﬁﬁé& tchl&ﬂatfnétrét% bbtWed unclbidsay
conprising rows and col urms correspondin e resultant OE)I xel s. The

met hod further coffphd Besragisiigraand fenctions Ofg‘w@@t‘q tadiation fopgachiiof A PRl s hol d

that is a functigQisef corefor@ifg BFsMAQEoAE PIRLIE aILIRRE tiRVespe&ive ¢dtiof G aﬁt | east
one exam nation w ndow cqonprising a plurality of rows and col ums_of

respective rati oM FEMAETRG EPWSCYH TS ByresBndigs P e gestiaet EFlst h®obj ect

at | east potenti ahétyodcmﬂﬁealcaﬁpms Ednkpating IR Yspegtivd Tatids GVithCa thiasked th@ﬂ’leat er t han
t he predeterm ned. atom i on whet

€N unber based,, at | east mgpart, t}

predet er mi ned nurBEFOLP f’é’§er5’8t8'[n?’ faqie gumber, a'é‘gf?ﬁ%? FHesLPne Xaming 'OBne

exam nation wi ndmddm&ﬁnmgingﬁbmeih't}mﬂrdﬂsta}m crcﬂﬁrpneefrciﬁactwaeatroes'plenﬁdthoe ratios
d the th hol d t t.h t.e

:gcord:ncer\?\nstﬁ an Bthsli’gg[nf g?ﬁh’&f”@%&&ﬂfﬁ%& ?r@?sﬂ@ategqaﬁyéﬁé‘ﬁ’flﬁ“ﬁtén ontents

of an object is diagiog @5 athmiheusben geeatenthpe tie praﬁetaﬁmmdmnnmdmberrbastd,aatl on is

detected, ratios g, gah GRS ANCiRARRA Gl e Aot s Rl h cif oARON e The

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. "
{6020] In accordance with another related embodiment, a system for
examining contents of an object is disclosed comprising at least one radiation source

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



met hod continues by grouping a plurality of resultant pixels, calculating a
function of the ratios of the grouping, and conparing the function with the
threshol d. The nmethod further conprises determ ning whet her the object at

| east potentially contains material having an atom c nunber greater than
the predeterm ned atom ¢ nunber based, at least in part, on the conparison
of the function of the ratios of the grouping to the threshold. [0020] In
accordance with another related enbodi nent, a systemfor exam ning contents
of an object is disclosed conprising at |east one radiation source to scan
at | east a porti cacond radiatiorbinergieswit least pnesieteeiords pasitioned tp detecitddistionniins  at
first and 7 secqpg a%&flbﬁleaa %blja?lgxt%géﬁ S affel itdeidibn ARF HLLHELO AL IGsPGR1 L1 ONed

to detect radiation at t second radi at1on energies after
i nteracti on with Bresesseiis seepledp theodeigctonndhe pfyleaskareoproqessop iupspaemmes Phe

det ector. The at claté‘@_&Ie ﬁ%&n@ﬁ&@%ﬁ&@&a&aﬁoﬁ&&&{e@%@ ﬁ?s@an&@h&id'eﬂér@ic{, fdr st
functions of the radi ation detected at the first and second energies, for

correspondi ng fi rr8Fesaeginge fishdnghisgemd  pixslso gPupi frst fynghiensi e ®lvally ffurality

of —correspondi nGopésyildhg! phle ifto 2t §aSilon® Bl afd! Balcuiéla Gtbid fuéiRon af BeCON

function of the first functions of the plurality of pixels, in the at |east

one group. The atfirgtdupstions pf theplprality of pixply iy the @h@%/“ 6P%§P3Wmiﬁe #deafet&r ni ne

whet her the obj egtocadsor! i AftheRb@Rhined dodetefiiiig Rhdltfer kHeibjedt MMdacr potefiasty

material having an ato g nunber greater .than a O£redet erm ned at%om'c nunmber

based, at |east PR fBhFORIR Sumber matetial hayipg An SEomif hugper prealern hgha o oup.

[ 0021] Si nce t he predentiifiddaedmio tuntifer bdsed, prrleseinpert,ain thuet@drfunctiorest tad a

(fissionable, fi §si I eegr(rg fertile material) is of very high concern, it would
0

be advant ageous 7o THRGRt a test specifically designed for this purpose,

if afirst test [#02#] cateSimohathe nidehtifmationnberthal pressncat of emsleapouagmisls al | y
present . | n accorflanes, i dlh. ANGLOR! A3RACL. OF Lhewlnvanlaony Lif it esence
ardcanni ng cat osuf 13 ¢l entl ig

of del ayed neutrons a y eriergli es may be
used t o det er m nedvafitageonu ol @aduchatiest spetificadly designad fiardhis \putphieniftanfgrstakst ect , i n

Conyunct o 4Rl ST Al L frioshe T
currently defi nedndiher aspgctofShe Mueritiem rtheRprgaghest of rdglaidmriseris aiftert ssainingagide
plutoni um — urankyiémtyhi ren%%?i'ng%ce&re& Fohﬁfénﬁige IR GudISR HRRAS L ERRdTT 233 or
urani um 235. In one exanpl e, "delayed neutron detection may be conducted if
a first test at Méhigtthe pjecsninicanipnetipy with iond ersmers destsr dscapred herpinger qthenM

tests. The nuclear material may be a Special Nuclear Material (“SNM”), which is

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. 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

examining 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,



[0022] In accordance with another enbodi nent of the invention, a nmethod of
exam ning contents of an object is disclosed conprising conducting a first
exam nation of an object and checking for the detection of delayed neutrons,
if the first exam nation indicates that suspect material is present. The
met hod further conprises determ ning whether the object contains nucl ear
mat eri al based, at least in part, on the check for detection of del ayed
neutrons. [00231 In accordance with another enbodi ment of the invention, a

met hod of exam nj contents o e |scI ed conpri sin

ot er i i ng. whot hEPEn " opRatsoroney ol St eufefab o7 B SRR HRERA havi ng
an atom c nunber gmaﬁ:gr cohtaf ofan dojeerdedislssed\@hpFisingatrleasishe radiatlsmsource
determ ni ng whet her the obje¢t contains nyclear nateria ‘J
accordance with a"hé’r9 ‘i‘“@r‘rﬁ%g‘?t F‘Fp'aﬂ?“ F%%Hcr?\tlgﬁﬁtl"%?"“éfe & ‘B t5’r“ ltgxam ni ng
contents of an obmesﬁjedt,s:nﬂihs&bﬂﬁﬁdcc@afﬁpfeic&imgmai Tieassiterﬂlﬁmh&:admpmmm sour ce,
a first detector lto detect radi ati n fr&m g %aite%t on sourrcseS ra}‘ster
interaction with Fh@%BEEEr QHRied s BEHY 4 tsé%’f‘% “Fet eCtPREUCT Bns. The
system further conprameed @tprocksaata fmnethpﬁﬂcmwtoatmphmdiﬂthn cbbhnetdtllqast and
second det ect or S poldfB! RERS phd el ROLATIRR! uPh B GRS LFh AelebGr! e

first detector topo etermne | eas potentrally contains
suspect material detednipe pbetbs tidabpctfconaing hueleyememidl. det ector to deternine

whet her the ob eﬁﬁm%?”t al g QUG aﬁ%rwﬁ%@tﬁér%boc{ﬁé’rﬁ%}thk ’Lv@ﬁ%ﬂr dsgrgkge gt Lh

anot her enbodi ne t he i nvention nts of an
obj ect is di scl oseemipmgpritenitnef ambm@ lsf.dascltmﬁammplnsgnganeaheﬁﬂsscamlnmhast@n of an

obj ect at first GdcAceantLadl MR NGl Alikin MIBLE ARG hishapfl ol on

energy is differ th e secon ration ene he system urther
conpri ses nmeans ey @Fe@l@”ﬁf?fitﬁl}ﬁﬂrthﬁﬁea@ﬂddndlfimtemﬁ@ aThetﬂrxeferfllfwﬁlef eamprigsscond

radi ations, afternehe&" AGdckifd riMidtidn [RGoRAPLE G  firdNEhd 8RB/ [RlariGB! 8! NG
neutrons. Means for determ ning whether the object at |east potentially

contai ns nateri al’"tﬁf&?/tl"l‘ig“@ﬁh“a‘?bdﬁﬁ andygempe for d?j@é&% wHrea e P edRATBINgE ned

atom ¢ nunmber bas@gtheAthe! o ttatlléhspacrtémlal cdnfafks ndkbrial hithg Aldk@pit Qtmek t he
first and second ener%_wg dFt e first detector, is also provided.. The
akge

system al so conpri§Es {GPmipRs aomie ANTARET RASed HE featt i Pash o dhe radidion ns

nucl ear mat eri aldeRRas®est thétfirst fASkcond eRBids, byQhe fhai fetdeRE 84 Meprbvigwy tiae second
detector. [0026] The term "radi ation ene%r{'g}/ r ef @Ps t0. an eneng
characteristic ofYYH® alsp SoMBrser, Meyis ARy detqrmining hethen the abjegt sRRPBIUEIStE aner gy

endpoi nt or peak nea@iabbyasedf atlldast in part, on data received from the second detector.
[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. la is a graph of measurements of transmitted radiation at 9 MeV
and 5 MeV as a function of transmitted radiation at 9 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 5 MeV, through a piece of iron adjacent to a piece of lead;
[0029] Fig. 1c 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;



beam for exanple. The radiation energy nmay also refer to an average or

nom nal value of the energy of the beam Oher characterizations of the
energy of the beam may be used, as well. Brief Description of the Draw nes
[0027] Fig. lais a graph of neasurenents of transmtted radiation at 9 MeV
and 5 MeV as a function of transmtted radiation at 9 MeV, for a variety of
materials; [0028] Fig, |b shows a surface plot of ratios of transmtted
radiation at 9 MeV to transmtted radiation at 5 MeV, through a piece of
iron adjacent to a piece of |lead;, [0029] Fig. Ic shows five curves
representative of 093 i os dfig.sd inglsgheatic reprgsentebonenftas exdmnle aha pertienedf 2P adi at i on

at 9 MV to 5 I\/E\,j(_g’ﬂg,iﬁaéelmgt;g,%@cdat,cyaﬁcggnsmtted radi ation at 9 MeV, through
identified materials; 9 [00301 Fi 2 1s a schematic representation of an

exanpl e of a por tIPH of aﬁig.g_ipgygﬁa%@fmanaye%\fab@s efotiayadintion of D81 Fig. 3

is an exanpl e of (ARsAfEPNHroRkh ¥ ForitRSr @ bargs domdeydnRsliafd praralibf SxdV transmtted
t hrough a portion of a cargo conveyance, at a Ig)é!urallty of pixels; (00321
4:

Fig. 4 is an exardPl3! of arfigrriagn gpmplgpfaengy o P‘ﬁ%f"fr}%{Eﬁyéﬁqi@iﬁnﬁffsg" Y,

transnitted throughstifi& ﬂ!ﬂfu%ﬁ a2 Rftioh e tHeRGE GRBYRYAHICHL & afd Blurafity 0Bt a
plurality of pixels; 100331 Fig. 5 is an exanple of an array of

transm ssion rat iPB‘§'s("TRs") for a group of resultant pixels based on the
X-ray radiation re@spred iHg. B gan cdniitordn aithy ofemaiSasiCatod ¢ TRsANfoesbodi ment

of the invention; [00341 Fig..Ga is, a fl chart. of an ex | e of ,a method
for cal cul ating ?Fé‘p Q%G'?Su@ggp‘i"ﬁs Behon Wﬁ%{v@y ‘af“?{'emfaﬁ\’féif"ia%%g[ab%ééﬁ' Fig. 6b
is a flow chart atcordan@xeitipdnembbdimenvef homvéntiogd] ust detected radiation

t hrough a dense rggi.pn of an i na b ackground; 100 Fig 7.1 bar
chart of the ni ni[ﬁrf‘é‘4 nurrbeF?g'g? g %{\?&’“Tﬁ'agi‘)gg?%xa'rn Safe e %gégoré’glﬁ‘flag“\? 55591 in
10, 000 f al se al arfonusainenibodimests oftbksingeanti@s of exam nation w ndows and

various standard jatio itn an enbodisent of the invepntion: .10037] Fig.
8 is a flow char t[&f#i an eQ“? ' erls o ogﬁpag&#ﬁieﬁ%?ﬁl%ﬂ %mmﬁ@%‘\fvpot aed&ﬂ, deqwlc‘i:,
accordance w t h triatiemthoclighedénsefegion gf andmade®@8&kegpurgl; O is a fl ow chart of

an exanpl e of a gﬁ‘ogﬁﬁd fO.rFti%?%‘i’é’ | gl 83 thc%\'g'rh@ﬁ:k nQhbd3r BUAR ARhd Qlikd an
operator, 1 n accordance w e od|rrens_ (0} e
to achieve a 1 in 10,000 faise alarm 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;
[6038] 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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invention; [00391 Fig. 10 is a flow chart of an exanple of a "contiguity
test," in accordance wth another enbodi nent of the invention; [0040] Fig.
11 is an exanple of an array of TRs for a group of pixels representing a
portion of a cargo container, for use in enbodi nents of the invention;
[0041] Fig. 12 is a flow chart of an exanple of a "matrix test,"” in
accordance wth the enbodi nent of Fig. 11; [00421 Fig. 13 is a flow chart
of an exanple of a nmethod for calcul ati ng t hreshol ds, in accordance with an
enbodi nent of the invention; [00431 Fi 14 is a flow chart of an exanpl e of
a method for sel dWfing a Fightwshen g apethorefor g¥aminipg am pbiget derrtho
conveyance, in a h t tdrope 10
[00441 Fig. 15a P%%ﬂ@ggg’#%ﬁe' %’?tg'mﬂg{' 38'5@ e oh ﬁ.ﬁ’ﬁ%@'g‘?,%f‘gc‘{f B the
presence of nucl &uentiedt erials, in accordance wth another enbodi nent of the
invention; [0045]pgls9. 15 %bﬂ?arﬁé@[ﬂﬂk%f Qiothéxﬂﬁ&tﬂ&!foﬁ@:&ahﬂﬁné & obefar Nl Ng an
obj ect for t he presence 01‘g nucl ear material, in accordance w th anpother
embodi ment of t h&e RresgRsRtAigelepronae Rl PR gocordgngeswith ppeiher embadimatt of theyr o
scanni ng system pregibanmed to inplenent enbodi ments of the invention;
[0047] Fig. 17 is_a top view of a _portion of a car 0 scannl ngrs 555 msimlar
to the system of0ly ~ 15FigghR ﬁ&o’i‘t\/\ﬂe‘”éﬂf%\&@ﬁ? & S5t} PR Pﬁi}/‘ di ati on;
100481 Fig. 18 |§n@cr§&h@mh&n¢s@gmm§mwe vi ew of another X-ray scanning
system that nay inplenent em)7 odi rrents the invention;.and [00491 Fig. 19
is a rear view of'%fle systig o'Fafﬂpd"ew ap‘"ﬁ%’é 3 BIECSFANRIRE SHEMPRIL S od
Enbodi ment's 10056kt systenbsI®iy. U5 RAEviHE (40 agjilemaburesnios Xaty fallietionivent i on, a

function of the ransm ssi on, or attenuation of radi n rough .an obj ect
at two different m@ﬂ@r gi es Ps liseff FRRtsy BESRPEVE {ISY %b?“é)g‘ B(HW f&m "or

regi ons within thetembjat otay &splemdnt epbodiments of theriovdntion;mad erial ("1 -1 ANM'),

which may be a n@%hﬁu ) %‘%rbﬁg %&ﬁg&l% P %F:?“lﬁh material. The

10 or

functi on may be

unction may be conpared
to the sanme function of trang plirg

gntsr adi ati on at the sane

[0050] In accordance with embodiments of the invention, a function of the
transmission or attenuation of radiation through an object at two different energies 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 ratio. The ratio or other such function may be
compared to the same function of transmission or attenuation of radiation at the same
two cnergies 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 iess 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

1}



two energies through a test material of known atom c nunber. Material my be
classified as HANMif it has a higher atom c nunber than the test material.
The test naterial nay be any nmaterial with an atom ¢ nunber |ess than the
atom c nunber of a material of concern. The test material may be iron, for
exanple. The object may be a cargo conveyance, for exanple. Also, in
accordance with enbodi nents of the invention, the determnation my be nade
to a desired degree of statistical confidence. [00511 Iron has an atom c
nunber ("Z") of 26.;% nce typical itens jn a cargo . conyeyarnce _conprise iron

p | .
and ot her nateri i Qﬂﬁzﬁg’iﬂ‘ﬁy brutseoshielddwcleas gteriplsand o thersfis 8l e of any
mat eri al havi ng a&Gspadt @iitegialB U Thepre @hR T REitimBR MANMini cargs dofMegintdsand hé |1 S

mteri al (al't houd i (e 74 YR HSC o Ry eY oug e Bt oh g "ROrsLBr Bic) ear -
mat eri al' s, non-nualgeaonyoddibe., Silverh(AgsZ+49Rdor( Bampé-88) medicahgmthemial, \afd Z=74) ,
Cherefore, al'so PERIRHHRE fit oliodes © R4t SRt B s Bis FRucLpbRRE 1 n -
cargo conveyancesddentifiedtdnethe hiaki€est. Sinraddigon, Autttavisieridl ey bardistipguisheniiom t hey
Should e Toent | TR s eSS P RS BRI gl (70
silver is being shi piedyfmpectugin Kegi inapatfeheices, conteyaivoumay thresby vt | f i ed
on the manifest. i} RuAddif 5 HANM G4 nilBhEhhdal, f@&egﬁ.%giééﬁ%ﬁgagiém& from

ot her HANM by their transm ssions and shapes in an i Ing the
mani f est and vi Peavey. | nspecting an X-ray i nage of the cargo conveyance nay

thereby avoi d i @) T i 2t QBlurkd it AN @ Safbafiiich SRbuR Rk il €251 N

the incidence of false positives. ( emonstrate that ratios of
transm ssi on t hr eudjfferdntf éngngies enabies classification pf naitetisle ae HANMesrgbles ofcirasbl es

cl assi {i cat | O OfiealAétt il S v del Wilne AL M o Olving Mkt bl €. and

tungsten were scanned Wit lation beanms having nom nal energies of 9 MV
(measured hal f vaf §MaVa(regasyred-falf’ yalue lagr (hBAEYS 110 imhess )95 sm) amd fENeY ( HVL

1.04 inches, 2.641¢m).04 [R8es 864 &h). Ofhe RRRBMY G EM RFQ BiVRIEd BY arflio Wehalrbdaat ron(r)
| i near accel erator, available from Varian Medical Systems, Inc., Palo Alto,

California, thafinsghscceleptop3vailghle fpmg/aganedicghdystems, InpaPalorplo, (BlifRE. pe
swi tched from onehat ¥ELéfY RAGPGISMV hdoNOPMBE! TRO®IDNaF BElpRitchéd b Gl sanpl e

was scanned at one ener, end point, data was col| ected, and then the
sanpl e was sc anné’ﬂfrﬁ’tenf‘%ﬂté’%wmr CORKEY gg;ipomt. Each sample was scanned at one energy

end point, data was collected, and then the sample was scanned at the second energy
endpoint and data was collected. Radiation transmitted through each sample was
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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endpoi nt and data was collected. Radiation transmtted through each sanple

was detected by a Paxscan(r) 4030 gadol inium oxide (GO scintillator about
two neters fromthe source, positioned along a central axis of the source.
The el ectronics portion of the detector was covered by |ead. For the 8.5

MeV data acquisition, the detector was run at 300 pul ses per second ("pps")
and the detector was run at 1.5 franes 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 i mageg; éf‘lé%f? £ E‘H@aﬂ]%é 8, LhARRS 1&8&\5 ¢ sepaiaRlySiaced behidg 11 on,
| ead, and | uci te_g va?yélﬂng t hi cEn’ggr@e’s V\%e ndl n |V%dff§l Iy plagced bet ween
the source and thendetector. The different thicknesses resulted in

di fferent anount ?oeoghl t ran\%@@{#g%‘lwa{%%ﬁgﬁg hy ﬁ{i\gﬁgj, qnaggvgp?gegglgqad Walysis

acquired and stor n vi h 1 nage was normalized to correct for
detector non- unif & i feegwarg rirdogsane rastilable froguidiet Nasional slarsviess oo Heah 4 er ent
material s were phgeeEs infEih.gbQii/CRE kaRblRE Dthelitlagpradthding soft WY Riow kel 1 ron
were separately placed next to |ead. Al so, sanples of nultiple mterials
were placed one BRKPHE bansrdnas welh| drsteasn of e grejon afifFredof BRAMMEIH For
exanpl e, tungst eputaine dtQFFkeIRERioR BDAERIRALY anld|tRGRAN AR iddardideaition bOAG41 Each
i mage was processed br | rageJ, inmage processing and analysis in Java, a
€

t 9
freeware progranfidspliestst &om Beraeion ofntsresh dere reropded-y (b sonist Capgsayvien twe
http://rsb.info. gifdregOMhtbdidis wér®pladd AR kCoac IR redisHR OLInRFREIRT S0 Berhssed t War e
known in the arh}écogl_d beé%sed, as 1. A isﬁ)ogram P';" t he, regi on of
interest of an i RARARdyAYcadohPy.p mago.ofhesomssponding locatiqng af the sampleseqnied s and t he
mean and st andar toth endrgits @ere ibt, tHaeefore] @katlg ticlsetd. e 16daton inbieatoreigilmagedf

i nterest were recoaﬁggt " klmgﬁosnotrr%e cases, en two different materials were

pl aced next to eat er, real B of Pntérest had to be chosen by hand,

i nstead of by a M65lo. Th&hec crermysposuissim fooweh inmges wa$ cempitedchypliadisganned at
bot h energies we , er-ef o ] . i indicator in
| mageJ enabl ed {'ﬁtgglﬁ%’c%%a?oorq eo'F"g%e %f?ﬁ%tlg r?'%\r}gera@%og@.gé ?@g&%&ﬁg ener gy
transm ssion for wibeh thersgephagessgnutiennatise dievindgng & rakip sifote amerean of
the image by a hiSkAALaM BeEs My AN 4sTRAR wale AP SARPRR! Mol LR ¢ he

sanpl e present, to nornalize the image. Aratio of the energy transm ssions
at 8.5 MeV to 4. Bampmigsipeptd.§ Mel weasleareerdsd: and recorded. The transni ssion

at 8.5 Nev vas alyger ecor datlresiQAROhoThS: FESY! WRchsh SRMNT hdafd 6 nd 2, vhi ch
e

is a graph of the ratio of the ) )
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).

[0057] 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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transm ssion of a radiation beam having a nom nal energy of 9 MeV to the
transm ssion of a radiation beam having a nom nal energy of 4.5 MeV, al ong
the Y axis, versus the transmission at 8.5 MeV, along the X axis. The X
axis is sem-logarithmc. Curve Ais a guide to the eye connecting
calculated ratios at different transm ssions, which correspond to different
t hi cknesses of the sanple, for iron. Curve B connects cal culated ratios at
different transm ssions for |lead. Curve C connects calculated ratios at
different transm ssmns for lucite. Point D shows the ratio for iron next
to tungsten. Poi MHOE fah gteriply gdlegrease §s i afomicy nyeber ipcgeasesoip tibekample: shows
the ratio for traneias s iherdlsre beblaskifled b HARM Hased-oh tiEPhticeffor dactgmbteral behi nd

3 inches (76.2 iron. Point G shows the ratjio for 5in (381rm)
of tungsten bem"g‘piﬁfﬁ@ﬁ&a espsctiye FatEp 1oy rafie offiropforexpmple- epégrf’(owfciﬁﬁ Point H

shows the ratiOcirdds @nidigh@ScompletetraiBthis@ibn eayl ishappioached iSegaraidvn @fmld ron
(76.2 mm . [0057 curves, an ints in F| . l.a show par ation

bet ween nateri al"é’b"g’f '&F%?ﬁh&gfrérﬁnwsﬁ’ﬁs § AROpRoSh % dq’bfe g9Ehd, and
lucite may be cl gailey of pliotdnk B UeRbEdlarll théré anesﬁrsc&&etrpm&n@f;mahwiys:em,lfoand | ess,
as can tungsten and [ead behind iron. In addition, the position of the

curves with resp%’@f“ ®0 each other shows that the 13 ratios for materials
decrease as the am@sn (o nuﬁigerlbnmarseﬁmaa,lotmﬁ atdamsnmgarbptu@cn trhvistnassionlas  ray

t her ef ore be Cl a g) a§ns%mstsmn l%?%%ci/lc E%‘lr9 HCl?C% (f7€£ m%lgcoq E% E{OI{Ifl and

conparison to a respec atn'e
noted that the adiacemso ddrinweyE8asnnriorfyitadt @zﬁfarmﬁmka@mme(l)smd_)o fhat the

approached. Separalhlof Rl le BROBARLYWhR HHRHAL ThORG: Al GNEL ufflpm 051 ons

(l ess attenuations), nurber phot are detected
and there is | essee Getn) ard pmﬁmndmfdptlmagezedxatsqfslﬁaém"fhé s.wel (ienpampl lead Ha058] Fi g.

b is a surface b t 5. MV to
transm ssi on at % Ettrlbg\/”ge[ ﬁ“%%&qha"gﬁ hoélhagté% 2—.§ %ﬁ%meﬁ%gq (?&ef'fo?o??e

adj acent to 1.5 fafichars sngt&scamtlmffemwt | Bwdougbnds§ avearlt surfacecie us testatigiical used so
that the transmshd i didneitlifdhl! Mo hAkRAPEd Rhdty RAbbiRG | Of the

image is that of steel (i1ron) and portion J ge s that of I|ead.
The steel (iron)bestide |theit ratioy eare s3seamted: i @ms%#ggﬁvwla%m%r%ﬁhcm 8.5

MeV, as neasur ediufymishion Q960G B stantih@ dev.atdnpsmﬁseqm?ergmbfratﬁ@ai:l ¥e dist,d erent .
The roughness in each surface is, due to statistical variations in the ratio

measur enent . ThetCg§iRsr PR BerespRhistiggiedatiticalgnplysigyad bsgeAutfbd  because their
rati os are separptsy by nRNye sipRRMaH dedBdddabbRNthe MY Mdlhe detector were

close together, requiring a wide radiation beam, which decreases the uniformity of
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 materiais 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
(H0), aluminum, iron, uranium, and gold, as indicated. The curves are smoother
than in the test above, and converge as transmission at 9 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

14



transm ssion is lower, the standard deviations will be larger, the ratios
w Il be closer together, and nore sophisticated statistical analysis would
be required. ]10059] In the experinent described above, the source and the
detector were close together, requiring a wide radi ati on beam which
decreases the uniformty of incident radiation. In addition, scatter was
not reduced and the detector efficiency was low. Fig. |Ic show five curves
depi cting sinul ated ratios of radiation transmtted through five (5)

different nmaterials at MeV to transm tted ener'g at 5 MV ﬁ% a. function
of the energy trawmlqtéfdhafat@ was\ralcplaied By dividingsthinlgwer ieasteXapy AGUHEhese

probl ens. The dekﬁgwmemmao%ﬁm%&rama@aﬁmomﬂumagsﬁdra&@ (CdWo4) . In the
simul ati on, scatter was reduced, the source and the det ec%f_hevwere urt her

apart and (aboulf0%¥ net eﬂé‘)h"'éfsb"!f’ér’r‘ﬂ’é%& vy PRREUISftheoRy, 1t 13 believegthgrdne 1 o
mat eri al s were WadlfionshipHeyeen ahdI Ak WA the ' @nic diiralie mltsamngtw differaial

transm osi on at SN GRS SerAE S Bt G SRS oRBIN he-

i ncident radiati ﬁmm(cl Buther aﬁrﬁéﬂalssmuh) as dltveinem i (Z=E3) gmil fwatan@:0s 8@t i on
anong the differ The separat.io |ch eases

transni ssi on decﬁggsgg ((e" rﬁﬁﬁtfefl%“t c?oérﬁ'éaé'gsnfc “é{ghd%mr '%b%%ason atoni c
nunber. | n additpdfey. tdmm@tmmedmdaeﬁseﬁ Ic&satblhle nammmtcnalsrbmcattenbwaases in

this 14 example, ncr%/yphofoHr ashlft}?asw?ﬁ'{e% ho{“cjrl at ?g h crdt!at\éltginn@ﬁé F&l ener gy

by the higher ener era ease as nunber
i ncreases. [ 0060¢newyt photens, bwftngs P Mrivt m«m Vdmln ipereaséscibe aatiot ¢fetoangmittéd i s

bel i eved that thg !a{x Bl AN ,pn.p@&em%@n&nmsof ﬁ%ﬁe@at@ﬂﬁ nmseraﬁmg Qymoer

results fromthe erentia catterl}rﬁlag pair
production at di#¥ @WE’n(Z'é?ﬂefr‘ftjl wsanium\(£392), pajr pee@mﬁoe cR§ERIEMO P@Fﬂeﬁl@ (such’as

al um num (Z=13) aReyWabhs, tild Rdudind e fatio. IladdfioS ke vakitith (0P he TaliE REI NG 1S

t he dom nant nmechani sm at hi gh energies, such as_ 9 MV. Conpton scattering
causes the | ow atsBfHite 1A GHaoEss IRERas té@l@“ﬁ%‘ﬁ“s@&t“ﬂ‘ﬁr‘“?é%é’ﬂ flab@yiEveqs SBFRt ons,
such as 5 MV phgiRRssiofinc@addi gher rate than they scatter higher energy
phot ons, such as 9 MeV photons, which increases the ratio of transmtted

radiation for | o®koni c HubEel2 Asd by itires. FeA=26% Jhish bat Beihighest Agmic

materials, such n@&esmhy@rmﬁt&-ﬁs?&onﬁmwoaﬁu iABatod <BrjeyanBe| (s IBEcDﬁgJﬁfelston causes
r emoval of t he hi photon us .reduci, n ﬁ C‘jidltl on,

the variation of™ ? ﬁ’éal'rcé 'CPg%f' gatiog less thandhe rajio “’t"ds ﬂéé’?thﬁ p@?ﬁ?Feg
transm ssi on, regatkididl M@vihd am atv@dd hymblel pleateruthaeir@s amarsg;ssedtabans fipkali on

I ncreases. iterns 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. l1a and I¢ 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] [n 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
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[0061] In Figs. la and Ic, if iron (Fe, Z=26), which has the highest atomc
nunber anong materials comonly found in cargo conveyances, is used as a
test material, calculated ratios less than the ratio of iron is indicative
of the presence of a material having an atom c nunber greater than iron. As
di scussed above, typical itenms in a cargo conveyance conprise iron and
other materials with atom c nunbers |I|ess than iron. The presence of any
material with an atom ¢ nunber greater than iron is, therefore, suspicious.

[0062] Figs. la %éhedeﬁmaédsaorm%n{bgﬁtwh@cﬁ lL ans?daeaqx te ARZH 25Hhi0 Ruhbie ' eases
(because the materials are thinner), th ference between the rat| os for

different mater |%‘§'ahé‘3¥%és TW]P{Cée“FFIQ’ﬁd aF°ﬁ“°aﬁEf“‘Pe6 i |58 te5} eoathaty the

di fferences bet wagiNiheay te@hlidsar mterifl of hRld@RtfoA RbRR ftepad substances as
energy transm ssion decreases (for thicker obj ects) it is noteq that as

the energy transif?%4] on gdp §"%W‘3F1P]éfa“ obisttet Scﬁ'H‘G? Biith at lsast oy dillpreniglrap e

detected. This m%}{erlgﬁ&lﬁtﬁ&?tﬁm& Jﬂf‘sp@cirﬁ Revil BRI fEhkene &Iixu'hﬁkﬁ eﬁ@%ﬁé&é‘ﬁwﬁaﬁ IsQlso
decreasi ng the accuracy w ch materials may ferentiated

Enbodi nents of trvférrisirteéémdpwn*&@mqabﬁnesa&eéo@mmm%roffw-wrﬂﬁte Butignsy that may

statistically. [@R&3dd hdluexameiasnd ofmermodivrent sMel, hites Mewsmtmmwentl on,
the relationship_ between the ratio of transm ssi Ong& attenua on .of

radi ati on t hr ougHhg Tadiatia fraysmitted tiypush fherqbiertat the dpya diffegat Eﬂ?()gyteﬂ ot c
nunber o:‘ I t he matnekiuedd Byﬁe&&?&l&rﬁbnd%&'@ﬂﬂ&d& M}etr;lgeianoraﬂa;o&)meﬂtd;tadtedlaeast
potentia ycontalns mat er i, al s Vi n tom c,nu rs qreater. than.a, 15
predet er mi ned at SR REMFAY po%in:@ﬁlbf'gg &Wﬁ@i“&%ﬂ‘é?i‘g&hebgr ﬁ'a'h e A7 8WEL nunber
mat eri al (" HANM' )enterEhehe pregmtetiver radiagch atamyi for rumb;ﬁe fe el achechabBatitrhat t he
HANM may be a nucgl ear et ef i al shi.el d| n ucl ear [0064]
In one exanpl e, ijn rajeag °§ aérc%ﬂwgﬁsl Pg'f'nﬁ? "’ICEl st feF% 'én'fegéﬁ'

ener gy di stri but irsiion alosgetamapathakrough pdmbtisexfdratobﬁaxfrmmmeéhaygqurdeewel s
which is also r e a . i es.of energy
i st i but  ons. ¢ nareris e 3 GREAR ok SediqRR kafghg Give SERRRTRE \ 2T
and 5 MeV and 15 Owe‘asurf@hes reémcétq s/ ‘Wdﬁsﬁietsvréfdetrm ovrrpiapant éo dlojra part at t he
two different en%wbécé{?‘iﬂé’ﬁlrﬁ&éof't&de et ec %ﬁnﬁ?%@%@c{rcﬁﬂv@d'%ﬂepﬁa e,

detector array. Radi atioh may al so each energy en p0| nt
after being tranghistngyn twwghEatch@txali TRay] cqEesSPOISfte pRe Qfrmeyp deteqior elsmers s t he

respective . radipit atedGetay.f @an ﬁ%@%‘g@ner&é&r whieiPisiall opRn Bt IsH6H reQfived
Normalization for air transmission is optional. Each detector el ement

recei ves radi at ibembodisgtsof theamwspritinyentiopoheRixgomey sereesemd ihaixelppldhe | fr om
the X-ray sourcejhfea

[6065] 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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detector elenent. A projection of the radiation transmtted al ong each beam
path, onto a surface, is referred to as a "pixel." The surface nmay
correspond to all or a part of a receiving surface of the detector array,
which may be flat or curved, for exanple, as is known in the art. Each

pi xel may correspond to one or nore detector elenents of the detector
array. If an image is generated, which is an option but is not required in
enbodi ments of the present invention, the pixels nmay correspond to pixels of

the i mge. [006(] A function of the detected radiation at the two different
energy endpoi nt§ %68k cor @5&65‘?&‘? §OY5othe fuption gpay e gdptio hebveen fhe fadiationy

" Correspondi ng” dgeddd A% tﬁghepbr?é %ndp%ﬁnﬂ{sbchfa% @mlé\/f)%n&ﬂa@f&adiﬁnoﬁ ghedeaant i al |y
t he sane beam path through ect i nce the object ? i cally being
noved across a r 44i %‘t"?'&ﬁ“@é%‘@?}ﬁ?(ﬁ‘ﬁ@ as $MeNhiPhyjce Yohe: Shpeep ema% itved a

SC|0I ght di Zt ance h&%ﬁﬁé@t&ﬁ%ﬁtﬂ@ﬂt hlsﬁﬁl} fah@(fngr’)sgnambuéaseemf oImit ianae tg}lymﬁl&deI nts.
rrespondi ng pixel s ere e derive r ac e sane
beam path thr ougHa’lsﬁ‘éé%é?cgﬁmﬂgﬁ%‘iﬁa"ﬁg‘@%‘gﬁréfleégyaﬁdﬁmﬁ '&gﬂvgje‘gé %ﬁgpder ed to
Conveyance over | op by af | 6ast onos et ol haueh L har L. pot. el s ed. For
exanpl e, the pi Q.Bf ?‘XMWHG@PP% RRFlsy ffg“?e‘ﬁ?a?ﬁ ﬁ’gﬂﬁam pl“fek\MoH“Sthéerp'BQ’r ent to
those skilled inbé hepraerited bhad afrday 6red hatrix dfaﬁ:eﬁarss(btﬁhsmdmi td emSrateNSi tivity
and specificity e tol erated, crres ondi n e oxwrateto
each other (wit hf’ﬁgcéa 9 w‘th%%e?qss't'(g?s [&pect fﬁeéi’lfagﬁﬁ'&éﬁezw%g &7 :
[ 00661 As di scussdntiabtmsmissibe rhdiaioh lamanuemmy nlag ba nteasuted abéhmﬂemthbhmor adl atl on
detected at the pj r |nt u pation
Bthgaﬁncﬁ Olfs :gX %Q alp | a8 E:l? CE%r ang)l%:ga&) as%getlﬁ aFaﬁlgtexa

detected at the energ such a e versa, for
exanpl e. Such a fattc maysbcmeffdemcbds & reticeltveeen: rlhﬂls ResEi dmcwemm acﬁrﬁt ETREY) . To

cal cul ate the TRIGoRNFLEURBLE, ebhanal i da) hdon, 5k ophedoay e

hi gher energy en y transmitte drari'on detectdd at a
| ower ener gy end%ﬁﬂd af ghe fastﬁhvgsatndwnmln@dher@smrddfleﬁgfi Pitheogesond ey for t he

correspondi ng pi xQ gémt ref %[hreleqlo;ag @%ﬁeé&ﬁ?&‘cﬂa& Niy PMEY! 2" geRbted Eatlm ye!s, may

be represented as an array ers correspon ng to the
rati os) associaf B&V\)\rt(tlﬂqct?é rqﬂ@s‘bn #t 8iMe Vot detectep adiationeat ﬁé@qyl);tcamce-mrs@el S.

| nstead of measujeg 1 adiAbhRbdNSHThe hAkion! 3 A 0N rdbkENYALL AR My be

neasured and used In the ratio uncti ons g be used, as well. For
exanpl e, an asyntAstalcd Witkraseeandrfunclipmbasedomn aniay méerigklkaging dhecaredgtsmaingdat i o

between: 1) the gagkInfiRl ebbedwhich Faleribls reEQRki@¥ed to be HANM). Potential
HANM are identified based, at least in part, on whether the TRs meet criterion with
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
transmissioﬂs 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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endpoi nt plus the energy detected at a second energy endpoint, and 2) the
energy detected at the first energy endpoint mnus the energy detected at
the second energy endpoint. In other words, (detected radiation at 9 MeV +

detected ra\?}b%ds%%ssﬁf 5 MeV) _ (detected radiation at $MAN,gse&kct ed
Mev),

radi ation at 5 or vice-versa. [0067] In enbodinents of the Invention,

the TRs of res nt pi r r.ed Wt .S nd_functi sed on a
test materi al t?gé’ﬁng thg’%%e?%’ ét%grt(ré\ﬁq%%nglg}a%ﬁln gm%bc ugnﬁ:e]( %ﬂ%gtg % |E’:‘Igulanateri al s
are consi der edthew be HARVhighé2otaemiic alumbdd diMicaemablal erateribise dFirasadpleat | east
in part, on wh Lhe T el criter {Lh  respeet to the.second
function. The rgé@%&nla’é M ﬁﬁgf‘ﬁ?’gﬁ&n@g)}& gltma(zt%jéu\si\éné}}lﬁ?l o(rE g@aﬁ%?é’,aﬁmglr% t he
criterion may tmceshbtdaese thdyeal Bhdegoatibwataminglfmsbionreabtons. hTless ndteridhe

t hreshol d may gle g’?t e;egg rlﬁd bancaécltéll atli)n% a aé]er_ e of th% TrRs. of the
transnitted rXGCR(e GHLCTAYY A Algmic phpber 8Sr§§“ S G5B PUmBes Of Wal®y 1y t he
systemt o scanAsmentiyned bbovenldel (Z—R2)pmasten (Z=T40, antd lodsniugis (A=R3)n4re pisxef s of t he
test material. Al resultant pixels . .be .anal yzed o statistically

suf fici ent nun%oé’f;erﬁibecfag?ﬁ?ya Y ﬁ? %séefigg ﬁﬁ?ﬁbﬂg'o %ﬁ%ﬁ"g‘a’ﬁ['oﬁoﬁ%ﬁ?}ﬁé’%ﬂ ze the
test piece. Prtessainbtgrialttieeforéhaageatdificinambeljless tied amgstam  Itrid egh aloror
non-integral nunper of standard .deviatigns. of .the TRs, . to achieve a desired
sensitivity alggp ﬁﬁ ﬁ‘ﬁ ity fnag’f‘g]i 1&]“3(2“%6?@?18?1} é?cfh?g’gbif?aﬁ?’é& '@f‘“{%ﬁre aver age
TR L or hpli L f er embteridl hbmiﬁrjﬂymﬁmd@d cdr&tlﬁzoh@hc&i ?ﬂ@ugbg%dgﬁ@ighi:ﬁaﬂlﬁ qﬁﬁgﬁ@ndvar i gs
wi th thickness ar ar . threshol ds may there e cal cul ated and use
for particul arC?f&ﬁh@r?gésaingH@L{ir(&rzg?@'g“caﬂ‘a‘yetaf“gﬁ%H‘i“gléq’%ﬂ%se&é’f%{néﬂaliﬂ each

pi xel . The trapsises Sifake d@bgot ddgvdyh@h of ot ichyobRtRAtaNs agriti@url foddel, nay be

used to select the threshol d. The transmi.ssjop at 5 MeV may_be used,
hetead. 17 VOBEDBED %@%W};@sée@m% artﬂT BRORBIONEPEREr BEFXImPkhe t est

material has aiedi dskold bake@&bn £@stDieck OF AQlaste, Sithk LudiR@br DRRintD, Resd atomi c
nunber of acceptable materials. For exanple, . radioactive materials, such as

ur ani um ( Z=92) "¥rd PuEBRTTU FCk P00 Afher Bpterialy hayine; stemicumbers esgingecause t hey
can undergo selphteSal$bAEHCEE nhdySt! @Bd iPAE bhadE: of kot RateyARee EdnBlining
therefore, preferably has an atom c nunber 1ess than the atom c nunber of
uranium  As necviBd goedsgvevelll ead (z=82), tungsten (Z=74), and bismuth

(Z=83) are al spo@] CONTRS RCFISRMPAEYN HBiHe PR o BRPireR 18 fe@hrebhbaG Oact i ve

material. More preferably the test material therefore has an atom c nunber
| ess than t ungissiiveof whethen i, atepicenumbprogt s matorial an thervalomeaf theegbiset al be

iron (Z=26), wWhieRed By hbrdRtiGRSkM if5H0E & bRISWREH: 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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material comonly found in cargo conveyances and |uggage in significant
quantities. Copper (Z=29) and nickel (Z=28), which have atom c nunbers
close to iron, may also be used. If the cargo conveyance or other such

obj ect contains agricultural products, which may be determ ned based on a
mani fest for the cargo conveyance, for exanple, then a threshold based on a
test piece of a plastic, such as Lucite(r) or Delrin(r), may be used. Iron,
copper, nickel or other materials having atom c nunmbers |ess than the

materials of CO”&EiEl'{‘ ch‘éd gﬁ;@@' deéln %cﬁf‘laéé%g ?e_?_ﬁ{ de oIt Xgﬁ;ﬂl%es

cont ai ni ng agri cul tUI’ result Of e corrparl son
of the TR of theatpmmu@bttr@f mherial Ihase%m 1dtiq of X-lamehd@avri detectsfl atgaedt a9yt he

atom ¢ nunber of gpfif Mat efibal isiap u{\;g% l‘é%‘h’?&tl@rt oftc!aﬁ'goQ:gh\ﬁ: ince EJn%Yxﬁ‘ﬁgsﬁd by the

radi ation beamis above or "bel ow t material o he test piece. In

the case where tim 4R, ?"s’twl@u#“éts@wqgwxdis=\lﬂﬂiw %’S%H"GQ“‘S‘F AaBrli, Ghdner gy

pi xel by a val ug ghe 8ixe0k TiESRAMIL tHRGten QDS e’ﬁﬁﬁ%lﬁ'l?&?%ﬂuhfﬂxeh%ﬂ' R isn | ess
than the threshold, then the volunmes traversed by the radiation beans

resulting in thoBamjsasien %"“Q?leéﬁ%cuss‘fﬁo‘!‘é‘ﬁ?lléﬂpv 'ééf’?ﬁrsh% st #eiddtthenavi ng a

hi gher atom c nughgs *16 ehid 8n TR $2el Al/oOhunibBEof deRRlor Rle@ERs Bdthbrisimg iident i fi ed
as at least a potent| a NM WMaterials below that atomc nunber are

classified as nofflacaNURaging tofrgraporsimeysisr dhe praaltest pixsl $i2h BRY QIEWOM© 24 vi di ng

the value of a | myEeRRIRY eRind@lor RYMBNBF stk ciOhents. ARLhESRMPE] HEsid 4 ener gy
pixel, if the TRis greater than the thresholgd(EFthen t he vol unes traversed

by the radiati o r plewentendgeh pixel RISt k2P at | east potentially
conprise nateri aooNavi Ng If thehidition bainQddao Eddﬁbﬁﬁ:ar&@&ﬁ\véyhﬂceﬂﬂﬁﬁdeﬁicalof t he

test piece and is jdentifjed as at.least a. pote HANM. 1t i ot ed t hat
in accordance vviffs’%!’?aﬁ'e hg'%r‘FbrSUFSI’?‘é‘ﬂtf‘@ ?“E"ﬂ’é"aa anérﬂl?rﬁlﬁyo fIf\él-"’rcgmr‘fﬁrﬁc“ﬂecessary
to identify the @&(ﬂiﬁn@xs:ﬁnmbaarnnmg afri}e rmiiheg fr&’n ,sca’ﬁhir@mtg&argotcbaieyirﬁc alf opti on,

as is known int 18 which is

di scussed above, tp‘iﬁié@@f‘?'ﬂ)gﬁa"& ‘sdﬁéf’“ '?Fé?’ggz/'gt?ebshrﬁi”aﬁétarl"&r OfE%I’éFﬂr?.W f i a mean
atom ¢ nunber ofdmaisamlabanblag e(dascrébumng fbrh @ca@:img)@hé airgd fivesdricom.det ect ed at

each energy. | an. 1Mol Q0 of a.portio f car onveyance
cont ai ni ng an 0[8%79#405 1:;{’r‘? ‘f "ol 115 ¢ ﬂ'ﬂ“@e?@‘&'ﬂc@dde&cﬁ?g agtheis%@?jﬁ?]‘ﬁ%g
illustrative pixgtets dhe sfiredFas ﬁayﬁirdmerhbry'ﬂﬁa :’,nhmﬁig Sstemefor plotdssing bhe item
495' The P! xel %5+c.=eses§1é¥¥l(§\}llv%? ccgnrrl] %te'rtﬁ 3 1} g)n crcﬁmple 5L ;E?n‘?(%{ gﬁ'ar\%y o?QXK]eW

di scussed in det el's may depend
on the size and/d radiaeintbmergyfdeue!c@utamtur@beqfemﬂs fqrmaﬂmtlps pﬁSngeﬁ@'anSdmteéct or,

I magi ng i nt egr aty At ] Pitiobfa cakiconlBhdeES Fighh % Samfiie TRY LREporaRgnd to a
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 hereafier. 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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single detector elenent or nunber of detector elenments. In one exanple, the
size of each detector elenent and each pixel is 0.5 cmx 0.5 cm [00711 If
the radi ati on beam used to scan the cargo conveyance 10 is a vertical fan
beam Fig. 2 is representative of a conbination of a plurality of adjacent
vertical, one dinensional scanning arrays resulting from scanning the cargo
conveyance. If the radiation beamis a cone beam Fig. 2 is representative
of one or nore two- dinmensional scanning areas resulting from scanning the
cargo conveyance 10. [00721 The values of the transmtted radi ation detected

at these and ot heluralifjof eprespanding piyeladn Seps0t aRAS02 fespestivly: BStep e dhni ng

system for procegRlBg Q¥h Fesuh®PRESHE calSlidl BB dRidaRMRY hRBsurdd! tEinsndittédS an
exanple of a portion of an array of values aof radiation, ener etected at

a plurality of pradisfian sigt MeX i airixshbithe gnepsured transmyitied; edigfion:at P Mha & porti on

of a cargo conveyanesndihg Pixeltas Sovdllin AP A Rudént fesSQhf (e Rk RGectddray f or
radi ati on detected at corresg/ondl ng pixels for radiatjon tray};tﬂgett%d t hr ough
[

the cargo convey®Hlgisdp Step¥aY Inthis gypnpienthe sesplRaLRIE d i §el5trdt #rlda car go
conveyance. For M@Biﬁ%)@isorﬁﬁi@tm oft th€cuh@fitPitel Bafeftrabl Séfkciddetdsed aditkat i on
detected at the pixel X is 5 9 x 10-§1and at %ONEV ¥1e gQﬁanﬁr@itted

radi ati on det ect 84°Hd Faamistiguat oge of theengrgy eqgpoyts, dp piep 8P, & Fenents of
transm tted radi fdck®iryatoe calbulith eans appticabler deeshall vmghioh uthernfolafiag)storddhat ter m
is omtted hereafter. . Fig. .5 is an ex | e. o [r f.t cal.cul at ed
TRs for & he sane apdsLRts el gt BB iy rrolbs, B Fiuth f A g o
of a resultant pistetedAranasstidni ang Me\onit ahay ibelbasgd bin the \datected winsiisgih @Y by t he

value of X (2.4 iel.ding a 2. 5.. 0.5 shown. resul tant pi xel
typical Iy has t#ﬁs’?ﬁ‘%ads?%”;;ﬁ%&%“ﬁ%’b“zd ingfs GARPR s O pixels. All of these
val ues are hypot #8%4]lcal . It[i0DatCdeteRhiged Wlimthestha TR o6t arrent wgfultam pilahisl e of a

et hod 800, 1o o@Dl 3P 23R8EL 130 SRR § Rokss MR 458 dTRMAIER 0

automatically by an ray scanni ng stem exanpl e, transmssion is
detected at 5 Mesptisfied. Resullantpivelfdpmay there@re berrdiANYL. dhe pigeliv sasdiedi 119 pi xel s,
in Steps 801 and,R3Qga ﬁ&ﬁpﬁﬁtﬂaﬁgh%’ﬁs bilkeSh BB aRB)3of Hid1®a, id S8p B, [ERGR,T esul tant

pi xel are calculated by dividing the measured transmtted radiation at 9
MeV at a pi xel betarminedivhesbar dhe resubiant pixeltAcld thedest pirel dmbeanalyzadeiy Stap 840.

correspondi ng pi Kle hde GG pikeidtodbe ahalyfdCHE 'BititidnSs Yot SMifieliAi@khel S then
selected for analysis, in Step 805. In thi's e.xag;pl e, the resultant pixel A
is selected. A thethadstyns fopftep DA isddesh anerhpirelcforrpnabysisy ped tharmethed pi xel is

preferably sel ecig@nieasgferan Joh.gmexdﬁ; SdrlpRibdlahAARIHE B2 ITRE o4l GOSN, ke ener gy
e

endpoints, in Step 808, It max
condition in Step 82

becomes true as the current pixel is the last 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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necessary to cal cul ate an applicable threshold based on interpolating stored
thresholds, as is discussed further, below. In Step 808, this selection is
based on the detected transmssion at 9 MeV. It nay be based on the
detected transmssion at 5 MV, instead. The selected threshold in this
exanple is 4.35. [0074] It is then determ ned whether the TR of the current
resultant pixel Ais belowthe threshold of 4.35, in Step 810. Since 2.5 is
| ess than 4.35, this condition is satisfied. Resultant pixel A nay,
therefore, be an HANM The pixel is "marked" as a otential HANM by
flagging its pl al@7¢ln t heAdpdigipndrearripgth iggrcepting ag; %Ll typically inteesy

determ ned whet hewacﬁgaﬁma*eﬁludeltia,rﬁuclpw@hcuariasmstawsl difiﬁalnﬂhdtg’ed E(ﬁ)dbiﬁ fﬁigal yzed,

in Step 820. Singe re are r.pixels to pe apaly , the condition is
not satisfied anf}tc"{“r‘i}é’r g%'i%%‘d“mgr Eﬁc ?Bs'tgt’%F‘gﬁﬁlg%tys"él?lbccsf“ﬁmﬁéwﬂ xel for
anal ysi s, and t heoovaishedmpeosd byisaRalizdf e thetbackgoanpoti the susgested HAPpIMEbe d

anal ysis of the TRs of all, the pixels, the conditi L0, St 820 .becones
true as the curr%eﬁ?ratﬁ{yfélc“'iag“gtthglr?a?gfécﬁipﬁf‘& ‘?faﬁ"fg’“tﬁcf@é@ggf"ﬁgﬁg‘f HIE e
met hod 800 may behe Cabichi@une Cndiyriall §EAIC 66 S trarStiltied asdidtion Cafntheltbackgrondd t he
scanni ng system [0075 TE{; t hr oughput. of scanni.ng syst e _j ncreased
by conducti ng améﬁﬁ%@c Wﬂﬂgfl e'&‘isiﬁloaué% A 8°"§’é?egr #Wé%%w a?“ne obj ect
cont ai ns one or bmkgourtenserial @giupyisg theahmuvbeatra pith.f Batddern agerpradssign. | f SO,
one or nore of t te escribed herein b nducted.. If n t he

obj ect may pass {%ﬁ‘r“é‘h’giﬁwg‘ lg;?/}gtaétmsuc\t'/}viafﬁc ut” ?JGPt %r?’g%nggrﬁﬁsr?gfifngér\.wg%ge prescan
may conprise scaindicatiyetdie objitie HAMWM mag be ridediifedi with tvepent focthé bgkeroadof t he
energy endpoi nt 55ucH%‘é‘nsgfregéi&§ réag}’ﬁ)%/ﬁde%{?ﬁédqx a??quaﬂ'o?fmf i 9&.1%0&,9@@% S

preferred because It | ener a nore sensitive. The results may be

anal yzed for radomstdfdhe enctge sudpointsnasodiscussechaboies sThen therfriingraitted wdigfiongopossi bl e
suspect materi i ]]pa% e i 0 i et ect ed
radi ati on or cgéha{c t} %yte ﬁ\t/vl t hg %Eﬂ%ggﬁigﬁgﬁ forcggklgtfv'r%%.&ﬁ%%?eﬂse nt%g%/dﬁg%dd

gener at ed and vi ®diatidnyof acpisghihmugh thg slense rdgion 29 tHeoABMite nadisticatthroyghieam pat h
intercepting an GANMWG! & efnRY Lt LTty [ ReT g &l ha! . such
as agricul tural materi al ste%)r Qh% u‘%_'%ﬁg(%'ﬂr gﬁgggg‘ﬁga%ﬂg’%?é‘n; 8?3%(?/' o% behi nd
the HANM The selhel b¢ galeujatechbly diyiding the jagipstest rprsmiticd gprtigtions 3y ek #er®00 may be

i mproved by nor nglipgistng disQissddBoRRackground of the suspected HANM by
separately calculating the TR of each pixel of a suspected HANM enbedded
within the backiPdind melreirdesto hays sampamble; yatisticalacewragy; i dhe TRIVAPSIN of t he

background the dense region and the background, the size of the background is preferably selected
such that thé area of the background is about equal to or is the same order of
magnitude as the area of the dense region. In one example, a predetermined area,
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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material and the transmtted radiation for a conbined suspected HANM and
background materi al occupying the sanme beam path. Based on inmage processing
techni ques known in the art, such as segnmentation, the boundaries of dense
regions indicative of a possible HANM may be identified with respect to the
background. Such dense regions may be identified in a prescan of the object
bei ng exam ned, at one of the energy endpoints, as discussed above. Then
the transmitted radiation for each pixel through a dense region nay be

cal cul ated by dividing the transmtted radiation of a pixel through t he
dense region by ehiest isridendified; iredten 35 ofhe dense Wﬂ@ﬁgﬁytbhé’cmﬁ'%k‘g? Bi§Han Ofat  each

energy endpoi nt . g IRgedRe b of%%e@i.' %ﬁ‘d oinfd, foNEaRPRS Thé STn@iiesBthe dn@n be
cal cul ated by dividing the adjusted transm tted radiations at each energy

endpoi nt, as di s@ﬂ@geﬁe adstppmined, ow7 Jtep | #6001 dBpeet Bropatiee derhipidrabs¥hssat i sti cal

accuracy in the &y Swﬁué}fare%lﬁkx{é%ﬁﬁhéé‘rghﬁﬁb@ﬂéd texfankground, the size
of the background |s pr ably selected such that the, area of the

background is ab®8?lequal T‘E“ob"é[fgf‘?"gdf’h@e§%’°§Pﬂ§r‘d@f'ﬁ°%ﬁbﬁFﬁ%P&ea"ﬁéh% he area
of the genseI reg%\@fhgc hshsﬁ:rsemmr@m@hﬁm bﬁcl@fo@ﬁtﬁit%ﬁdmdﬂ@@y arrdgamt is deterhirRa, tge )
surrounding Ito 5 centineters of the confents in.e rection outside the
boundari es of t hi® Y&, psyicysed aheye bﬁh c%ﬁ%*@@#@ﬁo'bé L rrget‘g"r“?eal The
TR of the backgrgionowitet REiudds bﬁaqgrdaﬁd @iBngothe Ihege pAaK, n@tiheléd lﬁﬁtl’reew&'agecal
function of the of .t he pixels t he back nedi an may

al so be used, Jte@?ﬂr%q“&mt ‘ﬁ?ﬁ’n‘hﬁoﬁép ?’?ﬁ&‘g‘grﬁﬁ 'B caagf?ﬁ‘i%vdh"gf’ Wt t he

pi xel s of the des:s;esci“o’egl‘lﬁne;suftdnrthenmht&d radfaien aﬂ’muhme felgiibg acta0ls emtgyt o the

dense region may, r d tr boun e.d n by 2 to
3 pixels in each® g??"étcﬁ%' t%? 8’?“ lr‘r%ia kg“f“Séjq%'}é nl?ea?‘(?r“ht ﬁg |t£ reci si on of
det erm ning the xraprbedod tnier §03aif Fighén denlswate #85 fom resiltaat pieols ofrthentynse V\hr ch

may enconpass t 4 }§5E§E§ Fag. Ednfre
enconpass backgrlrggrl ﬁlngrr'?f'?([;eératlﬂ%l P00 fohs %ﬁéﬂl sspg;?ré{n ? rret hod 850
that may be execthe &Bs foyhrgsholds. ocessor such as a conputer, to adj ust detect ed

radiati on t hr ougloglspect SRSk 'g%%ﬁcg{ioﬁge&mn%stmné%awr@aﬁ&grOund of

the dense regions. dense region o object Is 1dentified, In Step
855. The dense riegt lo#st petgntiolly ind@ﬁt\'ﬁi)fe;!dHi\Hf\hbﬂp?de@dme@fPaﬂion@f@B]VE’B@ at one

of the energy enﬁ&%%éshonfdprnafr&rs@'s@fﬁc.lmor%%@.ﬂaraha&a@&st hﬁ.bsi&haﬁs off €9i On

are determ ned processin ues, such
segnent ati on, whhe Hnventionyseek I@n(ﬁmﬂ'ﬁ Ampraee éhet SPeﬁ'ﬁylt)’bén‘h%fﬁlt“’f%rOfetk'arrpl e.

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

[6081} 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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[ 0079] The background of the dense region is identified, in Step 862, and
the average transm ssion through the background at each energy endpoint is
determned, in Step 864, as discussed above. The detected radiation for
each pixel of the dense region, which includes background al ong the beam
path, is divided by the average detected radiation transmtted through the
background, at each energy endpoint, in Step 866. The result is the
transmtted radi ati on of the dense region at each energy endpoi nt, w thout
the effect of the background al ong the beam path. The may t hen
proceed to Step 8UBMYF Piksly hagipe P*de%h?‘l?ml’ﬁ Eﬂqweﬁlgﬁsh?léslmlqsﬁmn bfi?c‘é'?% of the
dense regi on basqgiteily :Iriﬂ%p@c@ﬁcﬁw 8d1ekhod bEHRS Bk St thlExam@iatishOk &SP aRictha g

pi xel s, and to conpare_ the TRs to threshol ‘1‘?@‘{) 080 The S_F#I gélfvrty and
specificity of tﬂ@@ét"@ﬂﬁ%ﬁ?ﬂ)ﬂ“ﬁﬁ‘ﬁ?s tg be Subt e jveregh TR 8

potential ly indi gaeliMeo eficudie #HAMMsRaS 8basa oh iR fsrwmagrstzﬁ@mapénaryﬂdr Hidual TRs
to thresholds may not be sufficient for particylar applications. Embodinents

of the inventi offstdbefemedtoagy 'thﬁé’fami"r'?ﬁ?’b‘(r'@d‘%"h‘és‘specr ficity and sensitivity of

this deterninat 'ruoszrby i nq:ﬁeearsé BgthE rb&axﬂ.umﬂrmﬁcfoupmx}elcmamhyam créss-
processor, such as ut er, anni n emma furtﬁ@r anal yze

t he resul t ant dafeﬁ“‘?“ﬁl e °St f’ CEHLGH PEINgs SE%"% %t i on,
descri bed bel ow. mﬁmanﬁtmm@w\(ﬂwsﬂa siﬂﬁ%l}re émm&o:esmhmﬂv BNt of the
i nvention, the nge er of $I xe . havin ! Iwow TR

TRs el ow, t he t
pi xel s") cont ai n&HF ArEest gd‘f'tlhﬁ'l'g%&(?sg S??ﬁ?ﬂ ﬂ%\{h‘g P ercedé &r rﬁ‘r'r'ed ar ea,
referred to as amz:ebaabtcmahmsem ont chiosas aﬂﬁesmavﬁiueeddaﬁhemummmanaf pigats Wi ndow
T omre” a B 1 oo ul o i St S TR, ). 5 e
nunber of the | sumdiiR dovintiings chosénhecaixaasi thedinier ofistddand doviaebsnaeases,
pr edet er m ned nu&@g{dbablgg léll\gnrses frgr(%nas de&ﬁ&iu&% gasgsr efl%nﬁﬂeéhohnea dhreshol d

val ue (average T BCE M hius p‘f us-a val ue of =St
devi ations), t hemmlmldm\rwmbfzere dnebntSh@ tlntrthmmmbabrhlgrnlﬂmra wi-HAVWM TR mieste]l s t o be

consi der ed a t f @@t selBorDEriBA Bhes YEMniA! o Nfucpdla Whihinhilont B non- RANM

woul d nmeet the threat criterion, times ependent -

exani nati on w nd®wyzednis dass BBp & desies! e iaTa are. G reTRle %anmsf»epehlarfése 22

common pi xel s) hayNgedt dsSAah 19N S0RT KL 1S OW1 bbEist e 0lidss théh 1 @SS than a
desired sensitivity and specr ficity. Selection of the size of the

exami nati on w nd#PBimenRerefergdher of the standard deviations to be
subtracted from tobgs)aver agend Bafplel Desttfi&E of iron is scanned at the same two energy

endpoints that will be used to scan cargo conveyances by that 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) = ————p°(I-p)"™
([N = e (-p)
{0084) The probability of every expected outcome can therefore be calculated.

Those low 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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D e

material to calculate the threshold is based on the follow ng statistical
analysis. This test is referred to as "the exam nation wi ndow test." (00821
The size of the exam nation wi ndow may correspond to the cross- sectional
area of the smallest HANM of concern that the scanning system can detect.
HANM i s typically snuggled in the shape of a sphere. The exam nati on w ndow
may be the |argest square fitting wwthin a cross section of that sphere.
Once the wi ndow size has been chosen, one chooses a threshold value and a

m ni mrum nunber of pixels beI ow t he threshol dthat if found will be
consi dered a t hr E¢ alamp pee Bad) for a gien sitpation isset and the probstifitg elallths 8N TRs chosen

because as the nggiefhaOfoudd ﬁa@ﬂ%ﬁtoq‘xﬁi‘i{dat@ttlle%éedcé‘ﬁf ERPE RomictmiPbimeampi | ity of
a response froma true HANM decr eases. hreshaold and m ni num nunber are

chosen such t hat isteK#ugizdo piissel Rr?'%?b‘!‘ﬁ“éta“’a‘ldﬁ‘?ﬁlﬁmmm'ﬁF’IePcerPé%‘t““ treumyadact i on

criterion tines &l ifesardn My I'hfk@.ﬁxﬂ%ﬂﬁ%ﬁbﬂﬁ&%@@bdd@l&)mbﬂ@lﬁwwoflaﬁalRyZEd i's
| ess than a desi red fal se al a%glerate An exa accel'ps)"tea%bl e fal se

alarmrate is | eBiely ghah willjhe POPILYES. ¢ AT eﬁo l?)‘ﬁgrq‘ SIS APRYG B Less
than 1 in 10, OOQ)rﬂeé?poHdlﬁQmiMlﬂfiﬂﬂlﬁz&&the(;ﬁ)&&ﬁﬂ.oﬂd’tnﬁmﬂmarrpl e, a test piece of
iron is scanned he t wo ener t Wi | | d to scan
cargo conveyance@h%{} that ?5@“@%5‘?‘7”&%@;%9??‘8 1 thaé‘ ?Ig‘ ﬁsggllgﬁ?‘ggt% € each
pi xel is consi deswefhgé ORfer @dn mnﬂetiﬁmkﬁﬂird Bafions MHieh tief protabitityTier pixel i ron.

For each val ue (] nte 0 n t andar d |ons bel ow
the average TR o g' lé%[’el%%j d reg‘gﬁeq"%?‘bnﬁﬁ t)'cﬂgh'é{’%ﬁ?%a{%ﬂ @gy pi xel

"p" that a si nglﬁobmassul’(amamf semdgln dhelsl elos th&lﬂﬁsﬁoﬂlﬁin&hﬂ@’r&@&lﬁﬁ&vmm‘]ms t hat

gi ven val ue of sSian n%?? ﬁm ations due to statistical fluctuations and not
due to the presenceé AfterT"N' pi xel s _are exam ned, there is a
probability "P"|that exa "n" of these ls will

t hreshol d, al soj due to sﬁatl stical ifluct uatplw Thi s progabl %o?@?ms"t:eal ven -
by the binom al [distribution: P(nm T Ny =T (NN )T p[ (1~ P)~ -0 (003841
The probability| of every &xpected outcone @at¥5herefore be cal BdPaf ed.
Those | ow TR pi kelsthat have sone very snall probabiliity of ogccurtring
statistically, | and therefore have a h| gh rmrzyngl lity of bei ngoa4v4 ue HANM
may be identified. A 23 false alarmrate, "Pr,", for & given situation is
set and the propability oj‘ all the |l ow TRm?gr ?r!as t hat {woul d sgepot to

e e

i ndi cate the presence of hi gh atgm c nu terial
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 0.0604 0.9999
[0086] The probability P(n/81) that eight (8) pixeis 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 1 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 faise alarm rate Pg, per examination window,
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I s eval uated. These probabilities are added until the difference between the
sumand wunity is less than Pfa. This sum of probabilities corresponds to
the nunber of Ilow TR pixels that will be false positives. Any nunber of |ow
TR pi xel s above that correspondi ng nunber indicates the presence of a true
HANM [0085] For exanple, assune a 9 x 9 pixel wi ndow and a threshold equal
to the average TR for iron mnus two standard devi ations. Then the
probability per pixel that a pixel is belowthe threshold due to

statistical flucgy énoe?gcff opmgreg&gle"l"le)po%alaﬁ)(&lﬂ% he!@ é/rn?c(r@ owapgleree' ng n

pi xel s bel ow the thresh nth to" stati st
fluctuations is:am e dt19f aSikatisidal Prchistion isiless ggn ﬂ@ faisq glgmp G‘cl%(bf ' T 0.2923

0.4474 2 0.2722, @00619.7th;s§x£115k66ﬁ1e@fo8e8§35acméve04 leZéanu% ;%@,?p% of kesOenlie¥ i 0. 9894
6 0.0080 0.9974 0020 0.9994 "8 0.0004 0.9999 1 “The probability

P(n/81) that ei ght000gperpindavs then|9 orgeore gielel wish 2det rli'eneeﬁim esfyrdiinite to a
statistical fluctlatilaféh &dfy.0004. The sum of probabilities that eight (8)
pixels will be found below the threshold due to statistical fluctuation is
0.9999. Ther ef ol0887]t her eFigs7 ig a barj chart of throminisHamrumbereftoy TR @pxglsreqpisd or nore

]9: xel's are fougdm 2BV 1L.hetobbtrﬁﬁbam} mtetlﬂzm vd@rtﬁs El@csa)fﬁfla%{n?aﬁf)d wildows
uctuation and not to t resence o i the fal se negative or
fal se alarmrat earigrsm“df)@r‘%é( HoAsnatti B %P?’?&‘oevrelatﬁ’&ﬁ’b%%d“%ﬁcref’ ﬁtf’"d(“%) or nore

pi xel s. The pr obdviatibsy(3 ohaioreli focexailple,ake mhmaﬁoa\mﬁrd%“psmeah@ beatlativelye resul t
of a statistical fluctutlon s less than t rm,.r at I in
10,000, in this %&faﬁ%'iag “Tiet ﬁ?d?‘g'm“f“o""ﬁ’@?ﬂ \che r'f"ﬁ'l"gcse o indicals ﬁﬁﬁé‘ﬁf a of
less than | in thé, M€ larpete B, obmges byhﬂpa@mﬂrammhﬁamatmh&fmp‘&h).afbmw TR need
to be found in an 1 nat 7 bar chart of the
i ni mum nunber ofeT SuRTE R SPEbT O P dpatintn Rishesl Bim B SRR 2 e

alarmrate Pra frombeoreqons teindiege the pexeacd of BANM avd pagt@wiar false alarm rate Py

is a fairly strong function of the examination window size. For example, witha 9x 9
matrix window size and | standard deviation, 27 pixels are required to indicate
HANM with the false alarm rate Py of 1 in 10,000, With an 8 x 8 matrix window
size, 24 pixels are required.

[0088] Two examinations may be conducted, one with a larger examination
window, to detect larger masses of HANM, and another with a smaller window, to
detect smaller masses. As discussed above, in this system, a 9 x 9 matrix may be used
to defect 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.

- 10089] 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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and standard deviations. If one chooses a relatively |arge nunber of
standard deviations (3 or nore), for exanple, the exam nation w ndow size
may be relatively wuninportant because the m ni mum nunber of pixels required
to indicate HANM at that false alarmrate Pra changes by only a small

anount (a fraction of a pixel). If one wuses a fairly small nunber of
standard devi ati ons, such as |, then the mninmum nunber required to

i ndicate the presence of HANM at a particular false alarmrate Pfa is a
fairly strong function of the exam nati on w ndow size. For exanple, with a 9

x 9 matrix windethen ofpisgitptp tien Tha Pigelsnepddy windew oy anluzed andfhecanalitisii red t o
indicate 1-1 ANMk bied 418hé ﬁds§@le@iaﬂfu@tlf>@%ﬁdﬂs1ofﬁ|@ objedt RavkGbedtOfalyMiit h an 8 x 8

matri x wi ndow size, 24 pixels are required. 0088']E Two_ exam nati ons nmay be
conducted, one wi%#la | ar B’e"r“ SRR 9587 BRPlenEniAiReT theoXamination VgL estimsses of
HANM and anot heﬂurmgtoberamrmltﬁeedargonsmﬁmg sfs@m, e te@gd c&ﬁi&ﬂ'ah&r is BEGRRE to AS

di scussed above, this s stem a 9 e used ct

| arger nasses. Tﬁ”@%ﬁﬁl@@? o BABty ﬁé‘ ‘{G{E"é" e’?:?rﬁ?ét“ pajnt, gugh asezga?i%] Wth
a3 x 3 matrix, ifie vevibahe eafdnaﬁbraﬁtcbaﬂdraaieﬁﬂn&hd@nﬁ isSdebected b adlefetiomafiche
average TR of the test pobject may be 2 or for exanple. At 2.5 standard
devi ati ons and a' §ra°§°"?,wﬁ‘h{hre|°§rg°f e’ﬁ?@seﬁ?ceémﬁle ?,toi)f;%f%q BUESFEREE hr eshol d
woul d indi cate Haivbapiogrammetiab S@plpadit this/ srdrdliee e@bodimens 40th® @entids ishown i n
Fig. 7. The exan% natlgg wi hdow test nay be the sole test for determning
whet her an HANM cé or it my be used in conjunction with other
exan nati on techiﬁﬂmes i ﬁglajdti agexamplecdfle meborb 88l entay &k extduted ibvaent i on

di scussed bel oW, L&&%?lsughfs £0du ﬁ%w%&gﬁgﬁ.g&gg gqn ggn.xmml.w ng an

exam nation wi ndow noved Acr 0s r exanple
wi ndow may be plosti ﬂﬁm&ubtlwqfthﬁgTRsmfdweesmmawm in the oisthad 840rpf Fige®r ner of
t he object, and 0 els at a
tinme. Subsequent(Ita};p/h,eggtﬁgmgggn‘%oﬁ%b‘?%ﬂ%@m%ﬁ%@%hﬁggﬁ{) nrg @ kov(hé%m E;Ile (Fgllﬁge( row of
pi xel s and then <mpies salésts TRzl adeconBets gh gramination ivwirdow, auchaaStai eI The
pi xel s in each 4 S t he

Wh O e it d%ﬂ&ltXﬁee%lc%Q phdE i rﬁ?@%xﬁze Th@@&lﬁg{&zﬁégg&nﬁifé@

possi bl e exami nation W n of t ect en anal'y 390] In an
exanpl e of an i nmeaesftths ownl B {marked) emsdmnrtbﬁt ¢xemingigrdvindeve de Step 81 pndg

operation of thecoﬁ@&@é)u%ﬁ@@k&&&eéﬁ%%ﬂhb&rhﬁs&ﬁbw The }@ay ifedinimBi/ R €cted to

two X—ray radi ati on beans erent ene pol nt, such as at
9 MeV and 5 Mehe Tiighest giigticalbn defermingd Hupmber afiloafnTBnﬂmﬁ rthat ican Getfdet ed by a

detector after positives (a pixel having a low 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 pixeis 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] [f not, the examination window is shifted one column of pixels to the
left one row of pixels down, as appropriate, to construct 2 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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interaction with the cargo conveyance. An exanple of a cargo scanni ng system
that my be programmed to inplenent this and ot her enbodi nents of the
invention is discussed below. [00911 Fig. 8 is an exanple of a nmethod 900
that may be executed by a processor, such as a conputer, for exanple, to

i npl ement the exam nation window test. After calculation of the TRs of the
resultant pixels, in the nmethod 800 of Fig. 6a (and optionally in
conjunction with the nethod 850 of Fig. 6b), for exanple, the corrputer

sel ects a pi xel and constructs an exam nati on wi ndow, such as
matrix, centered®¥But t hBigsiewr egmpieaa msthod 458 shap mgy "?’Wéc“t‘z'ﬁﬁﬁﬁtt@r

identifies a NUBHB&E%soR fsudth al OMYpURER, (orrﬂsbis?ﬂoe &Lt Shel ARall diEto QNAIPEARE HON

wi ndow, in Step 912, and conpares it with a predeterm ned nunber, in Step
915. The predet ePAFHERISHANHREYSER 1000 %?tg%éstbe BReEsTO8 Fheeky YREtheB e #tned

nunber of | ow TRyRiexfhifatiod Minde@Owhfa hihRFor P& bix¥e grebidr Bin@leqaptsicRy a | ow
TR even though thé pixel is not an HANM, under the selected conditions, as

di scussed above.Predsipningd pumbenps detamingd B 945 phtheiwetied YWqfor pxappkiell bel ow,
with respect to thé Bumbks of h&tkedpidiPlf@n ﬁmgrkatérfthaﬁm@e@dﬂfﬁeﬁe ﬁédeteﬁﬂmaiR pi xel s

is greater than or equal to the pre eterm ned nu re t he cargo
conveyance cor r SUBBRGNAGY Epmingtion wifderr theproseyser F?’%“qué%§'ieP ?@f"ag’s&‘WSMNM in

Step 920. If the ,nebaager‘NefMNw”lmwcmnwrzsenhakddrp.xetshem@mmlmmmmmmndow is
| ess than the predeterm gber,. it ig d%léerm ned g {;}$t 2 current

exam nation wi ndOWEr ﬂ?f& %gfe EFaReA MBI TE RESHS PP BECI RS &8 ©in step
925. [00931 If miip,laytah&ncsxgm}mﬂddmum ’hﬂ)@\ekdnﬁﬂes Itiuk tazelingriiee Gelatormo dfe pi xel s

to the |left onerowofgl ets .down gﬁrlate to conﬁ?ructéan
current exam natf"&R W & a‘?"H"%?’B?)“ 5" PR U e EFESFY al |l the
steps of the rretxhgdalﬁﬂmsplasthcdmsges mb&td cadmiv@ion Wielowedrheidd 88Ghowiye ke repeat ed

with a smaller %n%c@%a' nggtcp 9 ffrf nﬁr@tlm?ééqpc%fdm fthé&%ﬁ&i?s’ nga\%lq)gw ations

and different pr'e erm ne curtent am nati on ndow i s
the | ast w ndow digplayed raﬁtaﬂdypieualormn\’l@mepmages of thgpwinddviseas well. an operator, in

S 930. 26 [00840k; Fi 0o
tep [ 0GBy P19 17 cleSouihe FARA B GarTE pROG, H0 aﬁ;“?‘%gﬁ?esuus of

executed by the rocessor, as a conputer I'spl
t he anal ysi s to hakesaypeat aptons. offor examplear g@n@@aﬁnlmgcaﬂbs@ew&@@ maybeSt ep 960,

the processor cheghsy }’éﬁt[%{ep:ﬁ'h Evﬂ&ﬁ HANM h'hé [PALAR WaREDNG tiat h 2
nunber of mar kegﬁpl xe r ela‘t3 er t an or eq u%ﬁ%?
The HANM may be an HANM but not a radloactwc materlal for example, such as

silver for industrial or medical use, which should be identified on the manifest. The
HANM may also be a radioactive 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 stili
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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e e e,

predet erm ned nunber, as determned in Step 915 of the method 900, for
exanple. |If the nunber of marked pixels, if any, is not greater than or
equal to the predeterm ned nunber in any exam nation w ndow, the processor
proceeds to Step 970 and displays a nessage "No HANM " [f the nunber of
mar ked pi xels in any exam nation window is greater than the predeterm ned
nunber, the processor proceeds to Step 980 to display a nessage "HANM
Found," for exanple, thus alerting the operator to the presence of a high
atom ¢ nunber material in the cargo conveyance. The processor may al so

di spl ay the i magé&stsdmovmen bR ar mant begrondiicisdio Wnes thevpprariatsis sttistitdntie caeo
presence of an HplWVeydnBe mhyPtR “98d. AN entire inmage including the wi ndows nmay
be displayed instead of or along with the i mages of the wi ndows, as well.
[00951 |f the output indicates that He@antignitylestent | the operator may then
have several options. For exanple, a manifest for the cargo conveyance may
be checked to dueerm ne WWaed adirstHadiarh gixeb eeetingriby esst yritekinl @rfexhdalad i s not
a threat. The HANM. .be an NM_ byt not radi oactive nmateria or
exanpl e, such aotRerregsytepes AR op foy Aihoif APOLRAT I Mo E e o, °L
identified on thesweani pasik andlined iHANBaivay tiel sicel’s endranaento@citieniéy pmdleri al for

nmedi cal use, which shoul d be.decl ared he manifest. .The oper at may

al so cause the sEYWEYNG tcth‘ttp"éeﬁgla{iﬂseo %?eg@giegtocfmﬁn(gn. 38?‘1/ %"rgrt?rt]g%laplnf”?%eﬁgl

scanni ng of the oathgofisorRudyapbel anthsos thrattieistacasdcy ddvateyss thegfandard

measur enents, inglyd p}gon!gehl%%asﬁrgr%ér?s tfé' ST RGOS Bar tf'i‘enﬁ'rét%ixeﬁ ﬂgm? per ator

may conduct a manual 1 nspection o Re cargo conveyance. cargo conveyance
failing inspectantANM if covtimossupipds medalpr paent en GIANMNMVAMYZiigepikdOVed
fromthe area a ' [ cgar I 0 Adr 8Stond 00961 | f
the output is notmrlo_ﬂgl_cgtatt%mvtéﬁct)f&‘%eﬁ%r gg%ﬁgeéwc;wﬁ%%wp‘@tﬂg%‘gr go&‘%ggnveyance
may be consi der econtriputipgitos deterrainition.p Ehe 283, of Hhowentigrousipixels fiegreatesthan o stii | |

suspects HANM ar r P o per at or

my st 111 conouehadoadnasr g edint Mo REERRSuA LIS EEHR, Sl 0

was not used in speoifipitiniban odetesininationhasedain @singleipingl orfa grepingrhavingamaseshod 800

of Fig. 6a, the E%thﬁ.%%&@daé&?%@ﬁa&ondum ed, the TRs recal cul ated, and then
above.

anal yzed as descri be HANM i s still not shown, any or all of the
the other tests 8%ri bedThrepredetermied yehmwpy bog crossedioptl 3 of thersmallest t | nay

be conducted. OnganmMepResFH:Suciha SBihflihiRnuclehGeabd For GARYRYREGH MY be

"passed." The Conti guj Test
P may be 56%5 cn?{s which is the area of a 4.5 cm x 4.5 cm square. A square of this

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.

[00190] 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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[ 00971 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 environnent
to identify pixels contiguous to that pixel that also neet the test
criterion. Analyzing the environnent of that first resultant pixel

i ncreases the statistical accuracy (decreases the standard deviation) of

t he neasurenents because it is nDre Iiker that the first pixel is part of

an HANM i f contl el HANK naI zip

surroundi ng t he §§ guf’)%"é’l ﬁ’éﬁs %é%l?l g 8}:?;?]1& ATl 3ynun%e£*of phot ons
contributing to aondgtoas m thakéliaued ﬁl)fd,tlth@tcp.ﬂ@ﬂ Fhixeishe ﬂmoantay@wouhsckpd aEl s is
greater than or _equal, to redet er m.ne rea the Nt i catl n,of HANM
has great er sensfcf"i%{}'iﬁ?'ﬁé 5‘@ £’§§58? &?“glfhfﬁg?%gr{"dékeaé’term haf fs%)n "g'ag‘ed on a
singl e pixel or pixgrebe TR atbveghashol) Baeachalsis cvtariirtdtion.pAdgbeithersifomed ar ea.
[ 00981 The predete m ped are a,Cross- sectional area of the small est

b
HANM capabl e of proad“uc,ysﬁ‘m’We ekfl?vysus c&Mni ng nuclear reaction. For exanple,
the area nmay be[0201P5 crBeheranne mhrkedpikdisecontigigusab the sale@edomarkedpigl. ¢ squar e.

A sauare of N Suctird o, IRIEAGINAMHE) ReiRisChARRePRAARRlRISR Of L he

smal | est sphere enconpassin uare o nmensi ons. The size of the

area may be det epuh P:fe@e BiFa @tg)thntsﬁﬂﬂyst HANM dlp syptem|180 is(degignedtedetest an thisi g, 6a,

di scussed above,efatitsltea'z@\asw panxetmo@be nttasﬂéecto)eréat B Tihe WRkHeg pikfs | ar ger
areas may be used as wel he area of contiguous’ pixels need not be in

the shape of a S(f&ﬁ'l“é“a“[dﬁefg@?ip lq3odﬁ)ﬁ’tef°g“ﬂ’dlﬁ§teml5t%’l® cowrise magked pixels- &4 gr eat er

than or equal toehiifle. BraEASiRN MRS 20.88mahEarkLeREted B)h@lncoﬁﬁglﬁﬂ\erkeﬂ

considered to be at |east potentially resent I n one exanp %;) xel s
sharing an edge, P'ﬁﬁ%"r‘?“‘&?“é’%?%@”‘@'é\ﬂ“&" Bitige P Tor gxample; i equal tO%Q @nsi der ed
to be conti guousmsvumiesmmxemlletﬁaﬁddi@nﬂaw afta VO dq@atre, thdd moequiidx®l s F and

G are not. Adiffer nt defi ni ntigu be used,. which nmay
Cncude pixel s SHaFPRea 1 PR stvsist e STif ol meRee bt nc
invention is I’etflﬁ’kd’cﬁ‘ﬁis b0 HANM,hia $t€oi040. g WptiynallRsSin image wpakis aea magsted on t he
area, rather than is believed to be more reliabl e, but shape nmay be
consi dered as méepemf‘g%igwa)ﬁoﬂnowt‘irs an exanpl e of a method 1000 that may
be executed by go0yepcessi6the amdctivered b the okt @ixels isdless nih @eginddetetnénedont i gui ty
test. A marked pixel ned whet her

| ect i t. | t
there are additi 6??alth°rrﬁrﬁ<é’g agﬁ??ﬁfgg&s%lr?{]’ﬁegdg%?%‘f% ?h@cgrgsr@ﬁf%% DIX&l, in
Step 1020. Pi xelSep WW50.hAfardithy Seepe | ec kisd, iaisdetermined whether there is another

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 pixel that is not
part of a previously marked area. Step 1060 may be similarly 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-HANMS), such as agricultural goods,
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accunmul ated in all directions fromthe sel ected marked pixel until a first
"unmar ked" pixel (whose TR is above threshold) is reached in every
direction. Algorithnms for such analysis are well known in the art. [00101]
If there are marked pixels contiguous to the sel ected marked pixel, the
size of the area of the contiguous nmarked pixels is conpared to a

predeterm ned area, such as the area of the snallest HANM the system 100 is
designed to detect, in this exanple a 20.25 cnR2, in Step 1030. The area
covered by the mar k%d pi xel s _"accumul ated” in St eE) 1030, is $ref erably

det erni ned by coth#¥ PRYETHEFREQLYY B P&elsmay be fund gjep thopgh the pterigl jsot g 0 5 cm

X 0.5 cm the ar gRNMVKRLaLe bymSlov(c&msmgmu&rdﬁgn Imeohenw &bl Gﬁlﬁés&l’lﬁgh around
cm X

t he pixel A shown in . 5, f exanmple, is .equ

a8 P i to t Aetediatuiics ThCARERY i b iR e FrbRed SoiBEy el e 1 ¢
t he condition i ndé&eminalits Based ob adehsufadaaliationat anppal bf cémeripnthe gadiatien mar ked
pi xels is marked as an HA in tionally, an inmage of this
area may be geng?t%teé@“ftﬁrc“‘a OE'ﬂfrﬁﬁhﬁ‘gp'éﬁ?fa&Hé[Pgtor. 1001021 If the area
covered by the marked pixels is |ess THeMattib@eqar edet erm ned area, the area
of adjacent marked pixels is marked as unconfirnmed HANM in Step 1050.

mar ked pixel To LPbidas, S erebthied FERTRIER ENBRE gl bR oot et

selected, in Stepe Tf@lmthcsmptlwalwmdha”ae ii@@@mmwbep@afwc of edipreefdhear e no
ot her pi xel's to PROGERS grolit) €6 ex&r{;ﬁ e. CRIRGdu 'b@féh@d)ab]aglﬁ‘psumkltl;ﬁxeﬂ&ta be
satisfied and the corrpu er provides an ou to the operator, in Step
1070. It is not eBlufalif of greupngh may B¢ pioyided tomlmpasrsSal'pth? pixgls- Ahe growgous| y

marked area, it Reeee maumorfe%aﬁ]@rrmaskm&dcféwrerféycst&&%@%ﬁu&@ést’hough it
may be). Theref ore Step 1010 ma limted to selecting a marked pixel

that is not par {00615 pr &hs drmss 'Frﬁigk%ﬂ ap examplogfapothes digmpyipingthe ¢agsi | ar | y
limited to deterginRéyagce MNETIEHixd] BEE Q 1b% TR @A Bkrefind mgecpb&al withih geart of a

previously narked area. [0010 e contiquity test nm sed alone or in
conj unction wit h*e fE 1&’ ﬁa“f"iegﬁ‘afr@cﬁ%‘mfééz B Y ?fﬁ?"ﬁ h% BTREE

enbodi nent s test&oMGéd’mamhafeqmalBTh@ lloperraiaﬁaplermyn mmmearhe out put
provi ded, as descrj. ve With respec t a wi.ndow test.
007047 Anar y 1 nEPAAESTARR G st T Sy RF ERRET B GBS,
useful where onThe axedage TR, ok exemiderof die nphixtB3nis camyatdyld)ycheemgmme dRs dach

E ﬁiﬁl_ ma}v’sf i XELC?_laE élxg‘lg’%él%%ﬁ %J‘ur a et a"%‘fla ”%e“ﬁ{‘ Eéﬁ'gnec%;[n Lpg) tH?E ersﬁo% Slf the

average is below the threshold 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 cm 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 unnecessary, 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 pixe! B.
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may be very dense. Low TR pixels may be found even though the material is
not an HANM because of the | ow transm ssion through the dense materi al
causes a high statistical inaccuracy. The contiguity test may inprove the
statistical accuracy of the determ nation based on neasured radiation at a
pi xel by considering the radiation detected in the environnent of the

pi xel , as well. The Matrix Test 1001051 In anot her enbodi nent, resultant

pi xel s are grouped and a function of the TRs in the group is analyzed. The
functi on may be aver age. or n i he group r exanpl e.
The group may begqlf T2 'Sfﬁsng gdiagf’“‘{)?%el el H’atrﬁfsufgp’?’f’fbﬁfméﬁdoupl ngs
may be provi ded tr@teafmaﬁmﬂs"rbé énzetdimeptrgaln&mx'lih@ dgpﬂidpmnlg: snm}?thbetenas mat rix,

for exanple. Thi e refore ref

[ 00106] The i { enferarigs 43d s 8 ofe BT 470 R BT conale Y ¢ e
cargo conveyancenelddditidiud aq!_jaoe&d pigls mﬂedatacnmﬂ'ﬁ;tmgmdthb detexafimation sfrshptet pi xel ,
within the ite L xel tr i n Ieofa
gr oupi ng, conrsrpﬂ‘&{ pre%leﬁtounﬁ %ﬁrage i 1’§§ OE%he p'f‘fﬁ%f e fﬁéﬁ%ﬁ%fé?@f an
array of the Tngdnonated anigsinmibrly oﬁmnahﬂd t@&m gmesbwjdwﬁ‘ynﬂvctbe a@rage MBswWirthe t he | ow

TR pixel B and th Eécénﬁﬁﬁtrlcggre%ﬁ){vaﬂg tﬂ-&hofdoﬁhcem fw PR Jifejgmatrix B3

is calculated by averagl n each pi xel he matri X. The aver age
TR i s then conpafakimingd it quﬂmWﬂdeﬂWmﬂi?@senaveﬂéW i18 thispample.pe 3

threshol d, HANM gmyolg it B3k o RRY RefiRiich W1 porkital PARMEXARR] &, wher e

the pixel size is 0.5 cm pit xel matrix my be used to identify
a potenti al I—|ANI\/IPTIE§%0<P'3H‘g‘;"“éi"—‘i@‘il wglgg%@rtcplaﬁflamceav@a%f9 ra)sel magixB9about 1.5 cm x

1.5 cm The thrgai@d usegr dnRydif@nGREPA APRe RRYTROSIxAEh06 baH p J%%s%d on the
average or ot her such functign of the transm ssions of the pi er S in the

matrix. [001071 PI‘HE‘PEt‘HFﬁ'@Pi“EQIX%@éﬂ?‘éc%ﬁ Wl asipxerarping P xS matgess, may bt rj x s
three tines greah@fuciedattodshg aBdyatEis b iskcdls af eeditions! 01 mtiie BERof &damplae

i ndi vi dual | ow T%ﬁq erl ﬁt&nce % | se positives may cause unnecessary,
costly, tine con¥tfii ARG 44 gtl ve inspection of the cargo conveyance,

addi ti onal confi posj on, Wahbth&\éﬁﬂn;g&’ ﬁaheadetecﬁsauﬁmyarc 1.S cianel émplldya obt ai ned
beforeadeflnltlv J‘ln de .t hat i xel el on HANM
[00108] To furt h‘ﬁ?‘ g\;ng‘[‘ g@%‘?‘é‘k’?“ﬂo“& C?J'éﬁaésr‘fﬁi Y c(ﬁg“ﬁ‘gcr ease
the standard delwmtdefeat))r Elahedtasr(gebmabgi e tpixel dielie 0. 1tdae a3tSxpixk! REE pixd | S
exam ned, an even_ .| arg mat.r suc 9 9 .pi.Xxel L 89 which is
al so shown in Figrinvg gli’c u"ed?diencf"gpaﬁsr%? g?’ﬁﬁ% °£ﬁé§“@a°%§ﬁ? &&d®ar ound
t he sane sel ectenkakaawfm.‘mnxel B.

[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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30 O her 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 matri x may depend
on the size of the itens to be identified and the size of the pixels. The 9
x 9 pixel matrix B9 contains eighty- one additional adjacent pixels with
data contributing to the determ nation of whether HANMis present. An
average of the TRs of the pixels of the larger matrix is generated and is
simlarly conpared to the threshold. If both the average TRs of the first
and second matrices are below the threshold, the current | ow TR pixel is
deternined with MRS EE BRes tiend herecurasy pEbe Hitiak puspipiqihal pixe! B 8a¥ex anpl e,

the 3 x 3 pixel bmtmmm%%sea&auye@&eeactMﬁﬁxel@Imtau&watI on of a potenti al
HANM whose presince is verified with greater confidence b the 9%3< 9 pi xel
matrix B9. [00108¢1Bhe anﬁ'l‘E}'éFéa"l?&nfqrﬁ'b ?qch%ﬁs’f’“&%%f"?s | s have

been processed. 4. Ms;lntm' 44 an anChige PR Marvix B9 musblpeeeaablya&nmctedaau@ader | appi ng
9 x 9 matri ces, constructed across. an array ows an

addi tional 3 x Sarﬂ%f'tdr 5 Pial B nyptep L Lifiptogprovidgngreater é@é‘?‘lvﬁbg“q H@c' iBrPR B3.
(001101 I n anot hekdirgXGaARM Byl the e T gixeichaix. ehﬁmpse 8 £9 £ 9matiR B9 k. 5 cm and

a ixel size is 1.5, ¢ X 3 pixel trix ul d enc 4.5 cm cube

of P 11 hetit oty 3o Tns el SR et B H RS TR U3 a8 e e

45 pi xel x 45 pi R in th@infatris RO dledsubned itheextimt i® ddtided rgyadis(ta duntbercofi cube of

HANR/[ or HANM Eov r}dng an, gr aeof Zlgcggi m :{l Jf11%9 glgi 1#2 i? an. exanpl e
b piaeloy dn I ShapRley 0 T or gheasat B9 of Ry

of a method 1100 4s " a> conput er
to i npl enent thmx:mwnunestaestauy pireld dne sonsigaxedp the statidtieal pmbam}hty sf theaccwad. 5 cm X

0.5 cm After %lllét"h{'ﬁ)r h@%ﬁﬁﬁ? Lh%e):QI e ﬁ{: LeSr thf?ﬂhet &tfs%%pé}'!)tia\gmpﬂ{s?%emr k 1 ow

HANM pi xel s, and optiona he con
exanpl e of whi crncma'acefmfm pﬁtltematrmeﬁhodl‘hidﬂ?oot)ﬂle Fiagix B9 is aprmaredémtherrar ked

pixel (s sel ect gl Sen 1407 s el ndRyRiiEhe Biotll B hBBgAGkeCt 410

in Fig. 2, is exa cen ered around the
pixel Bis " constmes}@tded’f Step  E38. Flifgo ther) it i$ ponStregqd thf.ultsc cureeni phetired piyel HANM

enconpassi ng an Quedofs f-an I%'QNP&[ upsé G0, Y o &‘?rdegrBQQHe%LtJ@ean@Ver age TR
by

for the matrix B3 is then cal cul at ed sumﬂn ni ne he matri x
B3 and di vi di ng PHAECtEuRingg 2nis 588 e 9ofh°| Cﬁﬂq'\ﬂ"d‘éé}“ plltx'élt*?“ de‘F‘ﬁ“‘Sﬁ‘ep 1120.

In this exanpl e,whkchr ¥ pixaideis TR lﬁ.@?na?k@@plﬁatté hnalyBS i Step?1145. Bincd Gerk B@N
determ ned whet ho%ger trnra]u(?keéJl \p/)gcr:lggoebe-lja'ﬁalgzedt t?\g corxrlfillttlf)rlx i(s nlc?;t3 salln;sﬁegetlhg \r,nvetth(t]deregupnrses hol d,
in
to Step 11035, and the method 1100 is repeated for the next marked pixel.
[00114] If the TR of the matrix B9 is not less than 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 cm 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 stifl be
a dangerous HANM, however, as several objects of an SNM may be smuggled 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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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 tinmes that of the accuracy of the initial
suspicion that pixel B may be an HANM based solely on the fact that pixel B

had a | ow Tk a[‘dipty? dombn ktdmssmsllenthias the predesermitdMremoiothp sentigniy test
Cross-secti I, arnea.of. . 4 ; . . , 2?35 X B9 is

al so prefera ybciﬁg%@%ﬁr%&cl{yegéc"gn er{%%jﬁm%%’{ %éggeﬁ-&'ﬁ' %e?ﬁﬁe% eplB%SO, to
provi de gr eatearof 3 sartiguity yesan®Whepahe marixt tyst tiobeing fisaddio regamine HWAXNVIRDY t he 3 X
3 pixel matrix, .An_ex e of a 9 x 9 tri 9 is. sh in Fi 12. The
aver age TR PoFIsiharern ey wonhe Sedeisroipdluty o R elime BBl YR IT ¢ e
matrix BY apiRels Hommek e objtet Sedter thartihe pRastedYindilsizd dved RiWRlec®l forl Ndi vi dual
pixels). In this exanple, the TR for the matrix B9 of Fig. 1 1 is 2.9. Since

nine (9) tiwMalyshdytanpaiciestdubthat sopgraiiedd, the statistical probability of
the accur acyoyff the [f R ddted PRIkt iBhs! SpAPRA 4 LARE nlRAGRh dhan_the

statistical p ability of t accuracy of he matrix B3. The TR of
the matrix B9 33 qovy)anastix tB3)tdncompassessmobigh of an Semptolat3gast potentialiyhen

determ ned h TR LS . h [ e I in Step 1138.
If so, t hen' Fﬁwgﬂecberﬁ #ﬁﬁ%’tgf h%n%ﬁfaﬁg%?%%g a%imggﬁéq&clgléﬂ rb zgsaﬁondg to an
HANM i 10 St #fargdrdfiatrickd dre aldoigber Sddgpeential idemifation iy, lwaversjmetifiyf i city.
Since 2.9 i ess than 3.9,. the conditjon,is nmet. It js then determ ned

whet her ¢ heDpRGTa AToRs RCh 48 Foragiad v P (el Searaiber B A KB 145, i nce
there are mehe] chekiRcthd imaifst! shdke RAdlcAed minbel S@RdhatioAN I § bt
satisfied, the nmethod returns to Step 1105, and the method 1100 is repeated
for the nexiotgdhihapan gysrage of ofyer sueh fingtiga of theofRs b Srpypings olor than 4ot | ess

than the thugeRGhey bd Sffpdrdifiol fiftsholBid SetéMifine WRkther TROgrBapiAis It n St ep
1140 and the nethod proceeds to Step 1145, as discussed above. After all

t he TRsl%f patentisHy Hig¥Me dopexamiple, dhecgrauping/maxibe thi densgaegionsiidpntified igt ep 1145
becones tru LS, PV . tor. tor may
respond to %H%Q%ﬂ?%u(ﬁ&ggﬁggg%?ﬂf l;lg% bgﬁlgd\?égsvéf?ﬁc @e%g%gegf&x {6t ed eﬁg%ar%ﬁ nation

W ndow t est disqussklildbdvd, thd TR ef the\pbatlst dfahe ddmee nogioni mayt wesdversgyd, iadéthiei fy a cube
of HANMwith sides of 4. m ,such as an urani um cube, behind a 20 cmthick
shiel d of izfvgmgefcgpparggi(g}ggp&resm “matrix test may be performed alone or in
conjunction wth any or all of Thh&neld&ledl@fdns descri bed herein, or other
tests known in the art. For exanple, if the area of the item410 is |ess

than the, PrEITHA ™ "ok SliSsdd above, 2 thredild Yor'eptriting an HANM from a
non-HANM 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 number less than the Jowest atomic number of a material of
concern (such as uranium) at the same two cnergics as will be used to scan cargo
conveyances. Preferably, the test piece also has an atomic 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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di scussed above, it would not be identified as an HANM by that test. It
could still be a dangerous |I-1ANM 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 |l 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 using a matrix smaller than the predeterm ned area of the

b wel o 11’ ar eas FAOERG A Gt ket bRl VR dOu B Sohal T
only low TR 5 pi veeullanmplkelpaa\tmg)f:or&spoodbpgao‘ansglssamser The tast piaee mﬁleh@@eﬂr m ned

si ze need to be %el &4 oflfrI) eacn? gx%ré{?o&ol%ohﬂﬁn rf@ttéfa?ﬁpltces[the tlgx'rgrr\lgs#aﬁ‘tat s not

required. [00116 IS no rsmaller it where only a smal
matri x (such as eitheee@rgy @dpiintghayrimtused K 3B) te@mwm@%@amdotbg stapdardan t em

to at |east pot ecri]évlla?i | % C%lflﬂ Jfoﬁ_é H‘P§?Jrc;sgégrg§%cfrlf {HehIM a}:}léecg‘?sl\béélgpghhs Cat' On of

HANM may not be as re trices SO0 use
pot enti al |dent|ﬂlc§tanda0hdemyqn i calenlaged foroiRstthr¢15gh afpamtictnthigkngssiofa perion, such as

conducting the of d1ht fE Wk %n%%grfev@@aumro?uﬂa Ry QWA farreacm@k&e; mHihecki ng

t he nmani f est, ducti ng manual exam hati on. is also noted that
an average or ot W“ﬁlﬁ@ﬁlaW%@th%d%mg@h@llW“ of a'gﬁbe?iltﬁg%‘efa?lhtérbe%%i‘n a
matrix may be CoRpALRE whRniksiohd eosmhgtetaq;uéﬁbﬁrbgaw% B 1a0rthrbdhBIdgh4ee8PT N i S
at | east 15 potentially HANM For exanp th(g g%g pi ng rra% be the dense
regi ons identifi @Htherdest piege.c Sigmativgly, &hesfelsg'g*@ thegsgoe ol B§resids of the
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mat eri al having an a c nu
material of conodrane sthutkmvasmuham uﬁt)r esmplf)@ rseaswerhend tlmnsrtgleestalabrdw I I be

used 10 scan Car 0GRS HICFhmELAASAAR b5 &SRk PLAGR BLSRoR3S o

at om ¢ nunber greater conmon e nmateri al s,
to avoid fal se p(b@(]lﬁmv@gblhtbfro@ hwngm sjktshg:al variation. This probability is the false alarm

rate, which in this example is 13 in 10,000. Therefore, to reduce the probability that
the TR is a statistical variation of the actual TR with a 0.0013 probability of being
incorrect, in this example three standard deviations are selected for the cajculation 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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and copper are exanples of preferred test materials. 30 [001181 The test
pi ece preferably has a varying thickness, so that thresholds my be
calculated at different transm ssion through the test piece. The test piece
may be wedge shaped or step shaped, for exanple. The thicknesses may
correspond to the expected range of transm ssions of acceptable materials
and HANMs. Thresholds 33 calculated at the different thicknesses may be
used with the test criteri a applied to resultant pi er s havi ng
correspondi ng tran mSSI o B The tes i ece ma%(ri i pl ctllgness f from
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pi ece. Alternati - sﬁg red
transm ssi on my%ﬁy%g%ltao%ﬁ% gdtﬂhggoqﬁ%{y% ((Ijafqlacgéeg gg‘%‘_s%hg S%@fﬁ?ﬁ#he TRs
are cal cul at ed, ofsiawradd, deaintibnawélhzlpgmdineatS@auwmmﬁ@ncn@s@ of e systemsknown i n t he
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in question. Thisgapadli 6§ %C&réosscmﬁl%usryﬁgm'\ﬂthsrta@imrlgivgﬁvd afsl, i er enciggh
n

probabilities are expressed 1n tabl'es and are well known i art. For
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ari thmetic mean uhsniitddl e F&tt% féit PIRRSH EERAL for Rach ARAULIsR in S,
probability of being a stafistical variation. This probability is the false

alarm rate, whiSeAmng mayibe condugied 465 MeVifstiipstepy 000. Therefore, to reduce the

probability that[omtzj]e TRm@ tedt fibcdtid Mkl Scadned Mth atsb@Rd AldiatifiCbamtiddhg IR Wi th a
0. 0013 probability ein incorrect, in this exanple three st ndard

devi ations are §%ﬂ°@‘g'€@ tegfpain dess gyap the-frst spergy endpejnt sych as RdeY. aad theach
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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 -5’

=l

N-1

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

(average) of the measured attenuated radiation for all the pixels, which is calculated
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material of the test piece, at each given that any given neasurenent of
transmtted radiation nay be froman HANM or a non- HANM the nunber of
standard deviations to be subtracted fromthe TR of a | ow atom ¢ numnber
material is selected to achieve,a desired bal ance between an acceptable
nunber of false positives and fgée negatives. For exarrpl e, subtracting

ei ght standard dev ns_fram TR, of. | ow, g%) materi al woul d
result in z&<% %?%‘F?w&ftlv;es Bﬁﬁ&@&“ﬂﬂ?ﬂa% u’fﬂ gﬁ éblluémq%’unber of
fal se negatives. As mentioned above, if a greater nunber of false positives
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with a seco | having a second energy endpoint |ess than the
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test piece for use in interpolating between cal culated thresholds during
actual measéiieeasierdo déieaﬂ@awﬂdé&« from agrigultyeal gapdsthan Bemawsoyitithy to t he

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 cortents of the cargo conveyance may
be available through the customs manifest, for cxample. 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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following formula: rrN L~(x -x)2 S =1i.$ N1 where x; is the measured

attenuated radiation for a pixel i, x is the arithnetic nean (average) of
t he neasured attenuated radiation for all the pixels, which is calculated 35
~k according to the formula x =, and Nis the nunber of pixels. In this

illustrative exanple, the standard deviation of the test neasurenents of
transmtted radiation is calculated to be 0.2. O her statistical nethods
may be used with different distributions of t he neasured attenuat ed
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Nuclear Test
[00129] Other X-ray scanning and/or analysis techniques may be used in

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
(fisstonable, 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 include fissile materials and uranium-238. PFertile materials include
uranium-238, which is convertible into plutonium-239, and thorium-232, which is
convertible into uranjum-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 afier fission of their nuclei

caused by exposure to X-ray radiation of sufficient energy, 1-2 us after exposure, as is
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Table I
U-233 U-235 U-238 Th-232 Pu-239
Type of Interaction Threshold | Threshold | Threshold | Threshold | Threshold
Photoneutrons (y,n), MeV 5.7 53 6.1 6.4 5.6
Photofission (1,f), MeV 5.1 5.8 5.8 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 materia! 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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pl utoni um 239, and urani um 233 are exanples of fissile materials.

Fi ssionable materials include fissile materials and uranium 238. Fertile
materials include wuranium 238, which is convertible into plutonium239, and
thorium 232, which is convertible into uranium 233. Certain fissile
materials that nore readily undergo fission than others are referred to as
Speci al Nuclear Materials ("SNMs"). SNMs are currently defined by the U S
Nucl ear Regul atory Commi ssion to include plutonium uranium 233, or uranium
enriched in the isotopes uranium 233 or uranium235. Nuclear materials emt
del ayed neut r onsXeae phadoidaha migcCiayriat wéth cousiag aie ddflayed eeutronuark also notaused by
exposure to X-ra rsre%tdi ation of sufficient energy, 1-2 p.s after exposure, as
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(y,n), MV 5.7 5b Bpe_tgy&cqugnp@, TR calculation, and analysis of the results, as discussed

above).

[06133] Photofission results may be analyzed for an entire cargo conveyance or
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. [n 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 delayed neutron
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Phot of i ssi on (y,f), MeV 5.1 5.8 5.8 5.0 5.4 [001311 Since the fission
thresholds for all nuclear materials are in the range of from about 5.0 MV
to about 5.8 MeV, scanning a nuclear material with X-ray radiation of at

| east about 5.8 MeV will induce photofission and del ayed neutrons in al
such materials. Increasing the energy above the threshold increases the
nunber of del ayed neutrons that will be emtted, facilitating detection. 9
MeV nmay be used, as in t he exanpl es, above. Preferably, t he del ayed
neutrons are detecte n t. he s of f. and hotoqeutron

eam
em ssi on has ceat¥8° b["i“ét‘FStegy"di‘ € rﬂgﬁseenabl??éd%“ﬁ o'bﬁ%t%ﬁﬁ that may
interfere with cridihd mgrsﬁma:ﬂatsay@dc AEhlef)O IReaiife adla,ed Raitron powntienind [ 001321

An exanpl e of a seguence .of ations ta detect ayed t s_due to
photofission in %Fé‘g?ﬂ fetertion WQEF"H{O%“@#B(B’H’I t ofsef & ngr%ﬁ' NGz
described.  Fir sAgtivat Noi-Destiusidves aaglysisn o€ | XelenoMdieriabst (NétioBal MEsChedlegyt r ons

strikes a target ay ons, as is known in the art. These
X-ray photons arrélfo qu(m% %lggnic)j plr7§jlag5£:t ed onto a cargo conveyance under

i nspection. The EPESIron Wifuther cynfirrcatioh yhat agtuslear amdterigl, gy sssacMMsis Typi cal
val ues for the E%Lséﬁt daWa %&J&aﬂ&%cl%ﬁén"‘(‘?ﬁ{?n %c:zq%o mﬁve?/ancAtls ne%esgar% F_lfgr lé er X-ray

phot on producti eut ron det ec emis swt on 'to detect
del ayed neut r onsbefarom pmabinsmtumnlslmrfmﬂ)eanotkmtm\pioa'ssson iehctipr e fe. The

acqui sition timg P&’&E& Qtdth??)!afkoéx?g{% o?ﬁ:hés{% ibn E:t‘e?%ygéé*l @%}a%ﬁeriagkegﬁgé% gl ectron

burst is about e sen ar ge about
mlliseconds ("n¥eY apd § 2Meli rilhis ttllﬂi)scaﬁl' mrtbmsﬁé@@ﬁﬂ highersenerg jevplemagimiges\VeV or  at

5 e The neut 1@ lbachi QDRI Tierks bUTAGAnARAAw ARCRuRAON ener oy

burst, here 9 MeV, for exa I'n exanpl e, the neutfon detectors
are turned on orfiejectign e?hcéﬂsmnm@pwwsheam ﬁ&b’é’atp@éf'd%éyaﬁ@é@?’ﬁp@“ﬁﬁesence of

HANM in an arr aythaéa.ﬁc%mettaatgemax@lra%uaﬁ&m the 3theAdnbRY e&fb@ﬁ\&l ng at both energy
endpoi nts, TR cal cul ation nd_anal ysis of the results, as discussed

above). [001331 BHGHbfi ssﬁ“&n‘si‘ i xampie gt pmetkad | {00r Fasucking Bgimeston ¢ ar go

conveyance or QBJtymf&emaanw%mﬁ%c @ﬁ@@u@émthe pSrASIIBS &P MBS 39 Sc@nned b US PECt
area may be a resul t ant pi xel |\w(‘lqrou resul tant pixels vmth TRs bel ow

the threshol d, rﬁ‘@ii‘@&t"‘i"ﬁ'@g £ et °“°F@( SB@ Wroddetht for ?’iﬁmﬁheme%@nlﬂ , the
i dentification Ofadlafen §4USRESE afRF AR08 w.maweeobgaecsﬂnﬁba {7001 W caREhpsiaREI fi City

o R oAl i rer ek ™ ©
9 MeV, in Step 1730, and radiation is detected after interaction with the object, in
Step 1740. The portions of the object may be the portions of the object traversed by a
radiation 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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acceptabl e sensitivity and specificity, to determ ne whether SNM or ot her
nuclear material is present. [001341 Detection of any del ayed neutrons

i ndi cates that nuclear materials are present within the cargo conveyance.
The general |ocation of such nuclear materials may also be identified, as
is known in the art. In addition, the identity of the nuclear material may
be determ ned. Experinental counts of a nunber of del ayed neutrons
generated by inducing photofission in SNMs at different peak energi es and
the del ayed neuirons' decay tinmes may be organized in five or six ranges,
each correspondi”ﬂg”j 0 a B&%‘ﬂ“&df %P%ée’l%ésep {10 R P NEWERMISPTIOB BT t he

del ayed neutron is3fticsedtin Gfept I760.0ysafidcudscl stgvd, ahd Rehtroh tdbtettive Sstendixges

enabl es identificaji of a particular nuclear terial nd its atomc
nunber). Real -tiPf§ effg[}e?ﬁté‘ﬁ"ﬁqgtﬂ'%%iﬁs HgLssning a’agr%[evﬁét i} BAmBIEt VY i on

technol ogy are k{uoygs;i n tRqs gheh det@ffined WdEth&XRRPEErcudbittre GO in StfCt i Ve
Non- Destructive Anallysi s of Nuclear Materials (Natiopal Tec,hnol.ﬁ V.

| nformation Ser v 8 Honap oupyt indipative ghthe prsgepesyf depayed peufiers te gyt %nﬂti on that
a nﬁ_cl ear mat eri gkp 1B0CNT AQ, GO MmN 1709 is r?ﬁ&&&%r aﬁ(lﬁthﬁ naaro?iocmbabjedt.oualti on
within a cargo conveyance i S pecessar or exanpl e ore a a

i nspecti on ig petf 61 8&'?"‘%&%‘?@&%?@%‘1 '@’s?“g‘?’ft E@% ‘ieoog%??aéﬁlﬁ%ton%%c uced at

t he peak range odelgybbicaatrbsIhyraisebepgyidaf nucl ear materials, between 13 MV

and 15 MeV. This j.rd scan_performed at. . the highe ner I Xim zes
t he nunber of deioggdé neut'r %'%grd&rgﬁe“r" t%"ﬁmﬁrye'ﬁ%og?’éefnl{’stgf oﬁ‘gxafratgﬁyﬁ%a?g% i ng
neutron det ect i anductdddf the gplresene sHHANSIDr at¢lan mbeesh insuspdoed pftenanyletierby a

separate source . S yrce .t hat r r.adi at.i ot her
ener gy endpoi nt st.%l ’B%J[@%ﬁ ag?cﬁé%igggﬁds?p(gvﬁ ag‘])e((glgr%ﬁén%g’fl Hgg‘r?e h%ﬁr %%@Q? or
conducti ng the nduat rosrgy tretgt test, nasadesoibddric el 8 Phtemn®oe i34l 3%e nwhichAispor t i on
of an object is ; GREY? i gt l. I I . I such as
5 MeV, for exanple, |ﬁgds%%fe&%géoﬁélﬁgﬁpg%/%%%m?eg_ tﬁ%é{’tugg?gg}ﬁgﬁl? erg?f?lztheer action
with the object,actys! siatsgial) yordent &f tlyr plieshorddetrgming orhethsh thyr oieré abigedct i s

scanned with radipdntifll}y Behvdifida pakticlll RRRAIMaMIPOURE PaBMCR0.3524.933MBY, in
Step 1730, and radiation is detected after interaction with the object, in

Step 1740. The pHrdribgthdr Bt deailgpboxet Suebya gual epsEespisst Mahke By memkdetalh; ect
traversed by a donglicRlii®BtepaPm ifliheQR@bd 1 28Y IR N5 il RRAMPle. A @it Ragarpl e, i f
the radiation beamis . in the shape of a fan beam, .then each partion of the
object is the sl§oadrcts abpaly are eorrey prappiph acyell (Thgjial det ‘{:‘f)fcsfsrﬂ%g’t‘ml"f’adi ation
beanms. The scanniufghafi®Yindlyssd & RAlNRRDorSviMMRNardRSls of one or more images. The

nuciear 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.

[t 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, If

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 nuclear test. A

radiation beam with an energy endpoint of at least 5.8 MeV may be used. 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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9 MeV radiation beans until a sufficient nunber 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 conprise any of the tests, discussed above. HANM i dentification for one

pai r of cordeesedhiieg 3300 tHeh dieanatingd lRempts IS0apEsd 0 ael baak lagotherquoationtad deci de
whet her to jurn on e neutron.  detector sfem ternativel he presence
of one pi xe‘f’e ?'?ﬂl'Eﬁt*cg{tF?/%mB? ObIpe hﬂsrg%‘@r?&‘ﬂmﬁég‘“é\ﬂ“ﬁ&ﬁ%‘gf‘e‘ﬁ“’%sﬂ%%ﬁt nunber
of pixels ispRdHi@biMa nitfy BeRoBERS NGRILOTT AllghioNdrgh \hérdy & §leg il 8d Fansi tivity
and specificity in accordance with the tests described above, my cause
act i vati on % i $ep Hlds them Eamayaet regrecsspary darcondyottien 1830. HANM i s not
suspected, then the method 1700 g&n&ﬁwgﬁqﬂgor anot her portion of the

t

object. 40 [00139] If HANMis suspec , In Step 1746, then a neutron
det ection d§8t4din i sFigcld isa Gont view Sf ap earggle ofisargh scanningcsyatom 00t he

neutron det gl ..Myosgﬁn'&teg,wiﬁfg‘gag%fw&ﬁd Ao8iRvG Sl Appscanni ng
9 MeV (if . A ¥ h
oo tev (IR e T e e ey

the presengg.Qb, pk%?go@?ﬁﬁdéﬁ%ﬂgfde%{%%@ﬂﬂ’ ?ﬁ{‘%oen%%gc{?es%gt;ﬂizfobﬁtnﬁ t, the

met hod 1700 1I's repeate or anot portion o entire
obj ect has bbeemechainalbyddrivenenonvayon belpa tragkdorcmeihapicelly dhiverf milletsr ér t o det ect

del ayed ne e Pr-ovi . 14 I rdan ' anot her
ot ment SRRE, TR foulle REHCER s i Beorh R S RRE R X AR o
nucl ear matrelidtioh towards sipe cirgsl cafvepancardp4ot IShielding Stalisi 208D udirognd the t est s

descri bed above of hers kno [ n e art. For ex e, a ual , ener gy

fati o test wuts ABRCARLHE feicelralbb, ThE cRiyever Bt JU0 el fssuan "'

i ncor por at @@ediivgs'ifftBE SMERMREWSNIs208TRY ARWE GitaHE leffly fand Sexitt oF thE Righi nari |y
identify the actual nmaterial content of the object, to determ ne whet her
t he obj ect caaveyage€04dot ential Iy contains a particular nuclear material .

.S, Patentodias; 5, S2fheldiyd §mARRC 2084 LONEDE Ao Tohyeybgeam Aeh  dual

energy test may be in nore detdil, conducted i Step 1 t he met hod
1700 of Fi ghroughag shieldedanmpl 2100A The tunnely2 ¥ hasom tirst tveindew 2010 ywdae ener gy
endpoi nt , . hil b4 t |y, . t i.c anal ysis
of Tesult s ool lincyRCA 0B kb o B pRpgk STR Y B Bear P IR 2T S
may al so b&-mynuct d86afté elic carprmostaleyants X940 iand, fror than carpp eokvaylmae 1 s found
cannot be identified.

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 cxamine 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 cycling 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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[00142] Fig. 15b is an exanple of a nethod 1800 in accordance with this
enbodi nent. A first test is conducted on at |east a portion of an object, in
Step 1810. It is then determned if nuclear material is at |east suspected,
in Step 1820. If not, if remaining portions of the object need to be
tested, the net bmiltedeiyuhs X-ta9 sSirep206dlioto d desirddshapart suck aphjte atfahbanbeen
scanned, an output .indicative of the |ack of suspicion the presence of

nucl ear nateri a@%’ifaﬂeclg?élﬂta@ﬁha‘{e@o‘fml ¥E FAge éﬂ‘i’mr‘rﬁﬁg}aﬂdl J%Ee%‘&g?f’é'&t ed,
the object is seanRedeslo RhE aWoRREI faBBEAH Yadify hIHC B Q! Atk REMIdLBMSs 1 N
Step 1830, in order to conduct a nuclear test. A radiation beamw th an
ener gy endpoi nt degregstto |abeust455legrensty defige deongdsam, fmexampiee Cihiesint oaydavayed
neutrons is the th(épv ;g%d \L%ll Step 1840. If del ayed neutrons are detected,
in Step 1850, then an’oU?spu ‘of the results indicative of the identification
of the presenc¢ddft7inucl etie dadderi2V0 isselqrtrcaliyl eshipledtoSireima8 @oocesdsbr RIHO,

del ayed neutrons.,are, 41 detected.in S 1830, .t hen the net retutrns to
Step 1810 to scafMeinit ﬁ‘@'r'fﬂ rt?i?)rfi‘%’?ay {Zﬁ@ ogﬁ&f"f‘ﬂsﬁf H’ﬂ‘é@s@ﬁtiﬁg BUIREES has
been scanned angpd@f-toi@ibl QBnRRsbd BRB digRilgRéRbingdcohpbrical| Bs RUkRWN ifBie be
provi ded, as well. If a high enough ener is used in the first test in

Step 1810, thenaftt Aprpesssar pich gea samprigr 2280, dpplgeidealty equpled 30 andssontiglsthe

Systens [001441 Fig.. 16.is a front. vigw of an | e, 0of . cargo ni ng
System 2000 pr SYEANRBAT PBe Frip@tie a0 e et fedeleeton Y 210 MR
conveyor systemcdador SyHER D30, aRd @‘p@db%sﬁrQ%@Qn@%V@Mﬁ%CEl@QGQnﬁé@ﬁ@MQh
t he scanning systeﬁ@zooo, bet vveenngdr% X-ray source 2060 and a detector 2070.

The conveyor sydetreriROPIPasssob2l 68 and @Hahg exmpapedisiavenotsbewyryio sinaay the a

track or nmechanigcal ly_driven rqllers, for exanple. The X-ray source 2060
directs a radi atFﬁ%ﬁc'b W’Wﬁf“%@é&rﬁ’gl’ PE\HT%WQ‘"%EB%WPL%“B?’?YO% “3‘0%5?1‘55% he
cargo conveyancele29ed alivee! Thaprodekdrs2200 GRhySptoviasndlehér alf OB HkCpraBiingnd

t he detector 2070. The conveyor system 2020 extends through _openings 1n the
shi el di ng wal | s forstions 6f 4he dlego pracpsore 3160, Wbilepne procespr 20y shown,

Conveyor  syst em S0 ProcCen a SRp SRR A RoPiah ™R TR R han 85 Y e o

conveyor system 2020 t e tunn
first w ndow 21206Gnde ccomputso?d0ihiandiche disgiay 2d8himagwbe oarranpesl pud sonpected t he

X-ray radiation amR fromthe X-ra urce, 2060 t h [ conveyance
2040 and from ¢ (Ao D s med=Bt B ST RERHE vt Papfas oTRHHE e
radi ati on beam AhtrRbmpaepinsy bé proganmaidn software and/or hardware to 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 a fan beam, 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, each 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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| ow attenuation of radiation may be used for the belt or track. If the
conveyor system 2020 conprises rollers, a gap may be provided anong the
plurality of rollers, where necessary. A wi ndow nay al so be provided in the
structure supporting the conveyor system 2020, if necessary. Collinmators
(not shown) may be provided between the cargo conveyance 2040 and the
detector 2070 to bl ock scattered radiation from reaching the detector. The
conveyor system 2020 may be reversed to exam ne a portion of the cargo

conveyanoe 2040 G phlinEd ki B8 LA MG BLERAG I SRR | U1 hor

bel ow, the cargo conveyance e Irradiated energi es
by rapidly cycli m@tmrﬁerm@km M%a@éhwéﬁa'tmloeﬁ@?%wfé}?djﬁwtﬁt 0732y he

cargo conveyance 2QdQ.i s being conveyed through the scanning unit 2000 or by
provi ding two adj acent sources, for exanple. [001461 A collimtor 2140

extends from t he [@d0]of t Ake deteeigr 2130 may bp Gephotonifistecton | sHeies HPhosadinde i ncl udes
a slot (not Sho""'&lteé&%%? gBﬂ{)r‘fsﬂig lh(g@&n?c dclHB1IGE, 3% DRV ift FneSaR. ttﬁﬂum the

X-ray source 2060 into shape, such as into a fan beam or cone

beam The sl ot rrﬂylgﬁévéa&v@érﬁ?m@bmfhméy beatised: Y eKamRls- | é%‘grpl‘?f&ﬁ“hlc‘“d@&? ee to

about 50 degr ee%etE&orQ%ﬁéh% Fax8h il debiork 3l Foh AHROMRBIcASostém ., r angi ng
fromabout 5 degrees to about 45 degrees to define a cone beam for

exanpl e. The slo algg\torfeplifornigimayalsg hapied as wel |. [00147] The detector 2070

is electrically ¢mygdjed t ®edon MBERoP! MILS 9074, 2066, and/vmowh ziré werpbied to a

di splay 2180. The i m rocessor 2160 c ri ses anal og ital
conver si on and dpﬁﬁlqoﬁgdebf‘aﬁléglﬁll?@u% r?fﬁb‘ﬁ‘g ﬂgscargascoﬁ“é“‘?{ teFtn ?ﬂ'é“m%ﬁt A

pLocessor such ?&lcﬁa&(ﬂiﬂlﬂ&ﬁﬁmﬁﬁﬁﬂlﬁ ih 91l Alr@Libiisl qakhxg\gtgﬁuiaic&d- 1002 anadbeont rol s
the operation of one re of  the r sour ¢ etector array
2070, the conveyBPOE} 3’["5{‘? 558, oy W%é’ﬁe WH&%&‘%’ OI%Q%mayaﬁeds“PWél i spl ay
2ﬁ80. Connect i f)nsy tlbedemen 2070 PheOsRBSDdetedbb Q0RNGlaya bé ts)aplpenddowpmaanies are not
shown, to sinply the j gure, ocesso 2200 rogra to

i mpl ement any orp‘é{F?" ?)d‘a‘etg%éecf"ég@ o%‘éét“,ﬂl% aug%ggxa?ﬁgdgfcg‘gé%g 2200 may
provide some or dhd nafron tkaequr @0BESMENLE suppumed byrie coriveydsresyitmgezqﬁramsor
2160. Wiil e one 9{h9r°p§§?f’trhe%ﬁ9|9n st§.ﬂ°n‘é’[lwmcacd% élﬁ%gamﬁn%o%essors or conputers

may be provided, e brocesso e conputer 2200 and
the di splay 218019¢882]be aithamgé@nadwﬂ@tsnﬁﬁé-ﬂéﬁ ndyfbfce%élndﬂw}l popertipnghge

e e s Bl 085 MRLSY hn ETPfrodiy porsa o o

prog for use with cargo conveyances 2040, for example. in one exam);/)lc the counters are
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
sﬁpports and conveys a cargo conveyance 2040 through the scanning system 2000a,
between the first X-ray source 2060a and a first detector 2070a, and betwcen_ 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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of the tests described above. In one exanple, the prograns may be

i npl emented through an Application Specific Integrated Grcuit (ASIC) for
exanpl e. [00148] The detector 2070 may be a detector array. The
configuration of the detector 2070 nay depend on the shape of the
collimated radiation beam R For exanple, if the radiation beamR is
collimted into a fan beam a one-dinensional Detector array 2070 nay be
provi ded, conprising a single row of detector elenents. |If the collimted
radi ati on beamis a cone beam such as an asymretric pyram dal cone beam
the detector arr aydistiop hremaR2 wothds vensd eresdy ehdp@uit oir 9 dvleayfop @¥@nple ompr i si ng
two or more adj aGk t s? W?he? ag%glﬁ‘?etsg()?ogl edr%%b are %({%%oge%ta?&ggimcaarn%l@%xtg(no nmay
conprise a plurali if€s°0 or's, nor e
rows of detect orresebrématht eargmopwanedmmmMhssamghorwnnabplmomwmnﬂbhe an,
The detector or r r i ont al
arm 2070a of an L"qg'tﬁ(gg%% adjg‘[ée%g%toor lé?‘fg@&tg‘gﬁ%ﬁgfgﬁ eia%]h %ﬁ%ﬁ?ﬁ% rélr%hl %bg

Fig. 19, di scuss@dSlmd)We ahpwotheptbens It igheligved thalge d suterevitihpvo SP'FFC%rM% shaped
detector is used fbd?c@tgnermybéggm%&lfncagmggﬁgsmogt@ be positioned at a | ower
vertical position, the radiation beam R would intercept nore of the

hori zontal arm 208W&3Jand tTeexareine saseslcoprsyanresR04impIng atvidth ereatenthanabut 2070 may
be shorter. [0014%THS HBLSE W X207 QuitRY 2086, 2060H0bARrH5! g&sr@t@,mﬁaﬁ% as a

phot odi ode det ect or array conprisi'ng tnorganic scintil ors, as i s known

in the art. Cadnihafifg engrey$adpomts @l@PhltMFYaé Mey %9%@%‘& usgdg
exanpl e. ANDrphoys ShmpleORs discabskd abRE e Whthbr Txaniiés ofasherg M ehgst or s
avail able from Vari an di cal Systens, |Inc. Pal o Alto lifornia, may

al so be used. (06¥BERFESFRYIRH? a@fwmmmztswas "m% inclydgy | MsYandyr o

preferably posi Dlmedmas Masw ﬁnﬂpBMdWﬁﬂfck@ﬁfﬁe aﬂ@kﬂaﬂtotdavﬁd@ﬁ{hg(ﬂelﬁ@ﬂie&l ner to
det ect the neutrons e emtte |sotr§§§§§ ch 5{? all directions. The
r

neut ron det ect or %eféhwrgﬁgn Painls Besds Lcpegt etsh TBY SOEEMBY &°2 The

neutron detector llaa?éccegwdaesuam&pmxhﬁﬁncaMehmca%@et‘mnnaa&m ), hhbigg AEUt ron
detector 2076 may be supported by the upper portion of the det ect or 2070 or

by a vertical ar AFEFRHRE Patialaben hBFOBES ve(l%lév%mable frgrh & R Ne ! det ect or

2078 may be SUppggﬁeﬂfﬁ& e, m@mw&x%nwsﬁf&r%gﬁ@ 1R'theSPAFRn | i@, BeY t Of the
scanni ng system below the cargo conveyance 2040. 100151] The neutron

det ect ors 2072- 20Wses grpyoutt per|seevaid.i EThe Vasian pinaronghbas an@@enmgezrnshquhlwed with
3he. They may haygss'agfihs, ko Whdie. OlonRPRUAY SORLE Imay R dod GlMwell, such as

electrostatic accelerators, microtrons and betatrons, for example. The source or
sources may also include carbon-12 (C-12), cobalt-60 (Co-60), plutonium-beryllium
(Pu-Be), and/or americium-beryllivm (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 B1, 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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for use with cargo conveyances 2040, for exanple. In one exanple, the
counters are covered with cadm um (Cd) and pol yethyl ene | ayers. The |ayer
of cadmumis used to absorb thermal neutrons which are "slow' neutrons.
Fast neutrons are thermalized in the polyethylene |ayer before being
detected in the 3He detectors. Only the delayed neutrons are therefore
detected in the 3He detectors. Suitable neutron detectors are commercially
avai l abl e from Canberra I ndustries, Meriden, CI, for exanple. 1001521 Fig.
17 is a top view of a portion of an exanple of a cargo scanning system
2000a, shovw;j_ng t \fo0153H] aCemfsinglfa](ciﬁdaitibﬂﬁbuﬁ;eWaﬁﬁnﬁtcﬁ&@_@lﬂfﬂ&lﬂ&f@@,endbah‘ab )
generate radi ation havin I fferent energy endpojint. FElements comon to
the system 2000 "gﬁ“’qﬁ ‘5‘?091% g?“&"‘é"d‘n‘#&rﬁ“?ﬁfu%ﬁ'&? Y "’erﬁi" “‘f&h%yé?plgi‘/‘%?f‘em 2020
supports and conwéy085THRJor £ SandyaWae Baikl Bdamougkletatve fHabomOaghesl st em
2000a, between t first. X-ray squrce 2060a and. a first detector 2070a, and
bet ween the sec oﬁ@")&*\’%ﬂs %sSIEPééew %éﬁﬁ“?no Q’?f PLAERS HyY© %%rtaélggsd%m%?%eg%y The
X-ray sources 206Gefarenaiared()60herdine@cibceicathirathatomylheans iRithe RSettomantds t he

cargo conveyance 2040. ,Th X- soyr.ce gener.at e ich S

radi ati on beam le?/ﬁf%deécrﬁeﬂ & [J>a§y|P s\ﬁ'ﬂéﬁ"e?é@&"g&mﬁn? 2 grft%ao' ﬁlbﬁl{i’dsp ’o%"d exanpl e,
and the X-ray soui.8ePa2abMo. #8582, 208Newhiak ercaalsd assigned tod theraasigrat iobthelpesent R2 Wi t h
a second energy i n 9. r.e pl.e |.Ge-ver : X-ray
sources 2060a anSR%B% Ellzfal(l(r)émp'(‘)15| ?r%t%&e)gy ear%’(t%{‘y?lgé3 geéér?r'vlls' aﬁ%ﬁ@q%‘gtfﬁps‘?‘g@%gct to
the cargo convey aneer@udgion dsiug mettanica rwitthes.i onealrelpisanel otitrelypesey be

| medi atel v ad] aGgftnel Quff adBid BreShitdfth ofle AR HHRENE GO Wou BOCY TBY
al so be positioned one above the other.” It Is believed that in a system
with two sour ces millisergndsfriayt becagkievednfer examplede sean arfaige gonveyarpo it feddéd o 60
seconds. [001531 Jo. SXagid&vaalMRuteonVeyances 2040 having a w dth greater

t han about 5 feet é . b rlret éﬁgs Etlhe X-ray sources 2060a, 2060b preferably
generate radiati d¥13¢lavi ndn entheygxampitp i tecknignee desenibed labgye atsy be usedNey. 5 Mev
and 9 MeV may be 38 systefniGbr RAMMR! ifspectitn R TS SohvERAYE carftd§ inkiaHP! es of

energy endpoints for cargo_ conveyances having a wdth greater than about 5
feet (1.5 neter s)raftpcrailgs. Thetet maycde condypivd at aféghwayfost e for Sxample. Ther

exanpl e. |n ordekyddn mPeiiist R BRbHIO Radkd? Hhilers, 3 &s@fbed BEUSNRpEYariBNAPOI Nt S
needs to be at | east 5. i near, accel erat or,

8 MeV. The X-ray source may he a |
such as a Li nat t OIf¢ FY*i868 Arthendeb prpticatian”). fled onahupg,fy (4093 ywhiqh 5, pssigned jo
accel erating pot @itadsagneabf MO pREIM PRENSE Bndli¥Edrpdited BY REeSenc@Nedih.alloge f r om
Varian Medical S sté%ngé lng.., Pa,lé) Al i_o,, CA ("Varian" for. exagple. In the
Varian Li natron( Ffam scribed 'in the "864 application, one telescopic trdctor carries the X-ray
source or sources. The other telescopic trailor carries the X-ray photon detector and

data analysis equipment. The telescoping 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 aﬁd 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 ncutron
detector 2312 is supported by a horizontal portion 2308a of the detector 2308, and
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pul ses are output per second. The Varian Linatron(r) has an opening angl e of
about 20-30 degrees, for exanple. Qther X-ray sources may be used as well,
such as electrostatic accelerators, mcrotrons and betatrons, for exanple.
The source or sources may al so include carbon-12 (C12), cobalt-60 (Co-60),
pl utoni um beryllium (Pu-Be), and/or americiumberyllium (Am Be) based

sources. I n exam Rpin bj ect j a wdth.l n eet (1
neters), X-ray %nﬁg‘grs&élﬁ?‘lt‘ &“ﬁ%‘%"fezﬁ@G@‘g’ﬂﬁ“?ﬁemi@%‘s"ﬁ%‘#ﬁy tﬁl g?ca P eimlljsed One
energy bel ow | m%aﬁﬂednmtcmbove I I\/EV may be used for such snaller

obj ect s. For ex and 5 A 0 nergi,gs,.my al so
be bel ow | ﬁsEggs?exa ‘iﬁéeaf(%C\l}e%%la fé’(?l%%g%?ﬁ%nf/z%& atlodlgg gssl ong as
the radi ati on V\FxglISpmGMmteEMehtsategjomhhdymtnpmﬁd b@ardgltmmﬂmmﬁdl detef®01541 A
single X-ray be havi n sin er used, with a
si ngl e energy s%ﬁ]gllst f‘\?@g‘}fgt act gefmgf?rﬁﬁg g@‘ﬁﬁl t(‘?f 9%}6 Wa%lg%l | ow
portions of theplaréngy tspdcT rimme gm;ndiéismhealﬂetlxelpnsmbrﬁof tPatapé cbi@zeyﬁw682, 411
and U.S. Pate

. S. X |ch are |n r ted by
ref erence, her en#rqyo hﬂ%“ﬁ&?"g g%iefﬁplaWEcg g[’}g’?‘&‘ﬂ ct |ffe}“§?§1a 3’:2 eEa)dhs of the
det ector array swhbwasn &iet’@ﬁMa;bmcationndﬁ xhatrmse,l:tbe naten slewetbit 23/134 inay badi ati on
of one or the other energy. .45 n radl
swi t ches bet meeﬁ‘:‘%?ﬂ?ﬁ@&z"fg‘ﬁ%‘bﬁ tﬂ% gfotﬁrﬁ CAH %h: %@?ﬁg@gﬂp ﬁ@sd(s? {?fﬁ%ghgof a
sui t abl e sour ce23mgymdyebd cm:plédita aLbr&:esséipml tongpntep@s sidovn ddd/ @5cfibed 2bbas, a
St andi ng Wave Partlcle Acce erato file 4, which is
assigned to theprﬁg’?i“ﬁ‘ﬁ ef‘ﬁﬁttb tggt%ﬂf{ahy r??gi; H’%iéllngnt? H??&ﬁ"ﬁ)%ragf“éed by
ref erence her ei The duken2606 ﬁﬁﬁrbeacm@leesfoaic@mmdu&m altematife 9 Medtahd) 5tV pr esent
invention are glso g]escrl bed . n Bl, U,S. Patent

6
No. 4,400, 650, X ragjauon bsams for %‘“P& g‘%‘és%é'* m%ﬁﬁ?ﬁbeﬁaégél%é’bﬁ%?ﬁ%ed to
the assignee oftoteh¢h qiieg,smBlo produce Atfire BnefgyCradisition ibeo bpbDtha bher tbyprasdaf:ea ence

herei n. Techni ques for swtchi we ener

o tches, - such Seone ey i S Rt Ry Suatt oe WS SRR 88V st ace
svviht chez, ?r e kgt uséi!(\ﬂotaﬁfbhiaﬁcaﬂp&&étﬁH{ANI\lﬁhﬂmhcl%@latdﬁ?lsJ Su&(E&CB'NMs .may b)e |

achi eved, for t C a.cargo conveyance 20 et (6.1 neters ong
in several mnuﬁf@;;35 001@%@el aﬁﬂ?ﬂgP §x8ﬂ8¥ rlyy §Wef e A5 s GHRLEIELE? | bed
above may be Us&ﬁvéy@no%s forOfinkigbagY Sthe Mvetion 88l bé rexRily B&d’p&ﬁttboﬁaﬁ)fotﬁehe cargo
conveyances carrled é trucks and tractor trailers. The te may be

conducted at a % Pullggage c%Pn%EQWp"I“BO”S‘Pﬂ@S"aB?}'&@ﬁY y conprise two
tel escopic t racmorsoy rai | Br additivs, daBekh Dady isturdd & sodRyRh iafalidseibed 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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No. 10/455,864 ("the '864 application"), filed on June 6, 2003, which is
assigned to the assignee of the present invention and is incorporated by
reference herein. In one exanple described in the '864 application, one
tel escopic tractor carries the X-ray source or sources. The other
telescopic traitor carries the X-ray photon detector and data analysis
equi pnent. ThwiRhedamédig: trailers may be driven to an inspection site in
a tel escoped, conpressed state, expanded at the site, and set up for

scanning. A truck to be i nspegafeathd By ckiemiRAtsntBRs T Ibfect M k| BEhod The
source and the detector are then noved across the expanded tel escoping

section of theomprspegsti ve trailers in unison, to scan the cargo conveyance.

[00157] Fig. ISis a schematic representatio f er spective.vji.ew, of a
nobi | e scanni ng syst em 2300°@8% ifﬁgopq Orlshog tﬁ%gﬁje tp‘ﬁﬁ‘?égirftorﬁfilalfﬂ’ébﬁaﬂ go
conveyances 2382 filsferfeddy;i €d by a truck or tractor traitor 2304. The source

2306 emtting a fan beam 2307 and a portion of an L-shaped photon detector
2308 conprising a hori zont al detpsing Grst 28li@wnaafter dnteeaction aif thorirstoradgo8h,

are al so shown. The.tel escopi trailers supporting,the source 06.and the
et eat or 23080 it My Bikh PoREnst RrER, PRRTOR oAb 1tk a TG 8f T iR or
2310 i s supporidefioRbeAd ehroQpl ERh$H3RN, BABINRERRUAITRR reqfRb@! ikt K3dis; 1S
supported by a horizontal portion 2308a of the detector 2308, and 46

anot her neutron detector 231#apsimgwacind Rirgonsis)the sbicapyish tasdcdnd tadiation
verti cal rtion 2308b of the.detector. 0158] Fig. 19 is a rear schematic
vi ew of t (g sl}%%%ﬁ%ﬂcgf%ﬁ@ @‘?ﬁ?nﬁg’? gw[(ﬁrsfl %6%18. Conmon el ements are
commonl y nunbered. An additi gfadtingeyédond FhaIaRh Ohfter? dkdrakSors WIPRk! &oRy @
vertical arm 2308b. Another neutron detector 2316 may be placed in a trench

T in the grourddiaGohdeaatwith e spoeind pationd, wheeein pregjectonnwépateast a p@Gan when
the truck or trailer,is.parked. vertical detector | s e used,. as
shown 1t he ischodid, PR fain fhroil ¢4E8Roriorh oniie A TRr o HELRot B8t oy
be supportedse%nd)gixgggr the top of the vertical detector, for exanple. The
detectors 2308 - 2316 may be coupled to a processor or conputer as shown and

descri bedl@bove, programedcaleulating Breedunctihes pe dtesradiatiamydetscted|dt thef fitshe

enbodi nents descri bed abave.. The souyrce. 2606 may be g single source
produci ng al t@“ﬁsﬁ? TS TRy ToF RIS SRADgINg 11’?%%7‘%?5‘51‘?’“&9”6 Sbeans, for exanple.

Two sources may al so be stac @@piﬁr S PRSEHBRXSE a%ﬁrﬁﬁ?rbf%%@onﬁﬂ@ piRels
produce a first energy radi ati on beam and the other to produce a “second

ener gy radi at inbmatdeastpnd groupxanpl e. Any or all of the tests described above
calculating a second function based, at least in part, on the first
20  functions of at least certain of the plurality of pixels in the at least one group; and
determining whether the object at least potentially contains
material having a high atomic number (“high atomic number material”) greater than a
predetermined atomic number, based, at least in part, on the second function of the at
least one group.
25 2. The method of claim 1, further comprising:
comparing the first functions to a criterion based, at least in
part, on the predetermined atomic number, prior to calculating the second function;
wherein calculating the second function is based, at least in
part, on the first functions meeting the criterion.
30 3. The method of claim 2, comprising:
grouping first functions of corresponding pixels into at least

one examination window having a predetermined size;
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may be used to automatically detect HANM and nucl ear materials, such as
SNMs. [00159] While the invention is particularly suited for scanning cargo
conveyances for contraband, the invention nmay be readily adapted to scan
other objects, such as luggage and carry- on bags in airports and seaports,

as well. [00160] In addition, ile an X-r sourc or sources %rﬁe g scri bed
in the exanples above, the Eﬂﬁlﬂﬁ'é“%l;hes?%‘? EYCF\?PH%“%?WQP [ pedrshs
radi ati on, su E‘%ﬂ s, for exanple.
[00161] In thgmgggnrr%?“ggha ove, ﬁg)npﬁggéﬂﬂ%agﬁge?% c? e hi gher energy

radiation (9 MV, for exarrpbm)lparhrgoﬂngrcouhtedmngxar toaVeydeamine winbadad by
the transm ssi.on of the enera%r\leradl atio f.or exanpl e) through

5 MV,
the cargo cond&§amee ‘Ylifthe)ﬂ OOIWFé %Cpogqua{]}égcpn@;qst rligh apamic imheEnt i al

HANM is that the IR is less than the threshold. However, as nentioned
above, the transmssion at the |lower energy radiation may be divided by the
transm ssion at the hi ger eifae methoddifatdiars, wihare\imi ch case a TR above the

t hreshol d woul d be considered to be a potenti al t he exanpl es,
above. In addi tion, TRs may prdetgrmingd murkey isn *}S%h étt:fl St &t BRu & én

i nst ead of Ef ?{et’eﬂfﬁnE ?d??é‘ﬂo%ﬁlv%’} @t the two energy endpoints. [00162] One
1"l

of ordinary s art w recogni ze that other changes may be nade
to the enbodi nents descsj bed The nethvdwifictadmt2, d@ppmsmgtg fromthe spirit and
scope of we i nvention, which is, defined by tt]e cl ai ms, bel ow, 47 W]glgs
claimed i40 |. A method of egwmgr&r%‘%ﬁ%@%@ EPNHENOBLFEESSPORdiRg Pixels dapt
conpri si ng: S?@Qﬂh@gn{ehf)ﬁl portions of the object with a first radiation

beam 5 at a rst energy’; detecting first radiation after interaction of

the first radiation beam w tiictlagng ar &ta phiht igooupingpasd ei n proj ections of at
| east a portion of the first radiation beamthrough each portloH onto a
detector, define respective FPRRAINg he) %reas"&lghﬁl Prgdetecmned p5 [ ALCHRING he

obj ect with awnehefle LakAkOR: pd bRTRkiR REPASEDRLAY. dhdibgpent  han

the first energy, dete sec nteraction of the second
radi ati onlpeamwith t he6secorfﬁe poethod g, claiie Reiwhepsin] the tat desst afneagroligiagt a
portion of the second radiation beamthrough each portion, onto a detector,
defi ne respecti¢fings at least one matrix and the second function is an average, the method
comprising:
calculating an average of the first functions for the plurality of
corresponding pixels within the at least one matrix; and
20 comparing the average to the criterion to determine whether the
object at least potentially contains a high atomic number material.
7. The method of claim 6, wherein comparing the first functions
to the criterion comprises:
comparing the first function to a threshold.
25 8. The method of claim 7, further comprising:
calculating the threshold, at least in part, by:
scanning at least a portion of a second object comprising
material having an atomic number equal to the predetermined atomic number, with a
third radiation beam at the first energy;
30 detecting third radiation after interaction of the third radiation
beam with the at least a portion of the second object;

scanning at least a portion of the second object with a fourth

radiation beam at the second energy;
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second pixels; 15 calculating first functions of the radiation detected at
the first and second energies, for corresponding first and second pi xel s;
grouping first functions of a plurality of corresponding pixels into at

| east one group; calculating a second function based, at |least in part, on
the first 20 functions of at l|east certain of the plurality of pixels in

the at |east one group; and gjéedtRigMfairt) MbigtiGer afidie iBjaeedn alf lgastburth
potentially contains material having a high atom ¢ nunber ("high atomc

nunmber nat er i wHiafionbeam ayith the at lgast gpedianat thasegord obicd; vshber, based, at

| east in part, on the second_f i OR. O e at | t._on r 2 . The
met hod of claim1, further c%arlr%upi%il}%gl.e ffélbsgrp I}Cl%ﬁﬁ qfﬁ@lgfﬁaglgﬁorglﬁjﬁ%?tlegnag 5 a

criterion basggtd aall fin@fSdnekgles.part, on the predeterm ned atom c nunber,
prior to calculating the second function; wherein calculating the second
function i%s based, at |®ast iThe pwthod ofrrlaime8 f wheseinfagarning at leasler pergjor ké
criterion. 30,3. Thg getPod of claim2, conprising: grouping first functions
of correspondfhﬁée%)ln L RUBPEE east  one exani nation wi ndow havi ng a

predeterm ned size; 48 cal cul@hhing d4tNeass @C pHigioh WICA isedbnlYotjeM domi@istgnalmber
of first functions wthin the exam nati on wi ndow that neet the criterion;

and conpari ngmetsaiabhayingan gomirerumber desp thag én atamis agmbgnpledranigm. det er ni ne

whet her the object at |east tential .y, contains.a high atom c nunber 5
material . 4. The net hodﬁgf C‘?gefme%toa\%é{agpﬁf ‘YRS det er mi ned nunber is

based, atig east in part, on ganfihgdftieisianpstibal ifea Re&Inti Medt dotprRingTae
met hod of claim 2, conprising: 10 grouping first functions of contiguous
cor r espondi ngmptiexiel kavingan atomet nuniher des thanjapatoneiginpmbar phlgadin area of the
groupi ng; and conpari nglf-he ﬂg%emotd%f%la%qg’eéo%prp'lsglnegc:i area to determ ne
scanning at least a portion of a second object chosen from the
group consisting of iron, copper, and nickel.
15 12.  The method of claim 10, comprising:
scanning at least a portion of a second object comprising
plastic.
13, The method of claim 8, comprising:
scanning a plurality of objects comprising a plurality of
20  different materials to calculate a plurality of thresholds; and
selecting a threshold for use in the criterion based, at least in
part, on the expected contents of the object.
14. The method of claim 2, wherein:
the first energy is greater than the second energy;
25 calculating the first function comprises dividing the first
radiation by the second radiation; and
corresponding pixels meeting the criterion have first functions
less than the threshold.
15.  The method of claim 2, wherein:
30 the first energy is less than the second energy;
calculating the first function comprises dividing the first
radiation by the second radiation; and

corresponding pixels meeting the criterion have first functions

greater than the threshold.
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whet her the object at |east potentially contains a high atom c nunber
material. 15 6. The nmethod of claim2, wherein the at | east one grouping
defines at |l east one matrix and the second function is an average, the
met hod conprising: calculating an average of the first functions for the
plurality of corresponding pixels within the at |east one nmatrix; and 20

conparing the average tggt heTRE eBlodR clafin dSE&hMidigg: Whet her the obj ect at
| east potentially contains a high atomc nunber material. 7. The method of

claim6, wherein conparing tfeedtingshe firsh cadiadion antidihetmomiradé:tiionrbyd@wptorses:
conparing the lf| rst %ugctl on to a threshold. 25 8. The nethod of claim?7,
further conprPEPRYS OTALPEERL i ng the threshold, at least in part, by:

scanning at |east a portion @heRiSRSORMI0BL /Y sCPIPEABIIG detRicArdyal su'i?lé/ I'ng
an atom c nunber equal to the predeterm ned atom c nunber, with & thir

radi ati on Dbeadeteaton dleméntrdsfinesvefigyand3@corat piseli regpachively. r adi ation after

interaction of the third, radiatio beam wi.th the at |east a portion of the
second object; scanni ng?—ét gg% OB@?PPHH lh’fw{“?‘fgmsecond object with a
fourth radiation beam at t hﬁroﬁ&ﬁ@ﬂﬁre@ﬁlﬁﬁ@i/n fifkPakteiR6hd B&efsoa‘ﬂé hlbviveadiaat i on
after interaction of the fourt radi ati on beamwth the at | east a portion
of the secondpmisctions thepughgattiums af thq:gpbgdwetﬂat oerlapbyet least(mbhalfe radi ation
detected at the third Zl?d f Erth The et hod of cl aim 8,
wherein scanning at |ea 3 ¢ medie é EE@‘SE&OW%%% conpri ses:

scanning g§ |east a portion wleamgeaq%@haelbsgéd &PﬁBfa‘n%h@&e@ted%ﬁﬁ%hs@lon@av' ng
an atonic number | ess than an atom ¢ nunber of uranium 10. The nmet hod of

claim9, conpoftheﬁgstradiatmamdnhgs@bndEﬁdaatloa portion of a second object

conprising a materi al ving, a mc nu | ess than an atom ¢ nunber of
| ead. 11. The met hod of E@I ai %Piﬁ‘e %F]agpﬁbﬁmher comprising:

detecting delayed neutrons if the object at least potentially
contains said material; and
15 determining whether the material is nuclear material based, at
least in part, on whether delayed neutrons are detected.
20. A method of examining contents of an object, the method
comprising:
scanning first portions of the object with a first radiation beam
20  at a first energy;
detecting first radiation after transmission of the first radiation
beam through the first portions, wherein projections of at least a portion of the first
radiation beam through each first portion, onto a detector, define respective first
pixels;
25 scanning second portions of the object with a second radiation
beam at a second energy;
detecting second radiation resulting from transmission of the
second radiation beam through the second portions, wherein projections of at least a
portion of the second radiation beam through each second portion, onto a detector,
30  define respective second pixels;
calculating ratios between functions of the first radiation and
functions of the second radiation for each of a plurality of pairs of corresponding first
and second pixels, each pair of corresponding pixels resulting in a resultant pixel

having the respective ratio;
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scanning at |east a portion of a second object chosen fromthe group
consisting of iron, copper, and nickel. 15 12. The nethod of claim 10,
conprising: scanning at |least a portion of a second object conprising
plastic. 13. The method of claim8, conprising: scanning a plurality of
objects conprising a plurality of 20 different materials to calculate a
plurality of thresholds; ands©enPgdhs iRspectiveTalipfolnyan gfray, SempHsIEEowsiandr i on

based, at leat?(]iluf? s\%ﬁg‘?sé%@ﬁ%hgﬁ-’f?%%gﬁgéﬁgx&@ments of the object. 14. The

met hod of clarm ergy is greater than the second
energy; 25 calculating the fiomparingneiid esspeaiver tasies whtlidith@slidie thatr &t a
radi ati on by the second radiation; and correspondi ng pi xels neeting the
criterion hav8irtipsef 3 predetepiped plogyc pwabet he t hreshol d. 15. The method of

| ai m 2, in: 30 the fi LS | .
ga?l:m ati \rll\ge{ ﬁianf I rst fﬁnclt |r gﬁeéé{c?)l r rglyslg%t d%?&%%gﬂlahggf ?’ﬁgﬁawrcggﬁg%gnaby

t he second r aglupdlitpof rovchndebhespaifdespactpiexelics; meeting the criterion have
first functions greater than the threshold. 50 16. The method of claiml1,
conprising: detecting the fi fefrmpiaHigaphehense chisckatdengt Pantaliso sompins

c | | FaiatieRch, ebdifet
adiat i on dot SERGR! fyvRe o ARAE poBEL Bidkcr bl W PlRHE ARl Sy e

second pi xel , basedpadédsvial part, bl whetier Aptdde’tnained hanbed 6 revfeetied fAtiopPlrodaekt i ons
resulting in first and second pixels are derived from _projections through
portions &Y t Rk tfpjabdeast pe expspnaijpnpyindowse psetingh STiREion. Wit resprst fgtthed of

Clai m 1, 1 urt hepe GOMPHIG LAY hARRAIBCH gfthch oidl 5500k AriAR Ry adi at i on

detected at a
21.  The method of claim 20, wherein the predetermined number is

based, at least in part, on a predetermined false positive rate.
22. The method of claim 20, wherein the size of the examination
15 window corresponds to a size of a material capable of a self-sustaining nuclear
reaction.
23.  The method of claim 20, wherein:
corresponding first and second pixels are derived from
projections through portions of the object overlapping by at least one-half.
20 24. A method of examining contents of an object, the method
comprising:
scanning first portions of the object with a first radiation beam
at a first energy;
detecting first radiation resulting from transmission of the first
25  radiation beam through the first portions, wherein projections of the first radiation
beam through each first portion, onto a detector, define respective first pixels;
scanning second portions of the object with a second radiation
beam at a second energy;
detecting second radiation resulting from transmission of the
30  second radiation beam through the second portions, wherein projections of the second
radiation beam through each second portion, onto a detector, define respective second
pixels;
calculating ratios between functions of the first detected

radiation and functions of the second detected radiation, for a plurality of pairs of
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of the first radiation and the second radi ation. 19. The nethod of claim1,
further conprising: detecting del ayed neutrons if the object at |east
potentially contains said naterial; and 15 determ ning whether the materi al
is nuclear material based, at I|east in part, on whether del ayed neutrons
are detected. 20. A nethod of exam nj nlg contents of an object, the_ nethod
conprising: seamsPARAing dist 359 secomt pixels; Bechopjicef comrespording patels definigg an
beam 20 at a_fj : t L j-rst radiation after transm ssion of
the first radf%k#%&pgﬁgé?ﬁ%?%&%tfgﬁﬁpﬂ% l1r‘atlér;’st portions, wherein projections of
at least a portion of the fi cshpadmdiletiatios figatite tresubtagihpsakhwith asthraahsiti on,

onto a detectaqr,  define respective first _pixels; 25 scanning second
portions of t H@t B westion ofip preddesiaed alemig NuRberpeam at a second ener gy;

detecting second radiation r . h 1SS on:
radi ati on %eam t hrough t he sg%ghgl%rai il%nms?ﬁémgéﬂgi ﬁf g?‘%ﬁ? u@%lpg?l%&gﬁ @ge]lseast
a portion of whbs: egsetide ratids aicepnciedon tvithacrpbctaache thashsld; portion, onto a
detector, 30 define respective second pixels; calculating ratios between

functions of the first radi atPBRarHEdan pigacoveisd W cacheof<ide ghdeashameasiovn f or

each of a pl umtlhiagﬁ{'ec?gterﬂﬂjuffar%' a(ﬁ?rrespondi ng first and second pixels, each
pair of correspondi ng pixel's résulting in a resultant pixel having the

respective ratio; 51 storingdtieninagpebéthyetheadhj@s at Neadn patehdallyceonidihshng
rows and _colums, corresponding to the resultant pixels; conparing the
respect i v&0r amaggsiahihaying amploghe ngmbspgerqater ghar dhec predatepningd piteraist @mehed
at om ¢ nunber ; sel j a 1.hati on wi ndow conprising a
plurality of rb%s%si’ %%%%E%ﬁq%ﬁtﬁéng}%as?é%ngg% I vgggrlgti 0s; determ ni ng whet her the
object at |east potentiably dbat@kthed efthinhal4,havenrih ahe Fredei@minsdbarea

greater than E:Qr?esggr?c?settoear g?zg %? aal{iglgn at%npig rrrlbugxrber material capable of a self-sustaining
nuclear reaction.
15 26.  The method of claim 24, further comprising:
calculating an average ratio of a plurality of contiguous pixels;
comparing the average to the threshold; and
determining whether the object at least potentially contains
material having an atomic number greater than the predetermined atomic number
20  based, at least in part, on the comparison.
27.  The method of claim 24, wherein:
corresponding first and second pixels overlap by at least one-
half of their respective areas.
28. A method of examining contents of an object, the method
25  comprising:
scanning first portions of the object with a first radiation beam
at a first energy;
detecting first radiation resulting from transmission of the first
radiation beam through the first portions, wherein projections of at least a portion of
30 the first radiation beam through each first portion, onto a detector, define respective
first pixels;

scanning second portions of the object with a second radiation

beam at a second energy;
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based, at least in part, on whether a predeterm ned nunber of respective

ratios in each 10 of the at |east one exam nation wi ndows neeting criterion
with respect to the respective ratios and the threshold, is greater than a
predet erm ned nunber, 21. The nethod of claim 20, wherein the predeterm ned
nunber is based, at least in part, on a predeterm ned fal se positive rate.

22. The method of claim 20, yhehfisNsetORl PldtRioR! rebllBn& R MAhLARsiod fWhHdow
corresponds to a size of a nmaterial capable of a self-sustalning nuclear

reaction. 23.scTomd radidtiod bshimcthedugh 2l sached eoritons.owhersipandientiorfsi afstt leasda
second pi xel s_ar.e derjved from. projecti.ons.through rtions of th bj ect
over | appi ng b?/orfﬁm P& 4% Sesqad ﬁ%\rql?tg)% oy tHrongly f“f’c?g %Fo’gﬁa?ﬁuﬂf’ﬂ%“%c?n‘[leg?ﬁ 'of an
obj ect, the ngiftedespeOifdf desonipixgg:anni ng first portions of the object with a
first radiation beam at a first energy, detecting first radiation resulting

from transhi ssion of the firetlcul@ig aaliost botwesrafunctiemsugh thee firstr detected
portions, wherein projections qf . the fir di gti.on .beam t hrough eac

Prr st port 1 ortedigfiph a3 daRuEES of the rosad delsslelt ety 6F SoPAGy SEeafhPho
second porti oftgrelporddies SRk 8d sebbhd peBESRADalr A icBirb HOndiAE PN re@ulﬁﬁ%ﬁﬂé’
energy; detecting second radiation resulting fromtransmssion of the 30

second radi at fespectearastian potel hhangthe oerpegtoetraidms, wher ei n proj ecti ons of

t he second radiation beamthrough each seco portion, .onto.a detector,
define respective second pi %P%a?méa & JPRRS At af%%‘?%é’ﬂ%%ﬂ“&h%%ﬁ?é’ﬁi& of

the firstiget gatRdk a ALK bPPpRAGFMAEL hdRS: Rimbdie second det ect ed
radiation, for a plurality of pairs of 52 corresponding first and second

pi xel s, each pair of correspgmwdping ap:illxrel_ity o edsultamigirels:r esul tant pixel having
hreshold that s a functs off GHMPEg BBETENHh HREIGE DLTE SR &
identifying at |east one grpé&nﬁin%qﬁgf@g%wﬁﬁ%thﬁ%olgi Xl s whose
respective ratios neet a criterion wth respect to the threshold;
determining whether the object at least potentially contains
15  material having an atomic number greater than the predetermined atomic number
based, at least in part, on the second comparison.
29.  The method of claim 28, wherein the function is an average or
a median.
30.  The method of claim 28, further comprising:
20 selecting a resultant pixel having a ratio meeting a criterion
with respect to the ratio and the threshold; and
grouping the plurality of pixels with respect to the selected
pixel.
31.  The method of claim 30, comprising:
25 grouping the plurality of contiguous resultant pixels into a
matrix centered about the selected resultant pixel.
32.  The method of claim 31, further comprising:
calculating a second average of the ratios for a second matrix,
the second matrix being centered about the selected resultant pixel and being larger
30 than the first matrix;
comparing the second average with the threshold; and
determining whether the object at least potentially comprises a

high atomic number material based, at least in part, on the second and third

comparisons.
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conparing an area covered by each of the at |east one group wth a
predeterm ned area; and determ ning whether the object at |east potentially
contains a 10 material having an atom c nunber greater than the

predet erm ned atom ¢ nunber based, at least in part, on the second

comparison. 25. The nethod of claim 24, wherein the predeterm ned area
corresponds to a size oB3a hillh matknd of i Wheraki al capabl e of a

sel f-sustai ning nuclear rea%é]%rg%gn(iiggiz?ﬂ%;rglgd ﬁ%{;}g&iﬁ%ﬁl g{.'em%?l&ec{ uifnglger

conprising: calculating an av of “con uous

pi xel s; COWD@fdjélﬂiothhr@M%ﬂ PERionS of ke bbjeesb@rdppiapthydet Ras dletllnbetheRr t he
object at |east potentially contains material having an atom c nunber
greater than fesec@ivédedagr m ned at omi ¢ nunber 20 based, at least in part, on

t he conparison. 27. The th of gl aim24. repn:.cqorresponding first and
second pi xel s overl ap bgg‘gtt ﬁglgs?le@ﬁg;%ﬁﬁa?m\é\?gt H‘@ﬂe“} 3&%@5?%\9%@&%&?6328. A
met hOd of exaghiedpondOt £6iz8 offa iph ijnﬁﬁtnunibhﬁnfﬁﬁrﬁpda.a%fe_ SOAREIfShdtdning
scanning first portions of the object with a first radiation beam at a

first energy; nUeeargeaoigns i rst radiation resulting fromtransm ssion of the
first radiation beamthrough the figst port.ions, erein pf.oj.ections of at
| east a portion of 30 pé‘e fi ssyﬁ?lgdfo t?’%ﬁl%&%rﬁq{“ﬁe\é\l@%ﬁ a@a%e#tf (rﬁtéﬁi S}S%?‘Pi on,
onto a detect @ympsghine respective first pixels; scanning second portions
of the object with a second radiation beam at a second energy; 53 detecting
second radfation resul ting f@blgast amgs pdiaiiopnsogfcet inescan e deast @apiirten oh abeam
t hrough the second r&ions, wherei rojecti f at | east,a. porti.on of
the second r adPaEl SRHUENRRhSGh elebCh@h it raf SecoR 3 afinal Shevf
define respeCRésP@céﬁz@@?mﬂmewiffﬂk@ﬁrs5rﬁﬁh%l edetdYis ldafférest Mok \IRecObMNFddiRng of
e

the first detec
energy;

at least one detector positioned to detect radiation at the first
15 and second radiation energies after interaction with the object, wherein projections of
at least a portion of the first and second radiation beams through each portion onto the
detector, define respective first and second pixels;
at least one processor coupled to the detector, the at least one
processor being programmed to:
20 calculate first functions of the radiation detected at the first and
second energies, for corresponding first and second pixels;
group first functions of a plurality of corresponding pixels into
at least one group;
calculate a second function of the first functions of the plurality
25  of pixels in the at least one group; and
determine whether the object at least potentially contains high
atomic number material having an atomic number greater than a predetermined
atomic number based, at least in part, on the second function of the at least one group.
36.  The system of claim 35, wherein the at least one processor is
30 further programmed to:
compare the first functions to a criterion based, at least in part
on the predetermined atomic number, prior to calculating the second function; and
calculate the second function based, at least in part, on first

functions meeting the criterion.
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radi ation and functions of the second detected radiation, for a plurality of
pairs of corresponding first and second pixels, each pair of correspondi ng
pi xels resulting in a respective resultant pixel having the respective
ratio; conparing the ratios of the resultant pixels with a threshold 10
which is a function of a_predeterm ned, atom ¢ nunber; grouping a plurality
of resultant pixels: caPéul atlPRGYHemAIQFiEn3&fWherein the jableask ofenprogFsseipisng:
conmparing the ﬂpﬁ]' Mth the threshol d; and determ ning whet her the

obj ect at IeaE% po%ﬂgg@fdgily contains 15 material having an atom c nunber
greater than the predeterm ngebupt fidi functioimesf cdraspehdimg plxebsinta at jeasttoneon
the second conparjson. 29. The, nethod of .claim 28, wherein the function is
an average or SXNRAUELWINAgY haviig 4 RIehSermyRet§izi: m 28, further conprising: 20

sel ecting a resultant pixel 'E%_%l'ﬁ& ﬁlsr&tc&m gﬁﬁﬁé}?%yﬁ?g{dﬁt gr%?&nbg\a’ Fp mgspect

to the ratio and the threshol and groupi n pixel's wth
respect to théurdbecivithin the xeimin@ion Windowehdi atteotheckigsrion38nd conpri si ng: 25
grouping the plurality of contiguous resultant pixels into a matrix
centered about the sel ected FOBONEMNE GouRied nusgber tRea pEsdstsamyred crumber 3¢

further comprisgifgine Cah&hlAfre" dé’ctszﬁcl‘éé‘éi' ﬁgﬁﬁi@ﬁ?t(ﬁétag%earlﬁ h GForh@r minicond

matrix, the second matrix being centere out ected resultant pixel
and bei ng | ar geseriaBO than the first matrix; conparing the second average

with the threshold; and__determ ning whether the object at |east potentially
conprisesl@ high atoni é8nuntJde sysiem of gimddetbergin: | east in part, on the

scoond snd (hiTd comar i sonm Skl IS bl DER MR o
portions of tbgdefeimiteddiey paitpiengteby at | east one-half of their
39.  The system of claim 36, wherein the at least one processor is
programmed to:
15 group first functions of contiguous corresponding pixels that
meet the criterion;
calculate an area of the grouping; and
compare the area of the grouping with a predetermined area to

determine whether the object at least potentially contains a high atomic number

20  material.

25

30
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respective areas. 5 34. The nethod of claim 28, wherein the predeterm ned
area corresponds to a size of a high atom c nunber material capable of a
sel f-sustaining nuclear reaction. 35. A systemfor exam ning contents of an
object, the system conprising: 10 at | east one radiation source to scan at

| east a portion of an object with first and second radi ati on beans at first
and second radi ation energies, respectively, wherein the first radiation
energy is different than the second radi ation energy; at |east one detector
positioned to detect ragiati-Qn % h I [ mﬁ d.radiatio

energies after interac?ﬂ%n mﬁeﬁ§tﬁé(§ﬁ}@3§%’w %F@ﬁﬁeéf%%gg F%ﬁ§$% (ﬂg?eﬁeast

a portion of idtheasf oreshatfiR@dns @rocbndadh@ion Warhsare] the auighst ®a¢€ propeysdi Bingont o
the detector, define respective first and second pixels; at |east one
processor coupP&@Mmedilfe detector, the at |east one processor being

programmed to: 20 cal cul ate &jdBte EH%EJa%@%f%? tiie hadidls t@l@ltolﬂl%ﬁtg gt the
or d 1 xel §;

first and second energies, corresponding tirst and second group
first functi ocsresfondinglpixedd witlinohe atdeasespomdiingpngdi xel s into at | east one

roup; calculate a second function,of the first nctions .of the pluralit
25 O]E) pi xel s in the at Ieastcomléreglpﬁﬁﬁ?m%en%‘l %gtaéi‘?%ftn‘@{evm%flﬁéf’ ﬂ?“h%'%BrE?rbﬁolt )altt

| east pot ent i @idnhitORhd@hdIhdbIGét afleAThStehHTR RbntAs @MhidH atbyaiél dighbPmadeAan C
nunber greater than a predeterm ned atom c nunber based, at |east in part,

on the second function 4df tHdeasystasasel elain giouphers®. theheritepion eenmaiirises & m
35, wherein the s@tl | east one processor is 30 further programmed to: conpare
the first fungf %g'to a criterion based, at least in part on the

predeternigned atoni ¢ nuyzber  THer éy@fent Of CRlrf U 1atvitegeih hRe 3€¢@BCohdIPEIcEREE isand
cal cul ate the_second function based, at least in part, on first functions

neeting the clrthegipregramgediy. The system of claim 36, wherein the at |east

one processor 1s calculate the threshold based, at least in part, on detected radiation

after scanning a test material having an atomic number equal to the predetermined atomic
number, at the first and second radiation energies.
15 43.  The system of claim 42, wherein the at least one processor is
further programmed to:
select a threshold for use in a criterion based, at least in part, on
expected contents of the object.
44. The method of claim 19, comprising:

20 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.

45.  The method of claim 44, comprising:

scanning the at least a portion of the object with second radiation of at
least 13 MeV,;
25 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.

46.  The method of claim 1, further comprising:
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programmed to: group first functions of corresponding pixels into at | east
one exam nation w ndow having a predeterm ned size; 5 calculate the second
function by counting a nunber of first functions within the exam nation

wi ndow that neet the criterion; and conpare the counted nunber to a
predeterm ned nunber to determ ne whether the object at |east potentially
contains a high atom c nunber material. 10 38. The system of claim 37,
wherein: the predeterm ned nunber is based, at least in part, on a

e e o oe oML 3 icinn 8 5D L S D, ARG o
conti guous correspﬁn i ng, gi gﬁl s that neet the criterion; calculate an area
of the grouping; 3AY ?f%c?ﬁ? L delR¥edfIeatoRss t he grouping with a predeterni ned
area to determ ne whether the object at |east potentially contains a high
atoni c number 20 mat erd’al . Ths megipd afglagp 8, qiwpreyjix em of ¢l ai m 36, wherein

the at |east one grouping d%%{i&ﬁg%gﬁcahnﬂﬁ%tdif?&&tg%%&é Gle BRC f?]gdf%r%t:

&C
function is an average, the one process el ng progranire

cal cul ate an average of the first functions for the plyralit f

o aspond ngih SEg et et ofiaset Sofe et ecRaacetid theeise Wer age
of the at least one matrix to the criterion to determ ne whether the object
at | east pot e Hetpetipnddelayetsnesttaigh at oni ¢ nunber material. 41. The system
of claim 36, wherein the criterion conprises a threshold. 10 42. The system
of claim41l, wherein tH8. at Theawtthohefpelaiced8orcomprisifigirdeteeningrgo ghethere thet o:

object contains nuclear material by:
scanning the object with sufficient radiation to cause generation of delayed
10 neutrons in at least certain nuclear materials; and

checking for the detection of delayed neutrons.

49.  The method of claim I, further comprising:

comparing the second function to a predetermined criteria independent of
15 the object; and
determining whether the object at least potentially contains high atomic
number based, at least in part, on the comparison.

50. A method of examining contents of an object, the method
comprising:

20 scanning first portions of the object with a first radiation beam at a first

energy;

detecting first radiation after interaction of the first radiation beam with

the first portions;
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calculate the threshol d based, at least in part, on detected radiation

after scanning a test material having an atom c nunber equal to the
predeterm ned atomc nunber, at the first and second radiation energies. 15
43. The system of claim 42, wherein the at | east one processor is further
programmed to: select a threshold for use in a criterion based, at least in
part, on expected contents of the object. 44. The method of claim19,
conprising: 20 scanning the at |east a portion of the object with radiation

of at least 5.8 MYV, %g&:gxﬁngtcfég?ﬁntfg@iﬁ% 3he %Bj%ctd\%&ﬁ%tsk%dc}%ﬁgﬁ%f‘é’ﬁ%ﬁx at a

neutrons. 45. The netho conprisi‘ng: scanni ng east a
portion of the object with gjeﬁonc{ %adt'hagi gn of at least 13 MeV; 25 checking
for the detection SrONYNEiEdHIERtBIhe BFYREE8Y%r i ni ng whet her t he obj ect
contains nuclear material bhased, at |east in, part, on the second check for
the detection of del ayel§tasting sesqad ragiatioprpdtepynteragiians ofcthgsprond radjgtiqaeheam
conprising: 57 identifying a nuclear material within the object based, at

| east in part, on withthedetondtpooiongf del ayed neutrons. 47. The net hod of
claim8, conprising: periodically scanning different portions of the object

at the first 5 and secahdla€ng figdt dnctides Cthe RglistRMi detdctd athd gt ddd ®toraind
second scans, and checking for the detection of del ayed neutrons. 48. The

met hod of cl ai M 19e400P1dr Sbitéh g&;ﬁ%ms{lgmew@tﬂb@ﬁm{spe obj ect contai ns
nucl ear material by: "scanning Fhe object wth sufficient radiation to cause

generation of del ayed I .cerd al terl ;
and checking for the de%}guﬁ%ﬁhg?&n elpgssé%!i%ﬁ%lgtgnﬁ.&%éwﬁggﬁ%{’tﬁg %F&ngsai m
1, further conprising: corrpa[i ng t he second function to a predeterm ned
criteria independ Yy PR AU OBRERUP;  and det er ni ni ng whet her the obj ect

at | east potentially contains high atom_c ) )
calculating a second function based, at least in part, on the first functions

10 of at least certain of the plurality of corresponding first and second portions in the
at least one group; and
determining whether the object at least potentially contains high atomic
number material having an atomic number greater than a predetermined atomic
number, based, at least in part, on the second function of the at least one group.

15 51. The method of claim 50, wherein the predetermined atomic
number is at least 26.
52. The method of claim 51, wherein the predetermined atomic
number is at least 74.
53.  The method of claim 52, wherein the predetermined atomic
20 number is at least 92.
54,  The method of claim 50, further comprising:

comparing the second function to a predetermined criteria independent of
the object; and
determining whether the object at least potentially contains high atomic

25 number material based, at least in part, on the comparison.
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nunber based, at least in part, on the conparison. 50. A nethod of exam ning
contents of an object, the nmethod conprising: 20 scanning first portions of
the object with a first radiation beamat a first energy; detecting first
radi ation after interaction of the first radiation beamwith the first
portions; 58 scanning second portions of the object with a second radiation
beam at a second energy different than the first energy; detecting second
radi ation after interaction of the second radiation beam wth the second

portions; 5 calculatlnqﬁflrst f pg}l ns ofmhpe ra gtgtl %ndeg ctqﬂeat g e
first and second enerdies, gorr poﬁa f 7St and 0 8l portﬁgﬁ?

groupi ng first funohipsiemgof a pI urality of corresponding first and second
portions into at |east one group; calculating a second function bas

least in part, on the fa 8t weﬁﬁlat&assourfet%?cara@t 1%51%906'@?@5%0@96&%@ firsC"
plurality of corresponding first and second portions in the at |east one
group; and det er imiandrrgcandetatiation heanybitefinst and sasamd rasiintiontdnatglies, tespectivels, hi gh
atom ¢ nunber material having an atom c nunber greater than a predeterm ned
atom ¢ nuirber, basideinalie ficaatiation QREdy, is differdig timackhnstcdndratiadon efergyhe at

| east one group. 15 51. The nmethod of claim50, wherein the predeterm ned

atom c nunber is at | gaxdasZéhe &&a&%ﬂ@ﬁé@p@ Reck FAlidion bt WA deBhd

predeterm ned atomc nunber is at |east 74. 53. The met hod of cl aim52,

wherein the pr edetr@&l%&?%@éc@ﬂﬁer 1r?t9ra&§qﬁtr)]\9irﬂ% Hi% Becl *‘en? é{o{,é@f‘ibrt)s-r&edt n&gﬁod

of claim50, further co e's cdn
Phe obj ect at | eadt PEPRA %ﬁqefv?re‘%dn?%m e St ROl e ety
based, at least in part, on the conparison.
detector, define respective first and second pixels;
10 at least one processor coupled to the detector, the at least one processor
being programmed to:
calculate first functions of the radiation detected at the first and second
energies, for corresponding first and second portions;
group first functions of a plurality of corresponding first and second
15 portions into at least one group;
calculate a second function of the first functions of the plurality of first
and second portions in the at least one group; and
determine whether the object at least potentially contains high atomic
number material having an atomic number greater than a predetermined atomic

20 number based, at least in part, on the second function of the at least one group.

56.  The system of claim 55, wherein the predetermined atomic number
is at least 26.
57.  The system of claim 55, wherein the predetermined atomic number

is at least 74.
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59 55. A systemfor exam ning contents of an object, the system conprising:
at |l east one radiation source to scan at |east a portion of an object with
first and second radiation beans at first and second radi ati on energi es,
respectively, 5 wherein the first radiation energy is different than the
second radi ati on energy; at |east one detector positioned to detect

radi ation at the first and second radiation energies after interaction with
t he object, wherein projections of at least a portion of the first and
second radi ati on beans Jghr ough ch rti nt he t r fin
respective first and sestgbnd%g'faﬁg %n;‘ Oﬁgagf g)@e"fa}]s?fe?%%hee pﬁ?%%é@i‘%rg a(tzoc?ﬁglngrgg&fro t he
detector, the at ligadeasop®2 processor being programred to: calculate first
functions of the radiation detected at_the first and second energies, for
corresponding first and9secdi@ pYam ofs:clgiode Wherel fiie cRTOERISOTofiS gfurther
plurality of corrjﬁ‘gég,qiﬂgg J.irst and second 15 portions into at |east one
group; calcul ate secon ft nction of the first functions of the plurality
of first 5nd second paotipersthe sedond fatctioedsta prdetgnongst criada delependiemteot
whet her the object at |east potentially contains high atom c nunber

materi al havi ng anh@bkjedtcandunber greater than a predeterm ned atomic 20
nunber based, at least in part, on the second function of the at |east one

group. 56. The system Qifeteﬁhﬁiie%ﬁéherv‘ﬂﬂﬁr&'g&t 6D GeaBl BOBRENN Ofthid 9@5%6}%’0”_
is at least 26. 57. The systemof claimb5, wherein the predetermned atomc

nunber is at |eas i . T e f i wherei n the
predeterm ned at onqtuén%;éﬂ?r]g{e)epéﬁblageg?t @%SZES.}IS%Q@ g&%"[ﬁ%’%ﬁ%‘%t em of cl ai m55,
wherein the processor :ﬁ% furt her ?(?rogram’re.d to: 5 coq_pare t he secon

n h

function to a predet er fPned trMeRed L1 RATHBNEFRANIGES Qfhan Jpiget they pgthod
det er m nejgvhet her dohfpriglect at least potentially contains high atomc
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nunber material based, at least in part, on the conparison. 60. A nethod of
exam ning contents of an object, the nethod 10 conprising: 61 scanning at
| east a portion of an object with a first radiation beamat a first energy
and a second radiation beamat a second energy different fromthe first
energy; detecting first and second radiation after interaction of the first
and second 5 radiation beans with the at |east a portion of the object,
respectively; calculating first functions of the radiation detected at the
first and second energiges; C | ha.. ' Cl ¢ rlterdaon;
cal cul ating at | east o%@@%%%gp ﬁ%@%léagggs%bi%a%ml ae%rg{]afl}r?ﬂggl?%rd %tﬁa %rgtg
first 10 functi onsergedndngsdcbed eddidtioni tvam @andsedeidcemsrgy ddferdnetifoar thehfrst
object at |east potentially contains material in a class of materials
based, at |east irf'§%t, on the at |east one second function. 61. The nethod

of cl ai m 60, compr i Si nayeflelips il hDsobRt At Sher AREGER0rPST AR aflcetid al |y

contains material in a class of materia aving an atomc 5 nunber greater
t han a predet er ni madiaberobsamsiwittbibe at lozst e gortian of desbjdch rgspedtivelyn t he second
function. 62. The nethod, of ,.cl ai m60,. co iSipg: c ring the first
functions to the cri ter‘ialfﬂrab'agzi&s?]fgﬂmf’%%\% ¢ Fﬁadsaf({’],‘%ggéﬁedt%g}' $réﬁgldeﬁﬁﬁ?rﬁled
atom c nunber, prigergdi@; cal culating the second function. 20 63. The nethod
of claim®62, wherein the predeterm ned atom c nunber is at |east 26. 64.
The met hod of cl ai m 63,comperieg Hetfing fncdigns @@AriE®nat onic  nunber is at |east

74. 65. The nethod of cl ai.m.: t her jsLng. .25 ri.ng cond
function to a predeterndla?]cg%hggﬁ %g{tgﬂgf%cgg%rf&g%@g%sfe& zftﬁée)aqg@jﬂeagtt ;0'tl g’% 2
det er mi ni My whet hefiunétlhvas olepad the Sriiefioh;ddcl ass of material s based, at |east

in part, on the conparjson, . ) ) . .
determining whether the object at least potentially contains material in a

class of materials based, at least in part, on the at least one second function.

61.  The method of claim 60, comprising determining whether the
object at least potentially contains material in a class of material having an atomic
15 number greater than a predetermined atomic number, based, at least in part, on the
second function.
62.  The method of claim 60, comprising:
comparing the first functions to the criterion based, at least in part,
on the predetermined atomic number, prior to calculating the second function.
20 63. The method of claim 62, wherein the predetermined atomic
number is at least 26.
64.  The method of claim 63, wherein the predetermined atomic
number is at least 74.
65.  The method of claim 60, further comprising:
25 comparing the second function to a predetermined criterion independent of

the object; and
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66. The nethod of claim65, wherein the predetermned criterion is based,

at least in part, on a selected false positive rate. 5 67. The nethod of
claim 60, conprising calculating the first functions for correspondi ng
portions of the object. 68. The nethod of claim 67, wherein corresponding
portions of the object overlap by at |east one half. 69. The nethod of
claim®60, further conprising: 10 grouping first functions into at | east one
group; and cal culating the second function based on the first functions of

the at least one groupe/Qinid r%hghéfﬁérrﬁ?edo éct ﬁ:sl ?%ﬁp Qs omfe‘?i'aﬁé)%?éﬁpgtrlkﬁgl ot he

first functions to the crite ncorrprl nparin
functions to a threshol 71. The net hod of claim 70 furt her conpri si ng:
cal cul ating the t HPEsAbING CORPagslss j part, by: scanning at )east a portion

of a second obj ect COWpFISI%% material jn the class, with third and fourth
radi ati on beans at the % r stihgBsthyd ﬁﬁalat"ﬁ@sé‘@éﬁéﬂ thsopregesergyined, gralpraen isvel y:
detecting third and fourth radiation after interaction of the third and
fourth radiation Hasesdast ledst in panie omp s¢lecigt fakse positivornteof t he second obj ect;
and 63 calculating the first function of the radiation detected at the third
and fourtsh energies. 6. Théemdtiiwicbfafaisl G cenddrisitegdtulatingGhe Sosafimictighsa
plurality of objects conprising a plurality of different materials 5 to

cal culate a pl uralfht dorRkpddaiRRidis of BRGbRLGI. €Cting a threshold for use as
the criterion based, at least in part, on the expected contents of the

obj ect. 73. The method gt chgoq WHSLEHRY bl Bl oidfy BLighe HOR! L on

conprises dividing the Tirst det ec atl on ect ed
radi ation. 74. The, me i m60 Eurt her conprising: selecti ng a

t hreshol d based or?b4e§£i?‘éef]i38§?y8{e§%%%ﬁh%{ at least one of the first

69.  The method of claim 60, further comprising:
10 grouping first functions into at least one group; and
calculating the second function based on the first functions of the at least
one group.
70.  The method of claim 62, wherein comparing the first functions to
the criterion comprises:
15 comparing the first functions to a threshold.
71.  The method of claim 70, further comprising:
calculating the threshold, at least in part, by:
scanning at least a portion of a second object comprising material in the
class, with third and fourth radiation beams at the first energy and the second
20 energy, respectively;
detecting third and fourth radiation after interaction of the third and fourth

radiation beams with the at least a portion of the second object; and
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radi ation and the second radiation. 75. A system for exam ning contents of
an object, the systemnethod 15 conprising: neans for scanning at |east a
portion of the object with a first radiation beamat a first energy and a
second radi ati on beam at a second energy different fromthe first energy;
means for detecting first and second radi ation after interaction of the
first 20 and second radiation beans wwth the at | east a portion of the
obj ect, respectively; neans for calculating first functions of the

radi ati on detected at t LI n d r gh.es. f or, conpar.i.ng
the first functions to Cgl%g{alh?éﬁ?eoﬁ;mq féﬁ&%ﬁaonfgtﬂ?o'}%lg&a HCE!F% ?’%5‘95 € ﬁ’éas@done
second function b edl? at |least in part, on the first functions neeting the
criterion; and maiﬁ'é” B1°t&lEY er mi ni ng whet her the object at |east potentially
contains material in a class of material. 5 76. A system for exam ning
contents of an object, Bhe Systmahodgipimdilgpmpiisingeast one radi ati on source
to scan at |east a portion of an object with first and second radiation
beans at first and seconahnirgrh plurabity efivdjayiseompriempeqturakdyyof diffdnent eiaterialse
first radiation energy is different than the second radi ation energy; 10 at

| east one et ect oro pelsulbkieotalin dfeiregdibldspdidat i on at the first and second
radi ati on energies after interaction with the object; at |east one processor

coupled to the detect Orgjelity AlhrdRERIfPRE RMREEHSAEN bR]UM 16N B 6 tfeO:
calculate first functions of the radiation detected at the first and 15

second energi es; C&g&‘f&f‘&ﬁtc}?\hs&fﬁﬁes&{i&?e second function based, at least in
One 0 e fir

part, on at | east st tunctions; and determ ne whet her the
obj ect at |east potentiglly. .contains terial. in a class of materials
based, at least in partﬁ' on tR&A° Ioéggfméhewg“éﬁland function. 65 77. The

system of claim 76, wherein the at | east one processor is o
calculating the first function comprises dividing the first detected radiation

10 by the second detected radiation.
74.  The method of claim 60, further comprising:
selecting a threshold based on radiation detected at at least one of the first
radiation and the second radiation.
75. A system for examining contents of an object, the system method
15 comprising:
means for scanning at least a portion of the object with a first radiation
beam at a first energy and a second radiation beam at a second energy different
from the first energy;
means for detecting first and second radiation after interaction of the first
20 and second radiation beams with the at least a portion of the object, respectively;
means for calculating first functions of the radiation detected at the first
and second energies;

means for comparing the first functions to a criterion;
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configured to: determ ne whether the object at |east potentially contains
material in a class of materials having an atom ¢ nunber greater than a
predeterm ned atomc 5 nunber, based, at least in part, on the second
function. 78. The systemof claim 77, wherein the predeterm ned atomc
nunber s at least 26. 79. The system of claim 78, wherein the

predeterm ned atom ¢ nunber is at |least 74. 10 80. The system of cl aim 76,
wherein the at | east one processor is configured to: conpare the first
functions to a criteri ieQr : i .00

cal cul ate the second fﬁ‘ﬁ‘i?? |E lcf)ér)lr %chzaag‘%%?leﬁgeta@tg Sllaﬂ)%ggrﬁﬁﬁﬁgnba%%% !erggs]tm %m’
functions 15 neet] r}g E.h fcrhteri on. ﬁ}% .Ihle system of claim76, wherein the
at | east one proceos )i i T 6 L A icélueiréja’ rg: conpare the second
function to a predeterm ned criterion inde quent_of t he object: and, 20

det ermine whet her the dB§aago} detprminiig whefler BF obicheet st BaeBRlY NSt | n
part, on the conparison. 66 82. The system of claim 76, wherein the at |east
one processor is muefidldgueeldssaf nestriall ate the first functions for
correspondi ng portions of the object. 83. The system of claim 82, wherein
correspondi ng portions 7 the sysoimedér exaninde byntabts| efash objecthahd .sySted.
The nmet hod of claim80, wherein the at |east one processor is configured to
compare the first doipeikingns to the criterion by: conparing the first
function to a threshold. 85. The system of claim 84, wherein the at | east
one processor s furt hefeaGOntiaRH sbirve HcaPhqeds § BbRbPANGc b e I
the criterion based, at least in part, on expected contents of the object.

86. The system of claim 76, .wherein the.at |geast one.processor is. .
y and second t’adl\z’mon Bedins st it and” Second Badidtion ehergies, respectively,

wherein the first radiation energy is different than the second radiation energy;
10 at least one detector positioned to detect radiation at the first and second
radiation energies after interaction with the object;
at least one processor coupled to the detector, the at least one processor
being configured to:
calculate first functions of the radiation detected at the first and
15  second energies;
calculate at least one second function based, at least in part, on at
least some of the first functions; and
determine whether the object at least potentially contains material

in a class of materials based, at least in part, on the at least one second function.
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further configured to: group first functions into at |east one group; and 15
cal cul ate the second function based on the first functions of the at | east
one group. 87. The systemof claim8l, wherein: the predeterm ned criterion
Is based, at least in part, on a predetermned false positive rate. 20 88.
The system of claim 84, wherein the processor is further configured to:

cal cul ate the threshold based, at least in part, on detected radiation after
scanning a test material in the class. 67

77.  The system of claim 76, wherein the at least one processor is
configured to:
determine whether the object at least potentially contains material
in a class of materials having an atomic number greater than a predetermined atomic
5 number, based, at least in part, on the second function.
78.  The system of claim 77, wherein the predetermined atomic number
is at least 26.
79.  The system of claim 78, wherein the predetermined atomic number
is at least 74.
10 80.  The system of claim 76, wherein the at least one processor is
configured to:
compare the first functions to a criterion prior to calculating the second
function; and
calculate the second function based, at least in part, on the first functions
15 meeting the criterion.
81.  The system of claim 76, wherein the at least one processor is
further configured to:
compare the second function to a predetermined criterion independent of
the object; and
20 determine whether the object is in the class of materials based, at least in

part, on the comparison.
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82. The system of claim 76, wherein the at least one processor is
configured to calculate the first functions for corresponding portions of the object.

83.  The system of claim 82, wherein corresponding portions of the
object overlap by at least one half.

84. The method of claim 80, wherein the at least one processor is
configured to compare the first functions to the criterion by:

comparing the first function to a threshold.

85.  The system of claim 84, wherein the at least one processor is
further configured to:

select the threshold for use in the criterion based, at least in part, on
expected contents of the object.

86.  The system of claim 76, wherein the at least one processor is
further configured to:

group first functions into at least one group; and

calculate the second function based on the first functions of the at least
one group.

87.  The system of claim 81, wherein:

the predetermined criterion is based, at least in part, on a predetermined
false positive rate.

88.  The system of claim 84, wherein the processor is further
configured to:

calculate the threshold based, at least in part, on detected radiation after

scanning a test material in the class.
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