OBJECT EXAM NATI ON BY DUAL ENERGY RADI ATI ON SCANNI NG AND DELAYED
NEUTRON DETECTI ON Rel at ed Applications [00011The 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 incorporated by reference herein
Field of the Invention [0002] Radi ati on scanni ng of objects, including
| ar ge obj ect's suclDBIECTEMIOCIONEYBUAL ENERGYGUA DIATTONSCANDING .
Background of the | nventi on ANDOOERAREDNEUTRONIDETEBOTION ¥ used in the
non-invasi ve inspection of contents of objects, such as |uggage,
bags, briefcases, cargo contai ners Relafed Applicatipise to i dentify hidden

contraband at airports, seaports, and public buildings, for exanple.
The [0001] The present application claims 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 incorporated by reference herein.

Field of the Invention

{8002] Radiation scanning of objects, including large objects such as cargo

10 containers, to identify contraband.

Background of the Invention

[0003) Radiation is commonly used in the non-invasive inspection of contents
of obiects, such as luggage, bags, briefcases, carpo containers, and th-e like, to identify
hidden contraband at airports, seaports, and public buildings, for example. The
15  contraband may include hidden guns, kaives, explosive devices, illegal drugs, and
weapons of mass destruction, such as a nuclear or a “dirty” radicactive 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 a4 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 Bremsstrahiung radiation, for example. The X-ray
source in this energy range may be an X-ray tube. Xeray radiation of 450 KeV will
30 not completely penetrate large objects such as cargo containers. Standard cargo
containers are typicaily 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



15 contraband may include hidden guns, knives, explosive devices,
illegal drugs, and weapons of mass destruction, such as a nuclear or
a "dirty" radioactive bomb, for exanple. One common inspection system
is aline scanner, where the object to be inspected is passed between
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conveyance" encoffidddels saraglsd donurad neweyaroed aphbthalles objects.  Radioactive,
fissionable, fissile, and fertile materials that may be used to manufacture atomic
devices, may also be similarly smuggled in such objects. Fissile materials, such as
uranium-235, uranium-233, and plutonivm-239, may undergo fission by the capture
of a slow (thermal) neutron. Fissionable materials include fissile materials, and
materials that may undergo fission by capfure 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 palladium may also be used to block the escape of radiation,

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



{00051Whi | e the snuggling of guns, explosives and ot her contraband
onto planes in carry-on bags and in |uggage has been a well|l known,
ongoi ng concern, a |less publicized but also serious threat is the
snmuggl i ng of contraband across borders and by boat in |arge cargo
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[ 0010} 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 neasurenent of X-ray radiation
transmtted through an object is limted by the nunber of photons
used to nmake the nmeasurenent, as well as intrinsic system noise, for
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[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, # may not be clear whether a patticular



hi gh atom ¢ nunbers (Z). For exanple, uranium has an atom c nunber
("Z") of 92 and plutonium has an atom c nunber of 94. Special Nucl ear
Material ("SNMs"), which nore readily undergo fission than other
fissile materials, are defined by the U S. Nucl ear Regul atory

Comm ssion to include plutonium uranium 233, and uraniumenriched in
the i sotopes of uranium 233 or -235. Radioactive materials, certain
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grouping first functions of a plurality of corresponding pixels into
at | east one group. The nethod further conprises calculating a second
function based on the first functions of at |east certain of the
plurality of pixels in the at |east one group and determ ni ng whet her
the object at |east potentially contains material having a high
atom ¢ nunber greater than a predeterm ned atom ¢ nunber, based, at

| east in part, on the second function of the at | east one group.

[00181l n accor dag@lﬁbﬁ%’f) hriR 8 lﬁﬁgt%g nﬁ?@%h@%\"&tm a SRRt ?ﬁg& 0 ng

contents of an object is discl scanni ng an object wit
first and second!®fsh#i Bt ehthp @edeerained ?f?@t’ msm!ar semardhedrtargingdipn. Zhe
above. The net hogte&xurﬂumﬁn ﬁzwa&mmi@m@kan{p& f'!’lkf’tﬁresﬁaﬂ @ G0 Beked, at

radi ati on trans edthrou
ol oo™ Tham> ekt fhet b Bl [ 2 3 SSHafhon Rnns' vy RREH B0
functions of t hebrfdefesninedagipmnic mmnbcar&dthe samettve erergy fendpiiatss for owaaiple. The

radi ation for eaghsiid @a}me%ﬁw :Id}ﬁst@ci by&aﬂréd&eﬁfxneg%ég%‘ﬁm{&ghdﬁ&raﬁ hfubtr @nd
second p| xel s and stg [‘}%ﬁt e respective ratios in an a

conpri si ng rows ¥ritfn Rliopsy Y i theinpgber ot stppdard é’§ﬂ?tt°é§1t")ﬁp?f§?‘3lt§e.
The net hod f urt hessitompnid Spscifcippdrtha gysteie typEslpemt b;\pesmé aditect®nanm IFlsr a
;2{ Z(S:[]:ﬂng ta[] af e'a%{atﬁgit: L{H&'Lasﬁg th%frw%be? 'oF Q%dard qgwa%ons maﬁf 1m5rovelu1;nm g g ecl? clty,
rows and col unmsdegrasingstpe éWhFé Uf &!SP (FSS“WWn éutniétﬂhb dlse quamjé% Sﬂbytwﬂya

det erm ni ng \Ahetmreasﬁdgem@lane@ﬁm at tzbeeﬁe%&wdaotge&ﬁcm&laxd GaBkidtyNEed B gy 1 al
haVl ng an at Om Cba?anm l!il a 9&!‘:1‘?00\&/%&%0&?10[‘2 Og rct?ma a so &%%rl%ggcr%?ung%?

based, at least in par er a nu
respective rati o@iamnle»each of the at Ieast one exam nation w ndows -

neeting criteriogpth reg Bl%j\ekh&cbf b lﬂ&‘tiénegf@lﬁ%dléfﬁn E@afrrl %sﬁ&@h fhdfeh a

threshold, is greater than a predeterm ned noer. [00191
accordance with BErisERBPOrHog °£t‘f?§d’bE?Fb%’éﬂ hHtce %Ghrﬁétaf?éﬁc%‘f ‘Sé‘}\fﬁ'ﬁiﬁ? #g
contents of an ohjxert Fhﬁctxdﬂs&ﬁdy(b‘&eﬁicdﬁmﬂrbe&vﬂenaﬁﬂlﬂibt &aécteust akiseegganned,
radi ation is det t. [ com

t hreshol d, as ab%\%%gﬁdhr[gap&c%h %n%%] %Luﬁ'm%lts%%f rabgf T 6 gfcﬁs(rgg °htay‘ of
resul tant pixel sbut thaigngt sapingg- éfh#m%ﬁipfb?f ﬂt?fcolﬂﬁ@nfﬂlas piggeis Qﬂ'fo thygurface is

gr oupi ng, and comaasdtegs‘trsggltgnu’%{els@ﬁuwpﬁcasthe t hreshol d. The net hod

further conprise term er th ect at least potentjally
contains materi a m%gvi ng %ﬁ“q%f is R eg"t‘”’ ATEFIOR fnaty lﬁaéppo"m‘ally
predet er mi ned atiodivative) ufre HADAS érd the absotigaiStegibm op &k tobjean Tdémprove the
conparison of t Li® 0 Iﬂfﬂl?

t hreshol d. [0020 cflm%c%r%ﬁ%@‘g&\%? hﬁ%d‘ﬁ tfhat &ng%'lbdﬁ b%d’k\eﬁs o
system for examit ¢wgerﬁlewr@imdﬁprelmfpeb?fewlfmplml gwkpingsdincdiffeprnt wiymg at

| east one radi at @RuSAkheebé BrsdBodbach @@&ta @gd&&{ttptx@naeésuiaﬂcm @t
with first and secsqﬁiﬂred g‘* second radi t|on

i.ation _be
energies. At |eadSt onhe %é’f“gré?n rorfigﬁ%ggl F%‘r"?é‘ﬁs P&y efoé%etd P SEPET
the first and segsisdn arpatiagt Mokiple teets gl cafduded. i nt er action with the
object. At |eastppne proq@%@&maﬁé AR &%oaiﬂmﬁm IR GHBY, 2 ;E@tﬁoda% he

| east one processor. js ogranmed to calculate first functions o
radi ati on det ecteéﬁf“’&i“gf"?ﬂé“ S o &1 obigqtis disdlesprrorpding seapning st portions of the
correspondi ng fidbgbt wirlth Secadidtidpibeed & a USt@UPg dnk btedtit Eitst RORtATafE

plurality of cor; ntgﬁ(?ggq;f% ﬂjstxr% :F%'IOIIF!»I I S?Iﬁ% ungT?stt g%&sgr ”'%1 thlogi]%.l her

cal culate a seco unction of t ns of urality
of pixels in theoRPITRIHIMIRMmECYH oRrfons PREbe qbieqt @il sensed f&ﬁ%@éngm arjds
further }olr ogr ammie@cting se@he ratiafien Wtheliﬂﬂ@icn&m&” @bsR6dd @diaticRasim vnth the
potentially contain Y

number greater t° ﬁconggorl’g’édgk' ntg%l ?CBrW Eé??&h%r?“%ﬁ g‘g‘ gflh g'&%"ﬂ‘ in
part, on the secf@hdedai#@tﬁr@ﬁnctn‘eccmﬂlswmﬁcs Foe estesrondingyfirtetizpd sep@@ 2kEISandc e
the identification of the presence of nuclear materials (fissionable,
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[0022] I n accordance with anot her enbodi nent of the invention, a
met hod 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 method further conprises
determ ni ng whet her the object contains nuclear material based, at
| east in part, on the check for detection of delayed neutrons.

[ 0023] I n accor dagm@ingf firft fantdok ef 2 Pwidogoinemtspanfing pigels nioentebsotne geoup.
Tethod. of exam NeROnga S0hs. Sl Whhihe b e UhPhAIGHLE0BE 3! AY

determ ni ng V\/net er an o ast po contarns nateri al
havi ng an at oni cfupetiefseef a@rleeﬁtcetialrt ke ﬁurﬁiﬁbd%mléqlsrﬁ!ﬁ@dﬂtd@fﬁﬁbw g@hmﬂndl i

so, determ ning ¥ASHRGE WHBBeORd Sct QtQEhEtaﬂoEéﬁtld]l Chifedss MBRLA hatng o hlgh
[ 0024] I n accordance wi th anot her enmbodi ment t he nventcll on,

system for exani HPRG UBHT &RTT tep 2 8K %"Br‘&%‘tatq‘fgcwr“é&fr ‘éjdat ﬁﬂ}‘?a&%g at
| east one radi at thosecsddirnciign ol the atriekt odlegrept or t 0 detect radi ati on from

the at | east one{(,gﬁ;lrurce %taﬁcfordaﬁﬁe%ﬁi h:QaEl:dVMnIbBH %Qﬁ PRUeBEA of Shirfhe

second detector to detect neutrons. e system her congarnl ses at
| east one pr oces%"aﬁ’e“té?ﬁ?ﬁlOéﬂctt‘%d'%°Wéed1"PfPl§’E““%%’“’§’§@8ﬁEl"‘dé’f*Eé{S d secqrio
processor i s progdiatoadehnisat ﬁ:rsme&emﬂaﬁeaglésmamdvblerﬁelmeﬂtod detheebmriséso

determne if t hede?c% dﬁrftaatnfl sgc%ﬁti Bigtt onr};[a}l%ut!ctfé ttﬁe:rgl?g%%h{] gbjca:gslp iy tﬁrst and

mat eri al and process rom econ erm ne
whet her the obj ewtond emergi¢snhe u@m@hﬁlemmtanqsa}' calfui@ias atios e TWeotios

wi th anot her e”b&qhe”ﬁ:’é‘ttrad?&mhﬁﬁ-‘d h:HéﬁGﬁ%tdf%1sec§nc§x¥§1£tﬁ;ﬂ‘f$r°erach S5l

contents of an Obl ect is disclosed nmpri si g.g nmeans scanni ng at
| east a portion &S gheogpjperdingdfirstapd %?“%H’d“‘% Sheng %Fﬁ?ﬁ“‘&b‘ﬁ raiios ffite s,
wherein the fir simay adingisdmnroen and) Yolirsns Hofréspinding tb lignrebuient S&@BNdThe

Fadi ati on phot on ek bl bl Bl AL Rl RS e ik 85l 29
i nteraction wit hupdien ehp sretetermingd pamissumbsr aufbseleetingray loath wne ereinatigmans

for determ ning waehh@mpkisigy @;bmﬁ; of%wslaﬁ@&;‘zmp@bﬁ&tpe&;w Mt G0 Thhisod
mat eri al havi ng an ato rea er t han rede@frm ned atqm c

urber based. | ot B AR AP P 4 Fioh PUBTEL Eels T
first and secondxaemg Ry laesndoxyuntbhegréalter gtan detpedttenminet sitoalics minpheoksded.

The system al SO gQIRLLE G WABRDS ple@dtert RLET LI PR RRRE BRI fRERQPHLEG!
cont ai ns nucl ear materl al, based, at least I n part, on data received

fromthe second Gt @erHminatipnypdq«pecing Fﬂﬁe"‘qnd‘ﬂihe{fsPE?ﬁt°éPFerF%§9°“""r Bfi%r s
to an energy Chaa‘nﬂﬁieﬁfrtsﬁdild ds Qéatdrh@m{;ﬁd!eﬁmmﬂ ntiig@m The characteristic

may be .the. ener deIri &bor a%t?ek with Cangt erof'elalielaecrgb %emfh,'or nfee crimofe
The radi ation e al so er To an average or hat 'val Ue of

t he energy of t mammmmcomrﬂe pf erhabiest fisediscioatdi Wieseirofn phject dnelsgyeawkd,t he
beam may be usedqqiAtn Wedelected, ratios are caloulated and compared to a threshold, as above. The
method continues by grouping a pluzality 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 smumber greater than the predetermined atomic number
based, at least in part, on the comparison of the function of the ratios of the grouping
to the threshold. :
{0020] In accordance with another related embodiment, a system for
examining contents of an object is disclosed comprising at least one radiation source

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



Brief Description of the Drawings [0027]Fig. la is a graph of
measurenents 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 MV,
through a piece of iron adjacent to a piece of lead; [0029] Fig. I ¢
shows five curves representative of ratios of sinulated neasurenents

of transmtted r ﬁddnﬁﬁ‘dd&ﬂmﬁ&ne@tcm Iéaﬂ obe ddeMoAiS paditfobbiaas | ﬂdﬂi@t Igcﬁlation at the
transmtted I‘adlf’:ltl 0

[0030]Fig. 2 is & shier? 63'}{%8%& AT %?@fdﬁefaﬁtmmﬂg%e ot 1585 i on
of an X-ray i rragmomsoalsc:av@qd te thevdelpeterc €lhe OB P& Lgocegon 1§ pengragadrl e

of an array of valugs md ﬁ%cﬁcﬁyoftﬁmaasﬁograe@&m%t Me‘ﬁm& ﬁmamna E& Jshfepugh
a portion of a car o convgyance at,a plurality of gqxe S; i g.

4 is an exanple ‘i?‘f"‘ Hendier 85t gpd \?ﬁf"lﬁeg“‘ﬂ? RO {itst AedaTs i b “5‘“%‘?;
transm tted thr owgbspblitngpielsiing aDkast i geap,gad egaNsy aneenddhnclorgoef the, at

2 prurality of PhaShRuCRRRL Ay & kSR R SuCholl ALKl

transnission ratios resul tan
the X-ray radiat ﬁf@ﬂﬁssﬁ@amdﬂw\ﬂmegéo d%enamel wiethdr #leaxbwetraél é?ﬁﬁt‘é eotevtially an

enbodi ment of t h@niRAY &iphi £ddic number material having an atomic number greater than a
predeterinined atomic number based, at least in part, on the second function of the at
least one group.

[0021] Since the identification of the presence of nuclear materials
{fissionable, fissile or fertile material) is of very high concern, it would be
advantageous to conduct a test specifically designed for this purpose, if a first test
indicates that nuclear material is at least potentially present. In accordance with
another aspect of the invention, the presence of delayed neutrons after scanning at
sufficiently high energies may be used to determine if a nuclear material is contained
within the object, in conjunction with one or more tests discussed herein, or other
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, of uranium enriched in the isotopes uranium-233 or urahium-235. In
one example, delayed neutron detection may be conducted if a first test at least
potentially identifies the presence of an HANM.

[0022] In accordance with another embodiment of the invention, a method of
cxamining contents of an object is disclosed comprising conducting a first
examination of an object and checking for the detection of delayed neutrons, if the
first examination indicates that suspect material is present. The method further
comprises determining whether the object contains nuclear material based, at least in
part, on the check for detection of delayed neutrons.

[0623] 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 baving an atomic number greater than a
predetermined number and, if so, determining whether the object confains nuclear

material,



4]Fig. 6a is a flow chart of an exanple of a nethod for _
Eg?gu} at?ng TRs for use in enbodinents of the invention; [0035]Fig.
6b is a flow chart of an exanple of a nethod to adjust detected
radi ation through a dense region of an image by background;
[0036]Fig. 7 is a bar chart of the mnimum nunber of |ow TR pixels
required to achieve al in 10,000 false alarmramfor various sizes of
exam nation w ndows and various standard deviations, in an enbodi nent
of the invention; ‘f’ﬁbS?] Filgyaccgdgnge ity dnpfher cbadimenf ofale ieveatiqn] £systbm &

"exam nation w ndﬁﬂbhfhl@@ tontenisidf M%Q@EH&%SA’M cBialr}i PIE a?l@gpﬂvl g?cgﬁion sour'gcia

; 038] Fi 9is art of an_exanp
Z)}O\[/?dl n]g :ag out pu@rﬁatodf3 ?\rtggﬁfﬁqtﬁag‘af‘?ihﬁ‘i“bt SAt lsaﬁb?natswce 4fter interactiod avith

wi t h enbodi nent s tfobfchtearidrasesohd d)dm‘,cto[' 20ROt FérGons1 Ghé @s@mff&rﬁlw &BQ{ESES Rf

an exanple of a l&@cnén'eg[}?&ﬁc@éml %%Lled td fe %%s?%nad GG ectorsan"?he proccssor is

nt of the 1 nvent
embodi ment programmed to process data from the first detector to determine if the object at [east

potentially contains suspect material and process data from the second detector to
determine whether the object contains nuclear material.

[0025] In accordance with another embodiment of the invention, a system for
examining contents of an object is disclosed comprising means for scanning at least a
portion of an object at first and second radiation energies, wherein the first radiation
energy is different than the second radiation energy, The systern further comprises
means for detecting radiation photons at the first and second radiations, after
interaction with the object, and means for detecting neutrons. Means for determining
whether the object at least potentially contains material having an atomic number
greater than a predetermined atomic number based, at least in part, on the radiation
detected at the first and second energies by the first detector, is also provided. The
system also comprises means for determining whether the object contains nuclear
material based, at least 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 encrgy 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. lc shows five curves representative of ratios of simulated
measurements of transmitted radiation at 9MeV to 5MeV as a function of
transmitted radiation at 9 MeV, through identified materials;



[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 with the enbodi nent of Fig. 11;
[0042]Fig. 13 is a flow chart of an exanple of a method for

cal cul ating thresholds, in accordance with an enbodi nent of the

I nvention; [0043]Fig. 14 is a flow chart of an exanple of a nethod
for selecting a [R83fleshol BighasedciEmatidveprespuiton of ardxadple af gportion of an

conveyance, in aggg sralih . A0QLRer embodi ment of the invention;
[0044] Fig. 15a is a%qgggggﬁe&o? d%nethod for exam ning an object for
e

the presence of Mfétlear et s a1 emple, ofpe apayRd elees Wl Kireyapdiation of 9 MeV
embodi ment of t headshite tireugh a pRhDE Fiagho cdbbyahd, A9 pR%BFRE fixdd anot her
method for exam le}gﬂ an Oﬁge 4C its aI}c cgcgmple of an array of values of X-ray radiation of 5 MeV
transmitted through the portion of the cargo conveyance of Fig. 6, at a plurality of
pizels;

[0033] Fig. 5 is an example of an array of transtmission ratios (“TRs™) for a
group of resultant pixels based on the X-ray radiation measured in Figs. 3 and 4; in
accordance with an embodiment of the invention;

[0034] Fig. 6a is a flow chart of an example of a method for calculating TRs
for use in embodiments of the invention;

[0035) Fig. 6b is a flow chart of an example of a method to adjust detected
radiation through a dense region of an image by background;

[0036] Fig. 7 is a bar chart of the minimum number of low TR pixels required
to achieve a'l in 10,000 false alarm rate for variouns 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;

[0033] 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;

[9039] Fig. 10 is a flow chart of an example of a “contiguity test” in
accordance with another embodiment of the invention; ’

fO040] Fig. 11 is an example of an amay of TRs for a group of pixels
representing a portion of a cargo container, for use in embodiments of the invention;
[6041] 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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the presence of nuclear material, in accordance w th anot her

enbodi mrent of the invention; (0046)Fig. 16 is a front view of a cargo
scanni ng system programmed to i npl enent enbodi nents of the invention;
[0047]Fig. 17 is a top view of a portion of a cargo scanning system
simlar to the systemof Fig. 15, showi ng two adjacent sources of
X-ray radiation; [0048]Fig. 18 is a schematic, perspective view of
anot her X-ray scanning systemthat may inplenent enbodi nents of the

i nvention; and [0BYD1Fi g Figl ¥ajis amexample of p awthod for lgganyying amplgdet for ghe 18.
Description of theeRtefrefkrd Eﬁi@&@y ﬁf?q&c&dar{cQQﬁﬁlléaath@[csﬂwaﬁﬁw obileh
enbodi ments of the invention, a function of the transm ssion or
attenuation of riBHRYRY on through an object at two different energies
is used to cl asgud4s] t he @l estis mrexamlﬁasfaamhdrragmem;rmmmg dnhBjealigrect
as a high atom 1L ANM r
material or shi gt EJJBS cocgﬁ;sugféﬁ%at%m i Iaccogﬁmg\?ﬁtﬁg (lqgér‘\ e%%o(ﬁ%&‘ﬂga\v (ragt I 0.
The ratio or ot he*rﬁﬂ%q!lth function may be conpared to the sane function

of transm ssion @gsept t enpt ll@"k Phroftashinddd O Btscdnhifg SPEM boRaRNes @i es
through a test material o af om.c nunber. Mterial may be

classified as HARRIERf qur?ﬁ%enﬁmﬁt?’bﬁ?éﬁm‘%[‘t om ¢ nunber than the test
mat eri al . The t g8t47rat er iFgl 17hiny tdpeicarnf a patierdf abargd scimninp s@teorsirgilananber
| ess than the at I d e test
mat er ial may be t?r g&cxﬁ'?fﬁf 15 %Eovﬁnﬁ#ﬁc{é&@r&s&keg&%ﬁ B 1atTJ£1ar go
conveyance, for [B%8hpl e. Fig ’sﬁnfs g ?Ph%’é?é@rﬂﬂﬁ%‘évcvﬁ“t“h%ﬁ@@d‘i feft gapfngt he
i nvention, the Ch@it&ﬁfﬂihﬂ)ﬁiyluﬁﬁed‘myelﬁlﬁdiﬂﬁdeof&m na/e:dﬁﬁlaﬁaEd degr ee of
statistical conf[bg@pce googl;awgrnm@ao h%@ys WEG. 1rgurrber ("Z") of 26.
Since typical itens in a cCarg

Descrmtmn of the Preferred Embodiments

[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 ratic or other such fiunction may be
compared to the same function of transmission or attenuation of radiation at the same
two energies through a test material of known atomic number. Material may be
classified as HANM if it has a higher atomic number than the test material. The test
material may be any material with an aformic number less than the atomic number of a
material of concern. The test material may be iron, for example. The object may be a
cargo conveyance, for example. Also, in accordance with embodiments of the
invention, the determination may be made to a desired degree of statistical
confidence.

[0051) iron has an atomic number (*Z”) of 26. Since typical items in a cargo
conveyance comprise iron and other materials with atomic numbers less than iron, the
presence of any material having an atomic number greater than iron is suspicicus. 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

i1



conveyance conprise iron and other materials with atom c nunbers | ess
than iron, the presence of any material having an atom c nunber
greater than iron is suspicious. It is therefore sufficient to screen
for HANMs, without identifying the particular material (although that
is an option). While sone HANM nmay not be nucl ear materi al s,

non- nucl ear H ANMs, such as |lead (Pb, Z=82), tungsten (W Z=74), and
bi smuth (Si, Zr-83) may be used to shield nuclear materials, and are,
therefore, also Siuswhdi, Fei8bmisabesusediaehigd ewtaceatafals) agiatd, tetere- Vs
in cargo conveyagggs: iialsh@hd pk@nde Br fc ﬁlﬁatc ﬁﬂﬁhﬂfé"‘l}?&r dolEWe b &s RIdGRENT |

t hey shoul d be |¥lent| fied on a manife car o conveyance.
Silver (Ag, 1=47)%° T §re adamise ey ?{%@“’Wdf“‘cyél“’“lq tﬁ’dﬁ%‘t‘ gdgp a mgpifpst for the

phot ogr aphi ¢ usesargd fonsévhneer Silverb@ig/mr4ghi lfda rb@ﬂngi‘l@ Iha$ Wedicd], egidsiram bl

uses, it should L ifLe addi tion,
material may be @% lgg ﬁtr'}ufussc g-sq‘r'eérlﬁhbc? mﬁpﬂﬁiﬁm%ﬁmfww 'L‘stahtssﬁ‘?“g‘}s? ®ons
and shapes in an'deﬁﬁ'g‘éOﬂ Bh eekifalg b hdditionrivtlens material may e alistinguisiedgiont | ng

an X-ray image Ofythérhmlb &eﬁ@'@ﬂé%ﬁ&ﬁ‘inmypcg tﬁ%%ﬁ/gca\fﬂé ng the mapifest
identification of ucl ear terial, decreasing R
ssdine it

i nci dence of fal %“éi Vb%%i Ps\? Y 11BEC P G TS BARECIRpRs ey éﬁ°f°53éa"6¥d
transm ssion t hrd@rgiﬁcfdipiﬁ bethe RANYRtsor tuaks naterisl] ddeasiptthenaigtess false
enabl es cl assi figakiQn of materials as HANM sanples of iron, |ead,
|UCI te, and tungsten were scanned with radiati on beans havi ng nom nal
energi es of 9 Mel%Zhpasur@dieransiraty Sl ratios of iqusmissiou thrpugh dif§erénhmpterials
2.95 cm) and 5 MaMiffekdt enkrpd ehﬂﬁb@ﬁssrf&tn@xﬂoﬁrﬁﬂtena-gmﬁ m%h@& f8R/M Was

provi ded by an I\/IB(H nat tronG | i near accel era avaj | abl e from Varian
Medi cal Systens, “Iheeie BENERET e Eard ghr “"’f"F\"‘éF‘SMg’g%‘E““flG“?%ﬁ at
8.5 MeV and 4.5 Wé\MeVﬂﬁmealwed’rwf Bdedyet CHED ) I iGnindre 2895emyynden tipvi nt
to anot her energmx&nm%&ks 2@8155 s{@xmh@tlo%§mf‘9§u£%e§5y Bﬂgg E{As‘t cﬁ% end

poi nt, data was 1c:oII } ed, and then_the sa scann
second energy endfSitrElert aa%{{a‘élem &WW@SF@&Y“@&&“&WW‘MSﬁ@rﬁifst ed
t hrough each santitevagas t@lameattsedddwyana 4BasSL aTHe MO 3y gasiaitchddl bW el de
(GdO) scintillat ers fromt osi,tj oned al ong
a central axis %’Ertgﬂg{ag%ﬁtﬁ%@m% 6 6] 8¢ i P 5nlﬁ%§ Saﬁgﬁctw(ﬁﬁp('}‘feétaﬁ’é'e Hetct or
was covered by |w@g@oinidata wescolizosd, I‘aed/thetafhfasamplqmassmr@chat theheecatlé tregty Or

was run at 300 pahlliﬁﬂﬁ awaat@%psmhe&eap%damm%m@eddﬁk@g Qkn VWaRI W4 at

1.5 franmes per on ata,acqui sition, the
source was run a e%%‘gb‘{)ptsﬁgxﬁ%é@fiﬁ@ %é‘il'@&‘f'&f"deﬁ%dog grintillatonatepidwo sgigrs

i mages were sunmieuh e emrce2@sifionahaieng a[cOBE3LSarr @:arce)letchmtronmﬂportioead,
and Incite of vaghiGieldl fnanah ek Crd illad Ukl L A6SH R aligen

t he source and t he detector “enpnt th| ness S res
di fferent amount¥@s&m & PEhatesrar gsondmtnmsa ardrihesdaipsior was i ati lnblipenss peer e

acquir tedf anddst Ge@Ed (“fps7)V IFdr t?@# BBfev dﬁamu%lfmtg ﬂlewﬁceﬂ% H%L?'c tmql,pé £ad
correct for de ni ies, and s addi tion
sanmpl es of di ffgfrgeza(%{mﬁ%?aés 'malts \/ver}ac RN sr‘ﬁ'g'ﬁlf‘??"&r ng@ﬁmﬁgt her. For

exanpl e, tungst df058hd i r Smplesr of e am dead] yndphcitedf ety hiokdesadwerdl SO,

sanpl es of Ml tipliRduaRy SlkdedlberwdY Be %@E%ﬁi tﬁé‘&etéa%tl' '?Qa &’iﬂﬁ%ﬁ!%ekné&!;eg’”g
the direction of %Qﬁﬁﬁi&f%m For -exanpl e, sten and | ead were

separatel y pl acetf*# fﬁnbﬁm“t"éﬁﬁj‘rlﬁ’é@ﬂ‘mi gashaemple.ove duegss Bge
I maglerI [ rr?ge p racp@edsdnd grosd ¢h .ain &nyi&i Eachnna&a\m,noanaﬁlﬁ@eu\aﬁ-@ctﬂfr@&éo&m
avai |l abl e from a titut
o tpt 1 e 1 o o a0 ind R, AR S of e s worp e
sof t ware known inpxttth éachlothﬂlt ofsir melﬂuslegiten aw! il Were feplritely @hraimentfio t he
regi on of interest. afso,aBmplERFeunRh wiadiak 384 pAleddnd bord h@RRtIANKL N
each i mage and the nean and standard devi ation of the data collected
fromthe region of interest were recorded. In sone cases, when two
different materials were placed next to each other, regions of
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hi st ogram nean of the image by a hi stogram nean of an inage it the
sanme energy wthout the sanple present, to nornalize the inage. A
ratio of the energy transmssions at 8.5 MV to 4.5 MeV were then
cal cul ated and recorded. The transm ssion at 8.5 MeV was al so
recorded. [0056] The results are shown in Fig. la, which is a graph of
the ratio of the 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 ener gy ofiredtidn dFERY besl. g edahle YurgXtbSand Vead &8 sdpRtely pRi0&IHeRisd ON
at 8.5 MeV, along the X axis. The X axis is sem-logarithmc. Curve A
. o1,

is a guide to the éye connecting calculated ratios at different
transm ssions, wWiPEh cor riasiporde wes modkdser primageli inkgrassesing and dvelysis

sanpl e, for irong M\éeﬁ&wsﬁrw@ém 2GR 8k & N@éanfSrnét&utEu 5 BLAN bt

transm ssions fo connects_ cal cul ated ratios. at
different trans né‘?f %d‘%ﬁ’%ﬁ"‘f’ Hlctor sramplgy; Qther psnagp, pioeessipgsortuqre kopp i the on
next to tungst enart Roldie dseds howsll. t AchistagiamOofftias regi@nck in@dest of @n nfa@e was

oy Tungst oo b ont Sl e S8 IGLRASTEChAR ALEOHE o Ral G0 TnlodGrote ™

of tungsten behin I nc ) I'ron
ratio for 1.5 i ndrecoligctd, ﬁP region tof gpssteverbeskirded. 3n savesheasss,(Wign Bvomm)

(()f76l I’ZORW; n ]c?- f“ fJﬁ'%-a{ﬁ'Enalgﬂﬁﬂﬁere Hhexﬁo%m%e:t Reiohsd .h@erés%ad%_lﬂﬁ'aﬁdgﬁﬁ

of le ehin es of iron e curves
and points i n Fi e BRI RO-Sepde ST s Gt e Sl i
transm ssi on (hilkpth aeizes wate noh Yherefore pxacliyethelsamanch bemtibt vyt ib@nage]

clearly disti ngtunsm@dqh@lkcatlsﬁte%mtse%m%cﬁie about 0.1 and less, as can
tungsten and Ieggﬁt% iron. In addition, the position of t he

curves with res to eé%’ﬁ CRASYSFITHTSRE frioaah ipgs was comppuisd by gjviding 2
ﬁt eri a: s decr eddgogrsn b cﬁttﬁnmﬁge;ﬁyr’déle{toglraﬂcm&azﬁ& ichdge tahhésaemmaéyef
terials may t 0 ssified as ase atios for
each materi al arﬁkﬁh{%tIt {hgr%%glgfé éiescm 2 58@011145"6%' © P55 f"or"’%{0 At f’% o)
iron, for exanpltansnigsiang ahEiidde™ Fﬂaﬁ SMeY cur Vs clovisted ged ssordainpliet e
transm ssion (X-ﬂahsmlglaagpgpmhaqs alsaSR3fqad 1 on coul d probably be
determ ned at hi %’%L tr Sll ons él ess attenuati onsé‘S as well, if a
greater nunber o oto %Feé“ﬁé'fee% WHI A 1% ek 15 L ERRIE tegatiq gfithe |
an optim zed systtaemlssmrofexaaqndten b 38Yikd @.nominai snetgysoff badev pé aiic of

a ratio inmage bQI-a s c%?@ggﬂrﬁ?ﬁ Qerqmtav1§ gsz? %%zfg O?Q?'%IC%F l%[ig §£Y4 S

MeV, through 3 inc
inches (38.1 MM2Xif Vergidthe tapgssiontat 4 Mihedengsthar’® anisedTheo Xt g ist he

transm ssion waseh@g-seHNc. t m;@ugmbpghdmttﬁé by%' &nne'é’@fgt daRlated Pltiof E&e

i mge is that of,, teelré % Qﬂ};gv tion i mage Is that

| ead. The st eel ed’h RS P s PE B P d’lﬁﬁﬁntsﬂéfﬂ@"%ﬁe?fé@f Sampl"" o
transm ssi on at t@nSCmb/B cagerreaaduaed ratiys 4 hidkes tecindsionsTheleddatCuas Car e
significantly d'ct)lflrﬂgtg @ﬁlculaTJaeraﬁégLﬁg Gﬁﬁéﬁt tl‘aﬂsrrﬁgﬁ)ns i Iil.L@é;ePéuﬁ IS“S‘I%WL

statistical variations in the ratio neasurement e two naterials
may be readily dit P’d@qﬂl‘?ﬁéﬂt"ﬂ@(‘?&uggn‘t%ﬁ’s therafio@r adnepigdiont Bant By
many standard dewdvatthensio Mhedmemikdia fhfoagmsm maie@mstmndqpmags&xheehmd

standard devi ati er r at 9s Wi |
toget her, and nn??‘[‘;“%%s\oﬂ% er?)c%tué Po'“% PP BHRIs lgmv&?ﬂ?%eiﬂ‘@“) of

required. | 0059]“Fﬁ$5tfm@h@51 pénchepe-2 wimy efr iy dela éﬁfblmt imtgve Polnti covard t he
detector were 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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cl ose together, requiring a wi de radiati on beam which decreases the
uniformty of incident radiation. In addition, scatter was not
reduced and the detector efficiency was low. Fig. Ic shows five
curves depicting sinulated ratios of radiation transmtted through
five (5) different materials at 9 MeV to transmtted energy at 5 MYV,
as a function of the energy transmtted at 9 MV, based on a
sinmulation without these problens. The detector conprises 30 mm
cadmi um t ungst i atados &d\matgrials| dectedse 28 i theu htarnic ongmbeciattaes, \bashis ecknprd,
the source and t @ Bef ALt R cfaéérﬁe@%fa@m%sse@&%é ARGUb: e]aa1 BRI s)

as conpared to the actual test, above terirals were
(H20), al uni num 1EEORPATERn F IRSRectis aptip & aratiopf irpnn iy Bamels: Itﬁfé’teéﬂﬁaf\ﬁ%%

are snoot her t haturien chdvergt @s tongd/ RansiifibnOURY)EE GFpraashell] FRFHMDS camy at

9 MeV increases ttenuati

radi ati on (I ow t?rg%gﬁmlggéﬁ%m}"ed%}IJIgﬂ%’?agsmés?ﬁ%(%s@gwat‘gﬁ%ﬂ gf‘?bfrr%‘géfﬁtﬁ

the different nerusbpratiphotfisaradesairdtnddiere wiesscsatien b @aptsizad system, for
transm ssi on dechg@, gs (attenuation increases), shows a dependence on
atom ¢ nunber. %?dl ti %he rati o decreases as the atom ¢ nunber
i ncreases, in th & exaQngq &0 F £ THES Phf rb RS imasechrvieR SRR Pdi ng
the | ower energys.byle¥he thnglisionenaisgysV, themh t3hrcheal7s.0 mUditstden drog)as e
as the atomc n t t
particul ar theotlgg/l'i?%&rxlt {0n10§ @Q{?%ng dﬁ%ogll\é‘%hgﬁi;%rﬂ& ONS ézﬂl S%gso {Bm%ﬁe
rati o and the at%’@ssﬁﬂﬁﬁ’ﬁér‘heﬁé@aﬂ!@gﬁ paginmeteréalsd iPpftion éﬁﬁthaimae# fsdlpt f of

Conpt on Scatt eriggi @va@b aaa?:esma{p&uﬁ‘ctih@ga iSthat @ fef £ rﬁ.efsteafaﬁérg aﬁaexead\ﬁé$e
| ow at om ¢ nunber %erl a such | um num (Z=I 3) wat er 120,

H (z=1), 0 (Zz=8)F""E¥npro i Eeartaring o &M e o Fees
hi gh energi es, sutids agessighifively ddtemqat. OThegaghdesrih Rghcaiees dub® dtdvical
atom ¢ nunber mafgfi.al ﬁtﬁ&aé&,ﬂéa&lﬁémé OWRE t»%ﬂﬁit&%;smg%%%axﬁs&&‘m ufifed®

MeV photons, at a higher rate t scat

phot ons, such asbe@uwevcbhﬁfl%‘ném %Pﬁf%fw hpiay stgdard, devigtiony  ofhere the
transmtted radiighindgichas loverywhab@ta devlaidey willik €kded hife. ratfod hwilnb N @ér
at om ¢ nunber i.a such ur ani.um (Z=92),
pai r product i Onatgéﬂlgré!énd mate < Plsatm?tccisna\{]sﬁal(aﬁal ﬁé/lplglgg%ﬁgl{ug 's. thus
reduci ng the ratlP®?l 1 n adlrdithmcmvnmrhelewaheﬂ abaverihodoutch endr e Heectas weres s

sensitive to Chﬂd]‘t@@ﬁ;gbtﬂereia@xfu%g d G«ﬁB%aﬁ&! Kk, \BlﬁéxucleEﬂei&gs !h@ uﬁifo?:ﬁi%}' dey
flat curve as ener(%ét)trlg&ﬁsm ssugn i ncreases. la and 1

c, if iron (Fe, & o A AHpy sty gpReot reﬁ‘t‘%&?‘%" e Hﬁ@foré%ﬁﬁy
mat eri al s commoray ldwo tiigd 1¢ showafigouronipytap siesiated satmmﬁhdasiorarahﬁﬁted
material, cal culighed 4@Y5Q8em: Eﬁ%a&ﬁzﬁ@at@hﬁe\f ﬁ)tdagsrrmlgﬁgil e‘h&& !atss aﬁ%t Ive

of ' the presence of a materia avi n

iron. As di scusdBytigheh/ee erapay] t@aﬁmftﬁtdeﬁh? ¥4V, fascdppyo S%Wewafﬁh@t these
conprise iron arpebbmntaermaf&tea&blab'snpmets Bo aﬁ;pmoﬁudwmg&l&el(@&%ﬁ hag gl r on.
The presence of ;an atur)rnat er al ﬁa atom ¢ er than iron
is, therefore, SUSPIcrots” I”ﬁsoré‘%’]o 315 o4 a&?ln 8te?i?r °r% TRt 2 g
the ener gy t r angsHowsionetérpoas caspsed(th 6e actse tdsthebonat Birei radtsiaBrvere water
thinner), the dig cgrﬁmﬁﬁu@eﬁaﬂesaammeana%mog ;sid?crtcgf TLELEAL o Bhh! S

decreases. Wil e . la and | e show ?r eat er erences between the
rati os for di ffé‘?aémth"efﬁgﬁé‘?ﬁ’sa“%miw%‘m rafispissonad 9 MeX igsyeates.afysapesiton

decreases (for m%dﬁerflulaﬁhj 6CIh8 incidetit rla&atl’c}@t(@d ttdﬂﬁﬁxssib%) ttﬁkﬁc %gﬁérﬁhéantd
transni ssion get er ns, per, pi xe etecte
This may incr eas%@ & &Pl ﬂﬁg@gm%*g a‘?‘?‘ﬁfé n@é? EfP%rﬁfloP‘a}F/“ihﬁE IBEEFE4Si ng
t he accuracy wi thnswission deercesed &ttenuptiop bbaeadis), f bpentai &pedencEndnogbmient s

of the present LRMRAL IRRIACSHO Ml radcOlicclehtEs A0S YiollRt AmbSt iﬁérlaa.%és' E‘lathllsy

[ 0063] I n exanpl es of enbodi ments of the present invention,

rel ati onship between the ratio of transm ssion or attenuatlon of

radi ation through a material at two different energies and the atomc
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an object at l|least potentially contains materials having atom c
nunbers greater than a predet erm ned atom ¢ nunber, which is
considered to be a high atom ¢ nunber material ("HANM'). The
predeterm ned atom ¢ nunber is selected so that the HANM nay be a
nucl ear material or shielding for a nuclear material. [0064]1In one
exanple, an object is scanned with at least two different X-ray
energy distributions or spectra having different maxi num energy

| evel s, which isexngle. riéttermidwssocakslated thp dividing e Iowaedﬁenglef WHeCifigher
a2 0! Joner gt Rl bk R0 S0l TR B St gl e 5 WV and ¢
t hr ough the obj clpset ¢ he‘*"tﬂm;t!a‘t bHirfef ot to f@heﬂgsyllaeﬁﬁm ihisdelisyedribetsier ed
by detector el enatisns@ih b8 @6 A6 284 Eh@)émﬁ&’s\ﬂjuﬁs&;i :@Ehltmxm&héaﬁt}@nual
detected at each_gener entd oi_nt af er b@%t&u{} mtted th@ h the
air just before &AY ?é&‘f‘l’gﬁ %alﬁgr"’ﬁﬁl f B?taFP‘?rE‘FF bEAMO™ or
exanpl e, for useatpmicwmierd mzfamfa)fsuchl\larmmnmt@ﬂa) fuar water (H0aHgA+19,51 on
is optional. Eac e r i I

path through por?l(%l%? g% tﬁr‘?kc@g@ﬂ% is tﬁ&(%ir)n rrr}ﬁﬁtﬁﬁ&%nﬁln A Hi fi‘ef?é?@%s sugl?%m
det ect or el enent ? MRV pfBnetet FCSFF"% caufe the Joy aé‘t"?‘%)ﬁmibﬁfam@?ﬁaistﬁe@ﬁtﬁr bwgr

each beam path, @®izp photsnsf firBas 5MeVT bR 6da h@heasatama;pwészIseaachm.:r

surface may corr Sur ce of the
detector array, %ﬂ&g%ﬁm&% g'l‘:L gtw%gf &8{??%"&“’“ f"gfeaﬁiéff’?%lateo °at§anf‘§1 ¥nown
inthe art. Eac hfaé)‘PB@@Iﬁ?fr%ﬁ‘y atewicmagpro mefeials. Gpvchigher apriengdeauitiails, such

el ements of the ﬁaile&t(gﬂn@ﬁcaymmhlﬁ 2@2} %gsroli&tugxe&%@?e%ﬂwal\%'ﬂﬁ%é,hs an
optlon but is not re resent Inventlon

| re
the pixels may c9 “F"rgé dt{"t‘f rfﬁe“>°<‘8¥ @F‘GT ea(a?"ﬂ%?gg’ B’["Gﬂ%‘s‘]fﬂ“’frﬁﬂ?c‘f e®n’ of
the detected r adseasntwomo diangeklei chovgy nhnﬁxﬁmoentsumngrrgayncaxe,nﬂhnmrﬂts etiefg’y

correspondi ng pott;atngf%g&o qﬁcr%gg@éel s is calculated. "Correspondi ng"
portions or pixels resul romthe same or substantially the sane

beam pat h t hr ougi%lhe objle&igsdpned ! Heropife &r26).swhishpias sie| hjehbst atogic

nmoved across a rmbamg%mtauémﬁ@1ﬁﬁmnhag oad?lecﬁmge% us8BYs pesz
noved a sl i ght d| CS ﬁ

| d second
energy endpoi nts. r’recs'”gagﬁlcff‘th(’é cﬁ? ‘éplt fﬁ’8‘3 s ‘?#@P\é“f“’gq‘@ PregREC i ved
from exact |y thengaikhdyéamnanpaddnkic mhnlmugrhattrhancmngoﬁsoﬁmmguemg typical

Preferably pixeligndia Eé?ébsdog%ﬁgc Er&ph& irofi QAd GRP %ghéﬂgwlt Jtontt E%nrxbers

respective beam pat hs through"the cargo conveyance over
| east one-hal f, EF{HRBIH Tlm)f%?ﬂée ooty Baeqis] Vidpn apgyic wmﬂr@eter ﬁlﬁetron
pi xel s may Overha}ﬂﬁebaYor& esspiclop@n half. It will be appar ent to those

skilled in the hat i ertain cases if less sensitivity
and speci fici ty%&&} be toIl'ge:":lgta(g?:ll loalsy ¥ 8‘3"65%&? ﬂ‘@ PR [rsHgyjopigereases
proxi mate to ea(,(lalef’@ﬁlshéhe Togthriaks ae ghiresly the détftrence beteerphthotatien for diffdremeed
not overlap. [ Qﬁeﬁcﬁﬂaﬁﬁe&hﬁwsﬁ?ﬂﬁk ﬁx@spYz?andt RE&nEW BehbOR BN cPfetbeh el O

bet ween the radi et ected at her ener ndpoi nt (such
as 9 MeV) and trféélof a |a&fr8lﬁ Efgteg ‘E%S“E%t é’s i \h/‘@lﬁw EAEIE
(such as 5 MeV)thidser etijee).itds saed thaoss tieseatrpl teansnbssioh géts snadllerofeiver phadrer r ed

to as a transmi Sp%xl 1K1 Fn@,lf deeﬁec;EB s Jé} dﬁéaa%e%e}a’lé"%h&lg in oﬁthc mcasurgd rati

exanpl e, transmtted radiation ‘detecte er ene d?jm nt
is divided by t ri§ieasing thegoqueay with Wehdeatesils may @tdl@fﬁnéw E@rbethg;ms of

endpoi nt for a phdgraksit ingesion waJnEﬁmaﬁhlﬂga@ls%@dt@au TRs for the
corr espondl ng pl{mhs r ef[ r?‘ldles 8" emgoch E g}hanr[cﬁ m%e‘mt%ﬁﬁ ééllaglonshlp

pi xel s, may be represent ed qSPgh array
(correspondi ng t&"etehs wte eifynmyssion Pmﬂmawwhraﬂiht@n[ﬂuslgh R ongright two

respective resuldmfht Rbsek dnd thRdfatlinit: d?ﬁ@%}d{chélgs @&ib a&&% whether
transm ssi on, r adi ?tl Or‘i atteny tion may be neasur eé usea

ratio. Qther fudBPREHE" st PakEtzly eoninganaeplp havegeoes@awebes graqﬁerthana

asymetric paraneter function may be used, such as a ratio between:
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[ 0068] Preferably, the test material has an atom c nunber equal to or
greater thanthe highest atom c nunber of acceptable materials. For
exanpl e, radioactive materials, such as uranium (Z=92) and pl utoni um
(Z=94), are of particular concern because they can undergo
self-sustaining fission reactions. The test material, therefore,
preferably has an atom c nunber |ess than the atom ¢ nunber of
uranium As nmention efj above, |ead Z 82), Sr‘fgsten (Z=74), and

bi smuth (Z=83) ar® &l oot dfa?fB‘ﬁé’&P‘He b‘é&‘&wemtl (74 i \pe Fehigls sgmiconustipre| d
radi oacti ve mat erhatrial NNNDef Breaptdgiemtifed d@sd nifbeeid dlectehab efonR
has an atom c nunﬁ@@md R, V. pr ef ened
that the test nmaterial b?a’e%ron Jrgﬁggﬁﬁ&vﬂél@nﬂmsa"%flﬁ mﬁn}lgﬁﬁest atom c
nunber material c8Mfbniy fﬁbefmxwvlq:arr@imt@mﬂw&wbgt leastbwo WifpeeneX ray
Significant quantinbpptoriapRer sdeémaﬁ)mg?dgﬁer&'t Rt amﬁg%vewm UEVC

atom ¢ nunbers cl 986, & used

conveyance or ot Hér sutgﬁs ?5‘85’”(%’3% Or PEt AT a?gj?’ilf&ﬁl"fﬁﬂeﬁb’ dﬁF@H*&F@@ that mehii ch
may be det er ni nedebasidacholn SV md EBEV, DMeY hfd TREYand GNVEY ancs, MEOr
exanpl e, then a tﬂ@@ﬁﬂg&p hass astic, such a
Lucitee or Delda may he used Igdrtg%ug' &’g&iecpz{t%ll%g‘ﬁgfj]ﬂgrf%o?ﬁa SRS iSaI s
havi ng at om ¢ nufiaHEd éé&f%“ﬁahmffﬁ%ofﬁ&ﬁt@rtqram Fedigtion cay alsorbeydebetedis ed

in the analysis @ﬁchowxgpembﬁmeyaaaﬁﬁg @@ﬁhaﬂedﬂuﬂﬁgiaﬂl&la&ljhs& WEBLe aggﬁgé

as, wel | 00691T esul arisp he, TR of the piXels
to the thgeshol dQthlrslﬁgl%%&mé rgc%"ﬁ’v\?l ey frfé P Ui demeplizatipne

material in the VErialigatior femar diijsadssion rl!av;mon Hayh tlétectorackéngni @eizeam

i's above or bel O\Mdtahat alétfg atbgﬁnm{@;oh&lpoggn 5@& ﬁ%h‘%%{“’ﬁgsf“grp" %%:)e(lzle

where the TR is %atl ted by divi

by a value of a Cor roés it pT"&\F\""érPé%ﬁW‘bﬂ“ﬁ’éFmSWfﬁe@ hl@ﬂgl' fRch éﬂalnewﬁl
than the threshobue atiére, ishefervel toes pixelaVEiS@tedfast dBeshardi @kl &7 pheans
resulting in thoge, @ik i GO rlses

havi ng a hi gher atonmic ﬁ%ﬁ%ﬁb?ﬁiﬁe@ﬁ;ﬁ%&t@f!’éﬂy R Upves orﬁ?‘aé‘ﬁ’Le and
is identified as%f m‘c’é‘ﬁ@’c‘ thy apo Eahrixg) mWSW&QMIOBmmIWMrWMem
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for exanple, whic¥Hingtheipbicctmasecht meptvesaeslicld disteuck berweca: schisihg @RI and
techni que for i d@ﬂhﬁéwrga@napomamoﬁkéamdﬁlg%(@f@ﬁ{ay Rcft, tF% @% ﬁFdePQ% dmon a

rati o of X-ray radggﬂ on det ect eg at each energ P!J 's an
i mage 10 of a pofti Bn ofE W@Vﬁﬁtﬁ’é’%ﬁﬁ?%’ﬁpﬁg o eﬁablémmﬁgre an
i tem 410, and seloesideerd tpibx Etosiespbmitrigti € thgr debpedsvé babkd pensPhs@hSndeardd F
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bel ow, is al so ghw;ﬁsrqqx@vgr}ag@y Isps ‘ﬁ%é‘alﬁl&élﬂéﬁcﬁw}wﬂ@péﬂ@ sitled inehesitz e

and/ or nunber ofthadé e@tamr caﬁdsefﬁaﬂiﬂa§ zfclgdmédsﬁbfﬂganfdhsﬁcc%ﬁtf% :)Hgntb gr?t@c‘i ng
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si ngl e det ectop%e eén%l & Bm G &F p@f‘gﬂfétt‘éé"’l‘:&”w@ﬂ @iBlatastew| pixelspé each
exanpl e, the si Pdependngednodescdat or el enent and each pixel is 0.5 cmx
0.5 cm [0071]1f the radiation beamused 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 di [Srensi onal scanning arrays
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and analyzing TRs that nay be inplenented automatically by an X-ray
scanning system In this exanple, transmssion is detected at 5 MV
and at 9 MeV for a plurality of corresponding pixels, in Steps 801
and 802, respectively. In Step 803, the TRs for each resultant pixel
are calculated by dividing the measured transmtted radiation at 9
MeV at a pixel by the neasured transmtted radiation at 5 MV at a
correspondi ng pixel, as showmn in Fig. 5. A current resultant pixel is
then sel ected fol%8flal yvsi4s dijchssehabpregibsfindtion mpy be cenatiorbpitesen tha gediation
resul tant pixel &tdc&d%ﬁ&l@&tg&geneé?rtem @ﬁr@lcgaéc@f«lem@f{e r%ﬂzo%ét@tc&%e TR

of the current pi E’ sel ect ed based on the detecte
transm ssion at SAEVEES¥ 8‘P BATHYF I & viee yere &3 cxnomle: [Suchipgitiope
necessary to cal sutfeted taps appisnGsitl tid {TRYhGodalbise ded® inheepmbat i Ng

stored threshol dg, ; . Ith|s
selection is bas%él1 Ig!?ltedt %%g%oé%g%ti%% {hggi%ﬁs}?ngn§§ %wat %Q‘\&ﬁfﬁ’y t?a%“
based on the det @ity deteciprsip daven enesey emipajpifor 4 plweliaaf cwn@o@mg@e@led

threshol d in thiBReamPt@rek@ndlagdfixels| RRAA th bs ‘Fr&uﬁalﬂ?ﬂxéi@to?j’u@ pﬂéﬁ may
whet her the TR o% t he cu%rent resul t ant, er el ow t

threshol d of 4.35 “PRELE 8168™F it ?a‘?x qcésszg"‘f“ﬁ%ﬁ’fd’&g S‘Sth“trﬁi"?
condition is sat gsspfciated wiRghaubasitiots qfi spéotive wamanttpimlseﬂ@m&d ob eatringANM
The pixel is m&a@ t@fnf Rt s‘d?&tbfflt, klﬁ ]ﬁqu&

the array of Fi g(.A ; in ] fr 1 tte W E%’Je ete Jagaﬂhgsceé%@ﬁ%u&the
resul tant pixel A'¥s Fcﬁ‘é?“ﬁ may bejusedy ast BclbeF"a’n‘a‘F?E BN PHMBEER paREeter
Since there are fotdtier may beaiss, mmhMrarma:hgvzadl)tﬁd”cﬁergpmﬁctcﬂmﬁrﬁ e:ﬂ:fgty

For anal ysi o, andiit M Becbied Sebdeoh SR B el SRR o 2Pl Bty
conpl et ed anal ysiected atithrefirstrgergy endpqint pis Ehe)@@flfw detﬁﬁed l!,fd'rrmhemnd) prefem

Step 820 beCOfTESenH;foﬂﬂ? as dihke “ﬁék&kr@&Ect&a' r%cﬁ&noh %t T9*M‘ev| a%m&kmamﬁhﬁ
pr ocessi ng st eps

eV) (g tmatdho g@¥ de con duct ed é&/ a processor,
such as a comput T §‘ifié?ﬁ?ﬁ"ﬁ§ v SR #trns] ¥ B lighEee- of a
scanni ng syst em[mﬁyl be i fic pabsigoknizyof ot thuetibn) ghe ARP e S@AIGND yixdd Gran
techni ques to d%Bﬁﬁﬂmxtﬁl\éﬂ?ercmrﬁli{cﬁ& ﬁ%gyd%ﬁratc%pr%tgrkaflﬁav%g%he r%"eanpmfm ense

regions that warrant further exam nat
tests descri bed BN Ymies e whink matedas arp fonsidered thie HHNBEY ?mpyt!qbass

through the sysﬂmathtiﬁédLHaﬁeheenleegt aa,aénlxﬂiamerﬁh@mg RSE MterBRWrith |
conpri se scannin é V\Ath i an beam havi ng one of the

ener gy endpoi nt sgpfﬁgto t%f ﬁ’l“‘é%@‘r r‘?&‘i" AHOBBmNIE 2 Beshald; ek i s
preferred becaused the dricerige may &k Iwhethwrrtke TR ris dHovey er beldve theabradhbld. My be
anal yzed for radiakh@ 'ﬂlaﬁbé Mhh@& éafcmhg,@'aﬁ We ?é mhé ?@H {1% tr\éa%mﬂicd

possi bl e suspect g teng his na one automat |

conparing the d&IEpEH EWWVBFPe’@P’ endpoipts asdt used ptfhesyptep éosfﬁ%ﬂﬂﬂ"bJFcér
exanpl e. | nages undey ilgecipanfer Gt ecul@angivis siibd by menadl AR chsulfst ;maislmay
[0076] A radi ati

i nt er cept backg%%ﬁ%éﬂ cﬁgtsanétl@%l? %{k glgnbgnorf:_kgﬁf%lﬁ,p e:l nt’rf‘é%glglfaglzéa Br
manuf act ur ed go&WEacieRzs thefest Rigee. aﬁ'iﬂfet?blYHéNVﬁ@gﬁt’F%isHQde Phax integral or

sensitivity andnspReidhi :ﬁlhibyr c@fataﬁd@ﬂ dm&mome ms 1RRhidRQ dBF¥d stum
i nproved by nor rrac} izin bac roun

of the suspect
separatel y cal caf tslfcﬁlggr{yhe It'I' %TO 5‘5 ploxglcuige tg cﬁa HlA_‘A "
enbedded wi t hi nthidkaesks @i direotash dienmt émceaﬂra,nsrzlmmdraw wlh-ethtcmﬁs iprtiduiael
radi ation of t h%r@ﬁ&@ﬁe{;}qm &Es’uﬁ\!ed %%eﬁ%pﬁt@tﬂﬁ s&%gogs%péa% o? he

for a conbined sus ect ed and round material occupyl
same beam pat h. Eﬁwﬁr‘i‘cfiﬂ P 35p BE‘@S ggﬂ&“iﬂéﬁﬁ’ﬁﬂﬁﬂ%@gh@ﬁ?ﬂm)’ erfippinte
art, such as segﬂeﬂmm @iy, betude! tb elbackad hRshoRf THERGEMiELE 08 Mel AL 6AL I Ve
of a possible I—@gélg/llm be identified with respect to the background.
Such dense regions may be identified in a prescan of the object being
exam ned, at one of the energy endpoints, as discussed above. Then
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[0078)Fig. 66 is an exanple of a nethod 850 that may be executed by a
processor, such as a conputer, to adjust detected radiation through
suspect dense regions of an object, for the background of the dense
regions. A dense region of an object is identified, in Step 855. The
dense region may be identified in a prescan of the object at one of
the energy endpoints, for exanple. The boundaries of the dense region
are determned, in Step 860. Inmage processing techniques, such as
segnent ation, ME8h ar e Pylirabli theviest materidh basantatomimguniter enveldp of greater
exanpl e. [00793gEhe. backgy ‘Bl-gﬂ@t Qfordidh ﬁuﬂﬁp %? aéﬁﬁthﬂg n‘xa%en'age Nfidy f dcich

Ie,
Step 862, and ”éi? aver a transm ssjion_throu ground arta each

ener gy endpoi nfa%ectE{g 1FréH° @W@@ﬁz@&aﬁdﬁgncﬁ}%@g%ﬁfmw The
det ect ed r adi abommfbeufau ahdy cpi wbrgo felt N@aicieNSRion ALRRs. Tﬁalt&hmht&ﬁhk udes

background al o I3 di vi.d he aver t et ed
radiation tr anggnr d’?‘?%%’%oﬁgﬁ aflﬁé)mﬂ) NS §Efﬁ§}/an3 © 3R 0 E:i“ram"m
endpoi nt, in Steme8t@ed Tbnyerleml(E82).durghten {Z~a#)s midt Hishilr GeBBHtaroeiscoff t he
dense region a c f

e o Oggﬁgﬁgebggﬁ@% SRAROLE 1o sﬂ%ﬁg%mﬂ\{aﬁ%ﬁéﬁaffo@gg r%fggné‘{
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and speci fi ci t PEEPALCRBTERY ST FLET80 RO RgEoes AR gﬁslbﬁlﬁ@ﬁcﬁﬂgq%@%ast
potenti al | y i ndlbmﬂt {Z#e9)ahd ﬂﬁkd‘M)bﬁElﬁfha%‘lat&rﬂe nﬁ%%ﬂdsswﬁroﬁi may also

i ndi vi dual h 0 fIC rtlc r
applicati ons Eéng %I ﬁng{?{% fcoé@iangn%reg}%rl %ﬁh %béec cu[n amfﬁ%’ f‘ﬁ@" Pc e
t he speci fi ci t yhighthay bhddtarinied asest ontahmhesifefbforthercang ¢cgwywe,|fmen§§é,ng
the nunber of ReXghSesRi@baedha b PEQGES i, SRUGR [te® of 099911%%@ el

the scanning system nmay further analyze the resultant dat

accor dance wi t HsefhdrBnioBBe nRifles oppther H@W‘ﬁl\? é‘ﬁ‘tl‘i‘&)ﬁ"mﬁ%@??rb@éﬁ ’@é‘} By,

The Exami nat i omaiiididofcohesh nfad 88 biddrn eRenaiR06H dRBtcofleydnba doftdmiLi ON,
t he nunber of 5) melk%lhav 4.ng T TRs bel ow the threshold (" row TR pi xel s")
contained in a% o ?ﬁﬁo f ﬁ"l el s having a predeterm ned area,
referred to as{déPlexan Tt newit ofithn dowyarisos obtha FREthe pikhle teetiatinesiaid ion

wi ndow may be ﬁldﬁ?twe)ﬁikwgéthé él&' L%&'JHF(H miftr Qfﬁgginai)énag 119%%%!:%@%% {hﬁ oggct

pi xel s, for exa exam nat 1
Fig. 2. If thetfﬁ@ﬁﬁfé‘i’y by ratim@mbew ipRbgyE eidtelpv thatpﬁfée wrigrd! abthe o5t pwpcndow

exceeds a predgiRd kO WRbMRETIRNS caloliBfed mgaeaﬁescsﬂ%g%@nérgy Rl bya
present. The threshold val ue (avera e gl ece_m nus/plus a

val ue of st and ¥ Y& rraeseeiing loy ﬁ’éer@ﬁ lﬂ’%\ﬁ tg? E% 1s lﬁ?ﬁf e thyesotfh fen
number of | ow {BR vplukek Srab@scdebychin Shdifios beans haeais fBghofeepitdtO s Rag UCH
: Pﬁ‘ést Pﬁepaﬁbab&é}futﬁ/yc EL rlsee%1 3% xalg)'?\gl lﬁer atomlg'u ;bhe?thglﬂ{ e%lt teﬁr Ig% uE,I on,
(i ndependent wiesigipasandds ngmﬁgcha;raelcast a potentlal HANM Materials below that atomic

number are classified as non-HANM., In the case where the TR is calculated by

=
Qu

dividing the value of a low energy pixel by the valuwe 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 potentiaily 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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common pi xel s) having at | east one pixel below the threshold, is |ess
than a desired sensitivity and specificity. Selection of the size of

t he exam nati on w ndow and the nunber of the standard deviations to
be subtracted fromthe average TR of the test material to calcul ate
the threshold is based on the follow ng statistical analysis. This
test is referred to as "the exam nation w ndow test." [00821The si ze
of the exam nation wi ndow nmay correspond to the cross- sectional area
of the smallest “HigNG SiFcusssthakavn desrebes o dual seesgyripchjaueyfor deRtifang agmeaact .

HANM i s typi cal laypnSenuggbed marrii IB&eISMQmefXQay&MEEdetéE&Q am@%ﬂ@}' on

w ndow may be t rgest.. square fi n a Cross sec
that spher e ondBPhe s ifom:af Jasehdd oFgin b Bufb ok SolrdRa”
t hreshol d val ue itamd0% awiten Aidnandaektsted piyéls, ricladihsillpwraidne pixals AL ByfeShaot d

that if found wig ITﬁeepu&pmswemﬁﬁrﬂ@ itk 4@AThe PRETECERAMWithin thdRerdTB! kRSt
standard devi ation ,is, chgosen because as the nupber of standard

devi ati ons i ncr &&ugatiop ﬁ’é“dﬁ?’o aserssgdyin grtaibbeloss FAtoeshewty nfle S 96 the. ANM
decreases. The theksinglddpdi dn MheiAALRA/SHUTRBE o8 H&ectdl @Re8ntS békpritingthe t he
probabilitythat (o] et t detection criterion timnes
the nunmber of ing @%%h@"egttﬁy X Fﬁl“l?l% %ﬁmvﬁ% AES ?{’é?yzeﬁa (’sonfsgg'gj ¥ Flan a
desired fal se alsimglmdpteate. ﬂemqrrrexawmbeeefiﬂﬁe%tﬂ elepertpt libine eXagiploethabizeram

rate is |ess thasbhldetbaorle%emlaecsécﬁ isd slch xB,sQR0 1S preferred Less
than 1 in 10,00 [0083] 1 n one exa t est

i_S. nore rre
piece of iron i 8003 i]anned“p% ‘ﬁ"é“’% i “F‘W)" ﬁﬁPW’g@ﬁﬂﬁg‘}z‘ﬁ‘&waFmﬁﬁl N
be used to scan femd:tegm, Hip Avetareastive pl 4 mm:mmplammymgawatecnma[[he
TR nmeasured at H'in@f\s?%%!ai écﬁmﬁlg gé& &t t?o l’ﬁ’l?’l g @ncq%gancc If

measur ement of t e iron- For eac €
non-i nt eger nunther pdigfonshean da p dortekemms Flér?sls b@k@%@ih@oﬁvr@rﬁg@eﬁ Rroof

the test object duﬁaﬂﬁérﬁl Mdntnggﬁaﬁeﬁftﬁ?m Lebitnthg rtlﬁrca.r?b ¥fbeyalRe tléh h ?t a
n nUS a Iven

si ngl e neasure Wi | |

val ue of standa Hew at ?%’h%’" ‘tfﬁ@ téaf‘s&i"f"gt’?‘gaé‘g n deteried Al thesh &gl not
due to the preseixele acf sthibd\bs avtdyt ér méhbry pi xetsniag eysexaf: pedsssibgher e 1 S
a probability " BrocdhatsuRebdpudd” Fzgfl:i i ;ﬁ%ﬁnpﬁ)é c?f‘%lp&ﬁ%\ﬁ laflang a}l?)? l.ré?lygst he

t hreshol d, al so gﬁ“& to statistical Tluctuations
gi ven by the bi AbRIAonErEy dobrgied gfd-plussifyjolpixely for mgiinfion ofy M"ﬁrm’@fm’“f / N- a
[ 0084] The pr obaldirdughy pbfttoeweayar@nx&ﬁﬁdy&de OBig G0 Bn éﬁiﬂ'lp'lchﬂ'l’a&foﬁésﬁonbﬁg

cal cul at ed' Tho§§| yvra J%100 cfc(a%ctc %trég‘rtreshaXuég q_llxelimfor ra%IXu rans tpeg%]ti}t?‘ul% i ty

of occurring st |ca Y, her ave a
being a true HAKW caf@y"@@e}’P@erﬂtISfM@ﬂ thrgngh the cerresvendmg pertlon 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* is2.4 x 107, Since all measurements of transmitted radiation are of the same
order of magnitude (107%), that term is omitted hereafter. Fig. 5 is an example of an
array of the calculated TRs for the same portion of the carge 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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false alarmrate, "Fra", for a given situation is set and the
probability of all the low TR pixels that would seemnot to indicate
the presence of a high atom c nunber material is evaluated. These
probabilities are added until the difference between the sum and
unity is less than Pra. This sum of probabilities corresponds to the
nunber of low TR pixels that will be fal se positives. Any nunber of

| ow TR pi xel s above_ that correspondi ng nunber indicates the presence

of a true HANM PUOOGHE PECTeRuiRg hixels-s Stoprd0hang 802, eespsetivly. it Freroift-dhed a
threshol d equal tRs fdieadvenige phidl hr@lcaltulf i dviging ¥R Btk Asmitted
et at1 ons, 0o B PLONE bt Bl o il Wil 6L £ e
probabil ity P(n/ dyregpondimmiired) anshoivx &l Fig. Beh owrdnbhresuftint giséldd teni saledtdiieford X
9 wi nd_OW_ d!"e to %?Elb $ ‘s@f?‘!;osf llyﬁgs%%n{.éﬁw&c ¥e§ul’£a£]t pB&pALgs]s)zleééH:nAo&reshold
Probabilities 0 or cc?nmspgris%h ]{gt?xghcle({) bfz t%c gurr%ﬂti?xllll is preferably selected based on the
detected transmission at one of the energy endpoints, in Step 808. It may be
necessary to calculate an applicable threshold based on interpolating stored
thresholds, as is discussed further, below. In Step 808, this selection is based on the
detected transmission at @ MeV. [t may be based on the detected transmission at 5
| ' MeV, instead. The selected threshold in this example is 4.35.
[0074] It is then determined whether the TR of the current resultant pixel A is
below the threshold of 4.35, in Step 810. Since 2.5 is less than 4.33, this condition is
satisfied. Resultant pixel A may, therefore, be an HANM. The pixel is “marked” as a
potential HANM by flagging its place in the array of Fig. Ga, in Step 815. It is then
determined whether the resultant pixel A is the last pixel to be analyzed, in Step 820.
Since there are other pixels to be analyzed, the condition is not satisfied and the
method retums to Step 805 to select a new pixel for analysis, and the method
continues. After the computer has completed analysis of the TRs of all the pixels, the
condition in Step 820 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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2 0.2722 0.7197 3 0.1669 0.8865 4 0.0757 0.9623 5 0.0272 0.9894

[0076] A radiation beam path intercepting an HANM will typically intercept
“background” material, such as agricultural materials or manufactured goods in front
of and/or behind the HANM. The sensitivity and specificity of the scanning system
100 may be improved by normalizing for the background of the suspected HANM by
separately calculating the TR of each pixel of a suspected HANM embedded within
the background material, based on the transmitted radiation of the background
material and the transmitted radiation for a combined suspected HANM and
background material occupying the same beam path, Based on image processing
techniques known in the art, such as segmentation, 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 being examined, at
one of the energy endpoints, as discussed above. Then the transmitted radiation for
each pixel through a dense region may be calculated by dividing the transmitted
radjation of a pixel through the dense region by the transmitted radiation through the
background, at each energy endpoint. The TR for each pixet in the dense region may
then be calculated by dividing the adjusted transmitted radiations at each energy
endpoint, as discussed above.
[0077} In order to have comparable statistical accuracy in the TR values for
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 § 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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6 0.0080 0.9974 7 0.0020 0.9994 8 0.0004 0.9999 [00861The
probability P(n/81) that eight (8) pixels will be found bel ow the
threshold due to a statistical fluctuation is 0.0004. The sum of
probabilities that eight (8) pixels will be found bel ow the threshold
due to statistical fluctuation is 0.9999. Therefore, thereis a 1 in
10, 000 chance that if eight (8) or nore pixels are found bel ow t he
threshold, it is due to a statistical fluctuation and not to the
presence of HANMbiePhis ddeptified e StepBe The getss rpgionomayf i) idratifidddn apresseneofpPr a.
per exam nati on Mk BigQat one of the energy endpoints, for example. The boundaries of the dense
region are determined, in Sfep 860. Image processing techniques, such as
segmentation, which are well known in the art, may be used, for example.
[0079] The background of the dense region is identified, in Step 862, and the
average transmission through the background at each energy endpoint is determined,
in Step 864, as discussed above. The detected radiation for each pixel of the dense
region, which inclundes background along the beam path, is divided by the average
detected radiation transmitted throngh the background, at each energy endpoint, in
Step 866. The result is the transmitted radiation of the dense region at each energy
k endpoint, without the effect of the background along the beam path. The method may
then proceed to Step 803 of Fig. 6a to calculate TRs for resultant pixels of the dense
region based on the calculated transmissions for corresponding pixels, and to compare
the TRs to thresholds.
[6080] The sensitivity and specificity of the determination that a low TR pixel
is at least potentially indicative of an HANM based on the comparison of individual
TRs to thresholds may not be sufficient for particuiar applications. Embodiments of
the invention seek to further improve the specificity and sensitivity of this
determination by increasing the number of pixels analyzed. A processor, such as a
computer, of the scanning system may further analyze the resultant data in accordance
with the embodiments of the invention, described below.

The Examination Window Test

[0081) In one embodiment of the invention, the number of pixels having TRs
below the threshold (“low TR pixels™) contained in a grouping of pixels having 2
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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based on eight (8) or nore pixels. The probability that nine (9) or
nore low TR pixels are the result of a statistical fluctuation is

| ess than the false alarmrate Pra of 1 in 10,000, in this exanple.
Therefore, to achieve a false alarmrate Pik of less than 1 in

10, 000, per window, then 9 or nore pixels with a low TR need to be
found in an exam nati on wi ndow. pOs7lFig. 7 is a bar chart of the
m ni mum nunber of |ow TR pixels required to achieve a 1 in 10,000
fal se al arm r at eCBOnf Rivels) pving 3t least oreinst belovathe freestolsh isbss thons desiref

standard devi at i ﬁﬁﬂﬁtmﬂyfan@ BRCIEAHO Sel8ctdn behabike/dtlme ekafifkRioN WHASY afdf the

standard deviatio anpl e xam na W _ndow

size may be rel a{“fr@’&( 9“8?1 F%%Srg)dsmﬂoﬁset(ﬁ’ﬁg@trﬁ‘gf ﬁﬁ‘f?faﬁﬁ%é’? thg st

pi xel s required tnatemarhch @h:txhtelfh%l‘wbﬁbidushasedfoaﬁse’olbhrmg emtistitab arfalyais.cTHanges

by only a small &gﬁng LJ% ka?rﬂna?fm»@mﬁ&v@&@ét)" If one uses a fairly
andard dev as i ni

smal | nunber of st I ons s 1, then the m nimum
nunber required {0883Indi cathe Stzﬁé’fWe@@h@@loéfW!MNNﬂmwaeSpaﬂtfbdhﬁ pss-

false alarmrat eseE‘dio'aan@ea@ffhamﬁméstmmmefJo%ﬁi:h@me@éanﬁlkgesy&&amm&éton

st andar o aevi ot 1 BANPDBBicall ey e hafeiss piert e AR NI B he
false al armrat ebihy lagest qyare Qg0 Min ANross setionBofXha8sphrere.r Dxcevthanslioduw
si ze, 24 pixels ﬁfc%aﬁ 63k EHoSE; onk ORREE Iﬁ@esm&%d aorﬁ']ﬁ Q{Fﬁxynup:g? of plxc]s

conducted, one with a | arger exam nation w_ndaw,
masses of HANM SHRY B Breskad fptihioundsrih by @PS‘W%déwatt%Cfﬂé’P%dhe S@ﬁﬂﬂsq er
masses. As di scussdskd dbeaten xslcﬁos'&rhbe‘imﬁe/&ttﬁ}iﬂun@er%f &a&anﬂﬂ'&ﬁét?énﬁﬁ&ea@@

used to detect | e The

matrix, for exarr‘%lE gm%wnﬁﬁ ° a§es>?°r§e f"r | ng?%cé%é &h%f}’éﬁﬁcﬁ‘fa“d
devi ati ons subt ra@ginam ﬁtrmjm @Thehﬂawaﬂetg%atm fbabili that g moreBANM withaneetbe 2
or 2.5, for exanﬁﬂé Qlctctﬁ\ton %r@n@ﬁ Qﬁ'@@ﬁﬂt ﬁllﬁ?{Hclatof Qﬂl@pcﬂ&qt Sxarinhticnh WRlEESS,

the presence of | ow, t he t shol d nlcateHAMvvl h
a fal se positive® rlg%c fmt a“r?‘fé“egéﬂ "‘§m§ﬁ‘6w\§DF’Wmﬁ{°d‘ aryaccepfpble false
exam nati on wi nddsmtretstis lessythdnel inHe0.sbiésethedtin 1,000 id pefrred. Nieagthwhetnher
an HANM i's presefiooo Q'mdrd prb@i¥egbe uUsed in conjunction w th other

exam nation techni ues |ncI é; the ot her enbodi nents of the

i nvention di scus9¥8l bel ot OFHBY| crﬁées'echp plEirqptiy ssemedyy the semetvamiesyd by

anal yzi ng an ex aammtm 0 Wil Belawa m&’aﬁdax’@&lﬁdﬁ'ﬁ@aﬂc&%y_[ﬂﬁ satle s&ahﬁn@@kt@ﬁrt

For exanple, thep postloned ng, in,one locatio
such as in a corner ?‘X%S'ngyat em;hd)tm BRSO %E{}% d'%f%e“‘ieﬁ ‘353“{%{]
corner, one col ufh T8f fopjisesy sF‘Hteaetf t\'@fwe{mtmbeeqmemtegey numhe) eﬁamdalatl on

wi ndow may be rmcié@xdtdil@‘%l 0 ¥heOErageOPR Of thPk t
TFés, one colum &Ll ei)s zft aa{ g tp %ﬁé%g?g}gﬁcnﬂgggg%&ﬁﬂ%h%v are

anal yzed and t hée %5‘%%5%%@?1"’“%’1”bPF?é”b‘i?é‘é‘fiaﬁ?@cé"ﬁe{WF%zﬁaF gren

wi ndows of the olbjuweet stdiﬂ&t‘édh%&ts&iﬂﬁio}é&&dxcal[ﬂQ@&QJyds@mﬁr&t @.X:WE ehcean

i npl enent ati on e a est. o] at| n“gf
the cargo scannlangI;;_1tA Em;stﬁﬁép(ﬂ élxapm (e)xacbnﬁc\lité%?racr{%:aepm albglg'b"? @f‘te(‘ja % Two
X-ray radi ati on “&gsrspixeineil bmbﬁhwahedhiﬁﬁlelﬂeqho dan orspyistoai dluctinatiops. Sthish as
at 9 MeV and 5 Mpdbabilles divelbihk 6okl R3Midmadi ati on endpoint is
detected by a detector after interacti onivmth t he cargo conveyance.
An exanpl e of a cargo scanning qupm)em_t.ﬂa.t__my_g;enprogram"red to

i mpl ement this and ot her enbodi ments @fNtak invéntion is di scussed
bel ow.

[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

23



[0091]Fig. 8 is an exanple of a nmethod 900 that may be executed by a
processor, such as a conputer, for exanple, to inplenent the

exam nation wi ndow test. After calculation of the TRs of the
resultant pixels, in the method 800 of Fig. 6a (and optionally in
conjunction with the method 850 of Fig. 6b), for exanple, the
conputer selects a pixel and constructs an exam nati on w ndow, such
as a 9 x 9 matrix, centered about the selected pixel, in Step 910.
The conput er i defuise plrrrsraty, ‘Rafrifen given sitegioh et TRl thewrobabitly ofalkbt BWITR t he
exam nation w ndg Is ihﬂ v@hﬂ%ec%‘-got toaiﬂcﬁcaFeQMSgée bila m%%ttalfbnﬁc Wnﬁﬂ%ﬁ&m ned

nunber, in Step redet erm ned nunber Is

statistically detSéYarWaFFéd GrBePabitticy axdfed yilthy dfferepge b'tf‘éi"r?“ﬁ@ spra pede
positives (a pi xelityhotedsnign &/ Ohis SHiR @ pbabiiitiedigheshdids ithealumbs oh bt 1@N
HANM) , under the i ve CQ%'Q_‘!J t| on
of the threshol d’ &e% %fsggll %ggg (%ﬁ%é,s bg'?)g“%lé[sg gor“ggﬁ c’felst i
for exanpl e. [OO%PSEPP“Q’W@UWH%@FG&WWBW@ROiﬂtweHéN% gr eat er than or

equal to the pregegsprm nefttrsttamp@rassua@aas{%metfwmda%aﬁ@m&s&m»q@a\xm&e
corresponding to the ass ified,as_ an tep

R pi.xels is cl
920. If the nunb®F?Bt J”tgﬁl‘g OB 9 i‘%‘l"%rd F\"’%‘“’l’%‘«‘e9 gﬁ?‘ﬁ‘?ﬁhﬁﬁt ‘%\P"ﬁ&
I ess than the priaetgrarisnetbwnthatheshold dueitsstaisfoel fiicmetbnssei-062275.hEhe
current exam nat piffty
anal yzed, in St e%g%ZS %gfsc %%lﬁéﬁg&g@aﬁéﬁgﬁ%%%qn S\P}v&r@ﬁem
shifted one col ut#isel °5%’étf‘§‘stgo the left one row of pixels down, as
appropriate, to construct a new cufrent e ation wWndQw,_ | ten.
910. Then the cpnputer renpeats all |the stﬁ'ﬂkﬂf t he net h%ﬁ'%%,“’%g@ﬁ}'es
descri bed above[—The mettiod—900 may be-repeated wth g smatter
exani nation wi nfow, difféent nunber of st®t¥8rd deviptions &H50
di fferent predepermnednurber—{1th } 1 }
the | ast windowto be andl yzed, an{output 0.22provi ded| to an aperator,
in Step 930. [DO941Fig. 9 is an ekanple of a nethod 950 that may be
executed by the| processor, such as{a conpy£hy to display thegxesults
of the analysis{to the operator of|the cargo scanni ng} system 100. In
Step 960, the pyocessor ghecks whether thebr g4 € any pxam natdé%@
wi ndows with a punber of marked pikels grea er t han or equal ?he
predet er m ned npnber, as _determ nep 1 n Step 915 of tHg method 900,
for exanple. If|the nunbér of mar ked pi xel%77f any, js not 4R er
t han or equal tp-the—predetermret-purber—A—any—exam-hat-on—w-hdew—
t he processor proceeds té& Step 970{ and di §412&§s a nesksage " NO.948MM "
| f the nunber of-—marked pixels.in Any exam nation window is greater
than the predetlerm ned nember, the| processmospr oceeds| to St e@@&ﬁ) to
di splay a nmessage_"HANM Found," fot exanple, thus alerting the
operator to thej presenceyof a high|atom Cgl’ﬁég? material ingtdy
cargo conveyance. The processor may al so display the | nages of t?te
exam nation wi ndow or w gdows show ng theoﬁ;g sence of| an HAN§I gg
Step 990. An entire imag i ncluding the w 48%s may b.e di spl 5}93
i nstead of or atrong wth the Tmages of —the—wndows,—as—wett—10095}++

t he out put indi qausa;s t hatthedNMbnsy %Emﬁzﬁ <ight(@) SRe *DIVe fﬁw b&lb@rﬁtehave

several options r,.exa .est e car anc
be checked to de?rgsglronld%gc trvr/h%es ‘%‘Fa‘mﬁtﬁ“ﬁ‘hé OBQOré‘nth S(S’B‘eorfgvbag’g %’éa‘g nd
is not a threat . .(EmieltmiiverfaspdtbelontheHmbblue matlatmalefdlpma@tl ifsvB9999.

material, for exmemRlo, oD 28SnSh loycﬁéhaﬁc@rmat ttférgﬁ{ ﬁ?&@ﬂ mée p%gla&%mtdse
whi ch should be M may al so be

[
radi oactive mat é’t"ggl%ﬁ &’f‘"’s%cglﬂc'ép%@é‘ Sta\ﬂfﬂ"@tﬂ“ﬁ'ﬂﬂﬁt‘ G“do%"té‘é@f’ ﬁfcé"ﬂ"eocﬁ t he
mani f est. The opf#ANMNIOIThivdythalig®e negutiecortfile aben ke P peirekimidiich tvindow,
processor to perform additional scanning of the cargo conveyance
and/ or mat hemati cal anal ysis of neasurenents, including other tests
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conveyance may be considered to "pass” the inspection. However, if
the operator still suspects HANM are present (based on the prescan,
for exanple), the operator may still conduct a nmanual inspection.

Al so, if the nmethod 850 of Fig. 6b was not used in conjunction with
the calculation of TRs in the nethod 800 of Fig. 6a, the nethod 850
may be conducted, the TRs recal cul ated, and then anal yzed as

descri bed above. If HANMis still not shown, any or all of the the
ot her tests deschaseriea ciebt @) 91 mopypixsish Eke prabelslity thixtmingt9)ionmpr éoveFR pixefray
be cgnduct ed. dowre tﬁehesuﬁtlﬁﬁafa?ﬁlcdlfﬁui&@hbrﬁfs gﬁ%};ar{ he f&ﬁra%?m(i'ﬂgyfre%f@pfre
may be "passe ntiguity ce a first resultan

pi xel meeting th& ébg’slf(’z%e '@PIF o?imi""’zb"f @‘%‘ésfaff rete of it then S Pect
to Fig. 6; for ekhivpl gy wimowi her 9 vayort pixéln eite adey TRaeqiugive forad in an
resul tant pixel s anal ned.ig,to analyze the pixel's environment to

identify pixels conti uous to t hat pixel that al so neet the test
criterion. Anal yBP¥g t he B iy omnehat oighe miniaumfriomger of ke JIR rirels resoired]

i ncreases the statbgddaalin em;u&*e&waﬁzdﬁerpgeﬁeemwﬁzésmmmmﬂema@.rsl on)
of the rreasurerrents b cgudgwatm at. the f| rs el is

part of an HANM ¥ EBRFT GO f{fer%" §P°é“' %atBQrt‘a%? DURbEIR ndard
Anal yzi ng pi xel sdezigtions Gheti merelt fr)ec?fampls,tthqorrxxxeinatah suindef fsize by bd y}atweiy
increases the numelronett bem;eqmmﬁmhr et di*glxug r&uﬁﬁttsrmc&ém at

the area of thetg ous ﬁ%xe S is greater than or equal
predet ermi ned ar®@¥, 3?" ﬁl*‘P'@&’tqyd’ﬂlyéﬁm%VPﬁé%ﬁ@Ff@‘a‘{férme) Hone -
sensitivity and Spee |fffmi3c bihall fulkebar af ﬂ@'ﬂa&d mmb:ispﬁhch)&s adten i@ nsihrﬂﬂﬂne

pi xel or a grouping.n rgcgtomxc%[e e%esnge %z@ta P igﬁar gel\se.rqa ra{eﬂ’rgea

[ 0098] The predeterm ned area EEiFe rea
smal | est HANM calpaBtid %Pﬂﬁaﬁl@f&ee?fﬁbe %rareeatlfm windevadisei Mo exaropleaitha 9x9

r feaC'[ I402 For z)ﬁﬁﬁﬂi SindbR iRl A lnﬁéﬁdzb@ d%ammgﬁ ﬁr‘@xclsv‘é}é %ui‘reﬁ tt:h@dm@{cea
(6] a cm X U SqU Si presen |l ve
of a cross-sect |%A a‘r&‘e@" %’FSGA‘% gét 2‘%}&9& é{”gha& g§§‘f"ﬁ %ija

square of these ser@nsichne.redihel. sr ze of the area may be det erm ned by
counting narked [ﬂbﬁgfl S. ﬁ%%x?ﬁ?ﬂm%&ry e'cg uggd or(?el ?‘&P? %a?gQr ggﬂ}ﬁgtion

where | ow TR pi xel s are nmarke er or larger areas nay be
used as wel | . ThEndgaip dtet Heﬂc'arrﬁsgwé%mdeangm%é’e@ oraligsevipdaws e
shape of a squardetec{sGBID JnadsesC ORisElisRUSboR, 10@hiSsySOM ' N Dmafx REER used
greater than or edet ed area_agre, foun t hen an
HANM i s consi dere %ét z,%ger% %ok esm(% %r"fng ‘flmay%eregen maﬁ"xdﬂ“ gampe.
exanpl e, pixels ‘é’ﬁlar |3r¥g3 Iarrﬂéd@eenunéercoﬁ stepslarg dp‘l!@tvens Chtgmdd fompitheaiverdgei n

Fig. 2, are consnd@frﬂectes&@bj&em wy@Lf’énexMﬁ]Jré @u@ls&ﬁh&nﬁdaﬁ&ﬁoﬂganegby a
vertex such asyp xel,s ferent definition of

"conti guous"” atU§é13f p"?ﬁﬁﬁ"%ﬁf 3rf’é’§?is bﬂ&‘l" H’B @fﬁP%W@[dslﬁ%lFﬁf%AW\)”é‘P fex,
for exanpl e. Thifsisepusitidé ANt Lof 1,008, dsBMBALiA PR, 7. STHe @kfMikidath ﬁed@ste&he
"contiguity test COR rat her t.han sh
i s bel ?eveé to be yr?r)re ?leIE%P%T&?%ﬁ s wﬁ%he{amnay & BTG Hdt By 5§S°wel | .
[ 00100] Fig. 10 |13C@Wnets@awﬁhethefexemmmfe@mm@owmﬁm;hebmbedaeem@d by
a processor, suqﬁbla&n@gnmggd%bwto i npl enent the contiguity test.
mar ked p|er is

[0039] 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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selected, in Step 1010. It is determ ned whether there are additional
mar ked pi xel s contiguous to the selected pixel, in Step 1020. Pixels
in the array are checked and accunulated in all directions fromthe
sel ected marked pixel until a first "unmarked" pixel (whose TR is
above threshold) is reached in every direction. Al gorithns for such
anal ysis are well known in the art. [00101]If there are marked pixels
contiguous to the selected nmarked pixel, the size of the area of the
cont i guous narkeﬁmwFM€P§m¥sﬂt%wpéﬂ%GMﬂomampweubWemnmﬂdeamhwnmmwnh as
the area of the éﬁﬂvﬂw@%ﬂ %Mﬁbtefaﬁanﬁa{&m&n%ohﬁe&?éiﬂo%ﬁ hect,
[

inthis exarrple@@é n Step 1030. The area covere y the
mar ked pi xels "a | at &= F’f?“@leé’ﬁa‘lfﬁ‘ﬁ’@mei‘tét‘%roéfhétc’éaﬁf"gﬁ“ﬂ'éf’@#?ﬁ kéd by
counti ng mar ked qirixgbmratiboof thxcrgol seannhf sye@aehthptael coh&yﬁw5ls@ﬂ3_;écte@m5

cm the area COV%%Qral@‘ad%mFQéf&&é QH&L{%%%&%% %gler?dlp&%{z‘gu%&ggat?@? s

the pi xel A shown in
cmx 4.5 cn). WhAHE Mgy tﬂ@ rasliatinh Iﬂ@aﬁhﬁ@dlﬁwe&nqumhls detertadedy a dstggtor aftem ot

required. |f theneeabtwiihd dargSTc@rP/eﬂaQé’eO An%xa‘hﬁ;tlé §ffa|c@1%o séahﬁr}l%{yﬁé}n gft the
conti guous marked | er S is

Optionally, an i %?gr?rﬂf‘% tﬁr"@ﬁle'ﬁﬁﬂs ﬂbsea"ﬂé’ﬂ‘é‘r %{‘i‘t@a*mfsbtg GH%&‘E‘V"’P& an

operator. [001021!ﬂ0ﬁ55¢d‘beloa¢ ea covered by the marked pixels |s | ess

t han the predet gpggined ar S;Q@ a &of CERt
mar ked as UI’ICOI’lqu rmgd HANM i m@atﬁ'r%loé}d:i ﬁ%@e@%et}dt{ﬁ’q%e%t ﬁ 61 or

1050, it is det SF9fFsiedsItAat ﬁé?mli“FFérféf Fxamplf, ¢ H@ﬂem?afrtkwam%qn wigdow
process, in StepestOffer chlfulgion ottheTERY dmfelﬁﬁdtaﬁﬂ ph@ls, ih SheS@kiRE BOLf FighsaSt ep

1010, and the ”‘%L:thcgm&%g \%§onﬁu%8?at elﬁll th %hde §s§| gr['ffﬁ) g%gérhc%rpggl :(lgelds

to process, then con
and the conput ercoppyer sgisels amliﬁhﬂl}ﬁmon&tmctt he copémidnowindivn sBhegs 219%0. | t

i's noted that Oﬂﬁ.ﬁrma'&cdté}éﬂ MWokugd s@c‘c%:@ lpiaksS inPRES 9 19f ﬂtegzroﬁg t&uiﬁéngﬂémr ked
area, it need not Bfgfgﬁt er..anal yzed by this process t

|
may be). Ther ef V&' lovy 18 (mepyed aixels wlﬂeeerda%af@éw@pwg Step Ak Rasd
pi xel that is nebmpasstit with epraeerhitudsbiyiberes kegoar R prate@ﬁmwiﬁﬁmseaxé be

simlarly lim t%ﬂ, Ei@hqugt%sﬁhp Qﬂte%%ﬁ n% grhoq'rl ’Jg?ganosqgat G be %q

pi xel not part of previ ous TRE "EontT T ghi't
test may be used°HithE Ryl Mlﬂé@ﬁﬂ‘r‘dﬁ%?\ic@ﬁwwhttw p@tehlenot@xélﬁﬂ%@wnémhe

t echni ques, inc Isuehtﬁgcoh&lem@tdaarsmﬁmaqeéveﬁ CospliRh 8t HEHrEhNE S RRKGIN.

The oper ator the o rovi ded, as descri bed above
with respect to@%he%é%%gmwhgfafpgﬁ t@fﬁ&gﬁo{)cé@?pc [ 00104] Anal yzi ng t he

envi ronment of d0M&kpect If ths ulutmbert ofpiowelR ipixelalis @reaisefizh ontegiab 1O ey a
i m ted nunber QfeqRbiafiRBSnARY, apgreggfttﬁecéategg c%eﬁﬁ%@o&c@iﬁkﬁ% thcﬂb%%}\’.
For exanpl e, cert afsrxls clas:gf'é ars%r?'tELe&nNII\dn?n Sr.]t?thZBI Iafthc number of t ch. as
agri cul tural gO(?aVS‘ P r of the iowTRp:ersm
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 exarnination window is shifted one column of pixels to the
left one row of pixels down, as appropriate, to construct a new current examination
window, in Step 310. 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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may be very dense. Low TR pixels nmay be found even though the
material is not an HANM because of the |ow transm ssion through the
dense material causes a high statistical inaccuracy. The contiguity
test may inprove the statistical accuracy of the determ nation based
on neasured radiation at a pixel by considering the radiation
detected in the environnent of the pixel, as well. The Matrix Test

[ 00105] I n anot her enbodi nent, resultant pixels are grouped and a
function of the BR¥Iin t Hie §rioap ekemplernfiaymatipd STh et machd encuted\bylie an

average or nedi agrosfsof, BRRES cdnﬂaufchﬁ) éﬂgpﬁyﬂw résﬁlfs oI R toﬂh@o;ﬂfaf&"@f may

be formed about suspect . pi xel of groupin
provi ded to encolpSEE’ Sprning sEstas) %I g" gtﬂ]%%ﬁi‘%%ﬁﬁcﬁar Ghgsks H@g'éf’r f‘Pﬁ{eraF“'x
for exanpl e. Thi®ybeestindien ¢indsvafrdtha ntiefeesinetket ﬁlx%grédw thafl B dphaX totti@St .

[ 00106] The ite = i.temwthin
t he cargo conve;gaf%gnﬁ rbﬁﬁ'ber d§tfn%§'eg a§;ré‘))lg‘?5 ng"ﬁ B%P W& SFgPE- i
suspect pixel, vif'¢ Himbex ?fénaﬂteémwi,of any;Henogrgatg ﬂpmreﬁquﬁm the pre®@@irhinedF g.
2 is an exarrpl e mufnber 1@&M&rﬁﬁahonm&"/rth@ﬁr&gssor%ﬁ&%gtotm b %R gi aysFl g.

conveyance 10, SHOWTAG TR FARER otk sBRE My e e
average TR, for lé?geﬁﬁipt élaﬂ d;iife nrﬁbfcmthdl numB8, {he poatseu |padcends ly Say @8t ng
the TRs of each d?épl&?la rh&ngQ@HW Féfind ‘Th)? eSMfpled B Al J&lhﬁs glte Qﬁ%\lﬁ%ﬂfy ed

tq the threshol d he average 1s below the thresh
considered to h:ﬁ%“‘l&&@ﬁa P’&Eﬁfammmmeﬁém&%aﬁbrbécaram@ﬂéeym% Blpcmcewze
is 0.5 cm the 3nay dsoplispbly theRintajzes u%&crmmmbzelomaﬁdow @r Mﬂﬂﬂ&d &Mwﬁg the

tential HANM t
potentia esrﬁgfx on 113 - 2%k IQ%.'aILn cn 1rc 1ma e mc}udib% lt%goulaayéb

cm
X 1.5 cm The t in the conp Ased
on the average cf‘r‘SPB‘t’Wé?St%ﬂlEWfP’G?ﬁ:‘t’fibth f@ﬁgﬁﬁ ?@hﬂt"r!adwmaswlbns of the

pixels in the ma[nmsk 10@&@2&3&&& isthcaed b @ﬂhmaﬁﬁrweﬁcme%{mr&aem@%&.or
the 3 x 3 matri av riee tlmaqs %(%er t han }g ﬁ:eStatls i cal accuracy
of the TR for t ”B ARVREeRS 1% pimeRifest g éarg%ll‘:%“é(eyﬁ&@l“ﬂaiyvbés
may cause unnec @és:accyto dgtgmtmeywhethcrrmma haLheemngopeayidtclics Emlﬁk hm:a threat

i nspection of thﬁewnﬁ%y ¥ AR bu@q% b P GRRLLT ARLLAD

even greater accuracy, ore a derr stuch 4
finding i s made SEYF&(OTW@%?%W@%&%W@@ shesldplyy iflgnpfiad qlmmfw;quta The
further inprove HANMaegusabya alioidie: wadrer B :ﬂ@tchIQ@e @\Ihi%h JdRelesaRtae

standard devi at IO%Q% IIIa?lEfBSk a{‘ Opﬂl‘&tOI' egyt a?s’o CQJS(E A %Cagll]lﬁ I.S?g Iandnﬁagxrlf’lgg)é%bto

exam ned, an even [arger has a

which is al so sHewpm; aﬁdtrwrgi sc@man@f P cprgoledpveyagcamand/bemaiivimptiat aaly gchf
centered around rﬁé&@are%ﬁﬁ?é‘ &@h@ﬁé %ﬁm ‘Q{sTo%cusE’édXﬁelrenﬁ and@ lﬂﬁ Cp%!a?of

mat r i ces, such as i xel nmatrices, on gt ed,
i nstead or as V\é‘P‘i‘d“"t'lﬂH@a’%‘iﬂz‘%‘PEﬂ“O‘t Ptfg‘h? S G P EEANPY. A ﬁﬁ&o @é‘b@ﬁ@e &iling he
size of the it enmpicoheneitel@atshdpbddd Pdachet bﬂ-l&ﬂl‘?iﬂna@fbetrglﬂw@d 5—&41 $he aled€ 9X

9 pixel matrix e Additional adjacent pixels with
data contri buti Egé%gg%vﬂb Dlzie%gagﬁgeﬁvanﬁﬂm "SI Wt her HANM i s present. An

average of the 6of t h& the gupu ipfot diéeativarofdie metnce xf HaNybteratged
and is simlarl &oxﬁ@fﬁﬁﬁf R bEQorIsid&e& th“‘ﬁ‘aﬁ@@lcdnspéc{mnb@foae%h@f‘tﬁevcﬁgr@tgxestllTRs

of the first ancslu ow @ bel ow t ethreshold the current
| ow TR pi xel is° getel aa"\’/vf’rlﬂf'fn SR phbPe PESsAR if e Dot ersrts a®y an
HANM I n this ex@lhgindict ¢ ienu! irspsetipa. x/elbo, ifaltermexhoB3SquT @4, stewasaof isédsi
 dentification eludeRlGbiackiabMor RO8GRLASCREG: kR, dChL Hheth bt h

greater confidencé by the 9 x 9 pixe
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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[ 00109] The anal ysis continues until all the |ow TR pixels have been
processed. Multiple overlapping 3 x 3 matrices, as well as
overlapping 9 x 9 matrices, nmay be constructed across an array. Fig.
2 shows an additional 3 x 3 matrix B4, for exanple, which overl aps
the matrix B3. [00110]In another exanple, lithe detector elenments are
1.5cmx 1.5 cmand a pixel sizeis 1.5 cm a 3 x 3 pixel matrix

woul d enconpass a 4.5 cmcube of HANM |f the detector element is 0.1
cm and the pixel ©&F kowngn Gieprichpy be wnduged ePnog theppprpteiels serisfiedi te oased d
be required to enmodaRSMadbdpassédn cube of HANM or HANM covering an
area of 20.25 cm [O00111]Fig. 12 is_a exa lc_;e of a nmethod 1100 t hat
may be executed by a processor, su%“r‘? gligiit uter, to inplenent the
matrix test. In this exanple, the pixel sizeis 0.5 cmx 0.5 cm
After executing A% et hddrea@oimiremityt pisgl mepting dstipst yriigher Kefpyad| @

HANM pi xel s, anddesgibbdrii jespeéthd EE. ﬁh,rmleedmﬂbb laﬁ:gh& hey @%ﬁcb@bﬁeﬁaﬁmﬁ&ﬁﬁ
an exanpl e of V\/m el

0 of Fi rent
mar ked pixel is & anttp”%fﬂ “ﬁ[ygpelﬁ tolirgg’ %ﬁé”"ie S EPBTeRfo 'gé‘\'ﬂﬁ't t he
obj ect 410 in Figntiguous tg thebpied thathisofmet b @stptierionA Bialbyzity memmmaat
centered around &M@ Qi CdsulBnd Sixel GRASES HE Elticd §c%§r§c§r' @r?crcg%) ?c sQnd§Idep

1115, to identify HANM enconpassi ng an area of
|l arger. [00112] ‘aa‘?f‘éf’é‘é"émfﬁ“ﬂcﬁ?“ gl is mprepdiely thag %ﬂrswfeémpamfd by
sunmi ng the ni neanTRANM ift batigmdly pixelBare cdnd ;dﬁVdfoHnngAﬁhlat Asalfﬁrigypaiélke

nunber of i ndivi X t

average TR for t%gglng?lk t%L B%;St Ei g gg %‘%égmyt ngrr‘]gasasetﬂgr mqﬁ’é"ﬁ O\Aﬁmf)tﬁ'és
the average TR otfomtﬂh@mmw%‘zenematios Béheamwa pfide ednfigobaytixgls i grea8r dpn ar1 25.
The threshol d i nequdlitsa &é&i&hﬁeda’iea%gmcﬁh&%& S HANM hhs tc;ﬁmwﬁ{l $ha the

condition is satlsf ed. This neans that the matri X B represents an
HANM wi th an acﬁ?Eﬁléfe}y thap atdﬁtF‘B%“a’i“?WécdtOﬁétgmﬁ)‘F Pigpi ot aé@uﬁ%vwag any s
initial suspici dessthaathepied@tmBiediya. be an HANM based sol ely on the
fact that pixel d al i RM
enconpassi ng a c[rﬁ%ds%g sectltﬁo EF&%@%&%&J Jﬂi}Sb o &osg %E&alema o8 e Smal'l_me
9 x 9 matrix B9 i4NMjcarsblsEpratusise 9568@h%ww@epre%ﬁmr%me@m@i§nbp ame

pixel Bin Step ra@aﬁ 20126 cm? GRhiio €5 @i&@dﬁ'ra 4559¢?t$kt115\6tnts)iua@éqdz\§®%|ofthfé| ty
to a finding of le of a 9 x 9

matrix B9 is shos\lf\zﬁ lsi i %ematwff fa‘frﬁ%s'_saélg?aéaga QFJIQZ‘(‘?S Ape[shsé’g%gf"ic?'ﬁpagﬁlglas
calculated in Stseﬁﬁrfigﬁ-ﬁﬁcsemnﬂ‘mtss Thp sizh ef thmbrea xaBde detemiwdrine couatng t he

sumis divided hby,&k [ﬁﬁene (ngﬂ' g3 Flbrbql dﬂcgﬂgc! abgbe.xg:]h@rl fow ’E}R:['JDE'BI§ an

exanple, the TR for 5 matri x B9 of "Fiqg. . Since nine
times as many pi"&FE€)al¥E syt @EF"“ PR ’B‘tya'ﬁ ESF?I é%llwe'ﬂ)r dbaprer iof §h°of
t he accuracy of dolteudiRpiels ntddecttatnrtheshd® of Ssqbdie.ee ti mes greater than

the statl stical (BBpaD | if Vo BuAPENEARY Ol Befl ACBLE 485

The TR of the matrix B9 is
It is then det erf§dgeani w#@fq%éfc oype, thepcn AOTM TR cprsidered to ltehahast mmnally

threshol d, in Stpeqent]8Bonelekani, pm@ﬁaﬂn{g ah%dééoﬂf:ﬂ 5sPBfixel b%dz elcrplwent
mar ked pi xel cor %e7?ponds 1 1140, with ig

0
degree of sensiti%ity° &HG %rﬁ%g* "Fl“B‘T’ttgk}O“S 31’3}’1'88"‘215 ghariag prksa "Trf?érF“@‘ @
the condition i PixgdstE andiG, as rdohen difffeteatrdefinigel offi@htigioust’ ey pe x@d, vhichS

the | ast rariced phoieludt Gu@ORlaifes etk B Sl e OB EIBE (A "

mar ked pi xel s to be ana 5 cond| not sa
met hod returns t‘%“’é’("é‘ﬂ)t"l%‘ﬁe %ﬂﬁ&lg%éﬁ#retqsz@aar@qrobmdsm@f)érawefh«rréhant he

next marked pi X&hape, is believed to be more reliable, but shape may be considered as well.
[80160] 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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[00114]1f the TR of the matrix B9 is not |l ess than the threshold,
then the pixel Bis not confirmed as an HANMin Step 1140 and the
nmet hod proceeds to Step 1145, as discussed above. After all the TRs
of all the marked pixels are anal yzed, the condition in Step 1145
beconmes true and an output is provided to the operator. The operator
may respond to the out put as descri bed above with respect to the

exam nati on w ndog %00115 It is believed that the matri x test
may identify a ciftféeof PR s drtermined, phofhes thers, aresaddiiongd magked pixely um
cube, behind a 2@nﬂmoﬁstmctte shitel fixdfin 8PN20f PlxeleXANP bRay afdehethBE BidX

other tests dosch Ry af i goRdl ity Skt it M e et "°
exanple, if the pixedéviwse TRas aboraihedlOld) & rkaslhed it leery dileetiqor gtrighmsi fore d

size of the Contéu%nlﬁ\z%sﬁﬁ@ken&'o%h&su%eeaﬂ above, it vvoul d not be
identified as an hat test. It could stil anger ous

HANM however, }'_@él/er al i BYF & ekt pixgls eRiEuaHs o ‘B‘é S“é"rﬁiﬁ 513@ piebdife or
nore cargo co nvegmrmé the a@a df thorrbiigyed riarked piaelsis nghpered oy eEtdetemiiaged a&a0Ugh

to sustain a nuclgar tﬁ@@&tmﬁt smsmmbfgﬁmytt&t léoh@aﬁtépfd Qtiagé%tfﬂ | ned

size could also be used 1n
predet er m ned ar&amgf & ﬁ‘éz%'@ht iny e 03P esThengrge Bevesed it Fhﬁl@@kﬁﬁyplﬂ’fe

matri x test usi rrgcua.mnmemmsseaabjoers pclfaiblyldB@rnidie 88 b gNRGkea hBels, Fbr t he
contiguity test. tes m ne I(ow TR

pi xel s in areas ‘Txam@‘etigcad’tp 'r}fcl ls élﬁ ﬁi“hg?jar gcféer%ifq’y ﬁéonct}é‘fﬁ’f BAIEy
test, only | ow Tieeh qoitseed %rowéthcmatpltA gibwain Fab§.dotexgupda isequat odf.25 hnd

pr edet er ni ned Si @8 cheeds &), @%zﬁﬁlﬁ@&ﬁﬂplﬁ%aéﬁ@a)ééda& e it AR iRl X
test, but that is not eq]u#a{e‘% %H“l i's note fhat for snaller
i tems, where onl° &ondifigtf P& ‘s(sétt? He apep of e ponfignous marked piels isg3)
enconpasses enougikadfasaan HANM o Saf 104eaIptipathe rh i imbgeyofi #lie nkdafyayt ae

itemas an HANK i f HANM may not be as reliable as
10 if larger nat epegaet%s&gf%gp a?%agn EQ%}& Such potential identification

may, however, j u8#i0tly f urkthesreaserastdiatliearnrked piatls indescbadberedstymined

ot he][ t;ast s g;asoarréabqﬁ D& 64 ftjdeEnt ks pt)talstlb%ttaﬁc@a as GRRRHINRG ﬁm,t i
mani f est, and/ or nat.ion, SQ note
that an average Sé“r @g(ﬁ ‘%‘écég‘&q’?r #T?Hslgﬂod’ﬁ I%H]‘Eﬁéetqfﬁé““%f"hﬁ\“’é et Gther
than a matri x neyarkd peehtp arcedhs,tiioStep 10k0.eK gl dew maﬂtectﬁkmsmeicmmemmb t he
grouping is at | RAghud e REhEN AR Yok (EQw KA Byl DSALQUALNT

may be the dense reglons | rescan, sse
The boundaries df¢ ton@f"atéﬁ%p #%@M@Hﬂ ARt ye %‘ésﬂﬁéMdri@dmaﬁlﬂ@lpsctmgﬂs@@ﬂtalﬁove

the TRs of the pbXeldpedbr, ihseslenae i ghamRycDs iRUALRAOEIL idfet dhe
aver age compar edprév?ougljb ?nagkg arczb ?tl ndced 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.
[00183] 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.
[08104] 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,

29



Threshold Cal cul ation -; () 1001171As di scussed above, the threshold
for separating an HANM from a non-HANM i s preferably cal cul ated for
each scanning system Threshold cal culation may take place when a
cargo scanning systemis periodically calibrated. The cal cul ation
depends, in part, on the desired degree of sensitivity and
specificity for the system As discussed above, the threshold may be
determ ned by scanning a test 25 material having an atom c nunber

| ess than the | ofBEbe rofsnee. JoRIS pixsts ey e found erbn bpugh dregeraial(isut in as

urani um at the SN IbsENETEE BF tAfsnilbsibh (HRBgH §E deds® el GREDPhigh

conveyances. Pre I he test piece alsqQ has an atom c nunber
greater than or é‘gtffg%)a’ ?“8““@’1%‘%&' @F c%’g%‘ﬁ%tﬁﬂydﬁgﬁ%ﬁ tighcplpequracy gf thy, o ¢
fal se positives. d¢termination beked] on meshrsiopdigion ar & pisxldiypioeddetifg e edderisred
test materials. a&&%%&r&@ir&rﬁﬁmo@m@gﬁex,&g@«Flﬁfab'y has a varying

t hi ckness, so that thresholds nmay be cal culated at different

transm ssion through the test piece. TheMatrisdestpi ece may be wedge
shaped or step shaped, for exanple. The thicknesses may correspond to
t he expected ranfél@§i tr alnsnities poidineht, madiep pixkls ere gauptiaad & fiadidn of
HANMs. Thr eshol dge TRakcdid s @dant-Oe Tl e S

used with the teié%.cr%ter?fgﬁg Ii%d tT((i)lé %ugg{j}ﬁ?%%%@%} A)?gﬁ%% ﬁZn\??ﬁ%otQ%
correspondi ng t r Ans TS YRsOr rmple-o The grup may hefprned\pbous a gwspskiiet er aof
frrom about 1 nm plorakip @6 grod@ifesmmmy bk erovidedatdRh@mpdst @11 tHePdeR] %t Glduly

ei ther energy en 1.nt d .l f the test piece is, step shaped,
the standard dev?‘%ﬁe%nm@gog?’%}&?%t E%Stf%lrsgpﬁem ﬁgeg%ldgtf’&gs“’é‘é?gﬁt%“fgp. | f
the test piece i Bhge sHaped41¢indiss? anaaradpded mthieoiten sithbathe cirat ed
for TRs through @nfguckqul ate bREGKRESEY AR, SdPRELERNLuGb RS Wallgge One
or a few col urmsiteclgmgat ngg e used, for .each thickneéess. Thl s
standard deviatiof 1s us&d arf?"ﬁ% RTZPH AR Fn2 F 2Asxemleef 2¢souping,

i nt er pol at e bet wEerstranld aroed the wixed Bi §igi Urisan dxampiabixalasheofane TRs@s ol d
bet ween cal cul at ;%Qiohfb?ﬁéféé}ééi%nbe%%g 10 eIk TRIB6P o HERARL BY

ely,
the cal cul ated threshol d closest to the neasured transm ssion nmay be
used, but that aygee e 5 esmale; o de tptie B9 cpiculatyiRby aermginaithe TRuafed,
sumred, and averageplxel at theaattixt MheiB@gSIR ASheh SorgResano th8 thiBoldr If thet he

probability that a. e i tistical.variation of a
measured quantity, a%ﬁlg%k{é‘gq@&&?h?lg’ a %lﬁn”%a?’itbSﬁorg\derf%?al&?'esgeﬁ%oémoelf‘men
the arithmetic rRBapapwle; Weerethepixel Hutis Hhcmfthet Ire3 pied swarisBS miag bawsed thhe

nmeasur enent i n GuastylaPdtentld HANS HVRNLGosk-SeIBRASML SFat s SEAPHALH x 15
devi ati ons. Suchmplr:ﬂlb%pl Lities.are expressed in tables and are wel |l
"Fo

known in the art™™ FOF XA e i, the gonurapison By b¢ selepted Basedondhe avereschar d
devi ati ons fr omathvesugh funétive bf the tmpswissahs of talpixela i thymafix. measur enent s
has about a 0.0 robaki,l | . ' i StiC variagtion. This
probability is odiofyy 002 kY é‘%f?%‘%%“gﬁ&%f@ﬁ%?ﬁé&‘ﬁ?é%ﬁé%% st tegs |
10, 000. Ther ef or&eatef tat g gfatistigahescisacy i9hibe TRy theriadividuabloWIR pixeh Since

statistical varifstd pesitvds ag At uﬁhecaéﬁnv,\'i ct:)my,a ti&e%&ém@fgpl&@kﬂuﬁtﬁre of
bei ng incorrect,. in :gnhio§ exan%llre three standard devjations are

sel ected for thd RAFELPAIH RSt TR PR WLl confrmalionn with ictenE&er The
val ue of st andareutiex:iiapricfrably whteideditmsordededinitivenfieiiy@ris made thditis pRsEBP €,
3, or it may bepgofRRsdntiQ@gr, such as 2.5, for exanple. The same

standard devi ati QoS preferably used at each thickness.
[00108] To further improve the accuracy of the determination (to decrease the

standard deviation) for larger objects, afier the 3 x 3 matrix is examined, an even
larger matrix, such as a 9 x9 pixel matrix BS, which is also shown in Fig.2 and

Fig. 11, is preferably created, centered around the same selected low TR pixel B.
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[ 001201To achieve a different sensitivity and specificity, a

di fferent value of standard deviations may be subtracted fromthe
average TR of the |low atom c nunber material of the test piece, at
each given that any given neasurenent of transmitted radi ati on may be
froman HANM or a non-HANM the nunber of standard deviations to be
subtracted fromthe TR of a | ow atom ¢ nunber material is selected to
achi eve a desi reg bal ance bet ween an_accept abl e nunber of false

posi tives and faP®& SRegaicsesuchreg S ek arhl 8,7 slxgmatiaes mrpy de gapstructed,

st andard devi at i asteadfor @nvélh Thd Reedt 11 l&rﬁﬁNnﬁ&ﬂ%a? déﬂdﬁmfmé@e%lfth@kterﬂkou' d

result in zero ( ositi.ves but si bl na abl e
nunber of false n)gaécﬁ@‘geggn% ?F‘SH’&HPQ@‘ gyﬂ"”feplga égfg‘?“ﬁﬁﬁ%r of
fal se positives Omﬂ@mait&djaeqnammb withvai coatritmelyg todle dyemmeams sfawhethero

take into consi dgsgRi Qrbrésgﬁ‘ Sﬁtnaﬂdﬁééjofdﬁé’ *I”ﬁ; 'opﬂxc o8l 14 d fargklhﬂatnx is
neasurenment at the hi r, en&&g oi nt I Vi ded by

measur ement at t 8 e¥E °%rﬁlﬁ‘&8|t‘h'th° ﬂ’feﬁ tIﬁE°“é’fh8ﬁ‘fféﬁgﬁTR5 of the
devi ati ons are sfitkit anecdeenhd fmaiined he t@iver the ahrdskbif thé kerdne &tw PRee] il f

e reasur ement ot L RIELANASAADALRLend B i WichiiabIE e

measurement at t g er energy endapoi nt stan
devi ations is adtédiehmalix B epdge ar bﬂeﬁtlﬁéﬁ“%ﬁ a potsptial HAR, sphetsi fi

nunber of st andé}frdexd:@%lvaﬁﬁeﬂﬁﬁth\étehthr cdﬂfd@r[c%ﬁﬁc§b@p§@%trtx‘]39‘ ty and

specificity of t ste nex le of a
met hod 1200 that[g'?mg]y be :{?%?‘%P ‘ﬁf"é'ﬂm'ﬁ ““&@'%”5@‘%?&?’“ prpeessed.
conput er, to calldulkielt evarkepingh ¥ metrids. asAvelles bvatigming 9)59 swatalma,eﬂayb?;e t he

cargo scanni ng SysdugidMcidls Anaeth@tHOR AN b Shdfiohd) § 35 maltx3y, RRSLAY,

endpoi nt, such as lurality of thicknesses, in Step 1210.
The radi ati on tr‘gﬁé‘rﬂv ri/a@ﬁtﬁfﬁf’tﬁ 8?1 the test piece is detected for each

pi xel , also in 90@&p0]1210.n mmmlmhmteamh@&eaﬁ ol MeVend hddst |
instead. [00123] Tﬂ?séeeé ti SQJngC? X 1ch mall}l Séag‘opaﬁ(t‘on-llpaess & 4’?}?5‘&’”?%% I—MI\P/%,[

radi ati on beam having a Sec S

ener gy endpoi nt Ifﬁ’ﬂéﬁ:ﬂfa@' e rIgRiiS Oémé a!lhélematellsewua)@ﬂ tmandnpited edSDthough
the test piece &ﬁatﬂiﬂ"@ouﬂﬁ B r@ulrbdto Scoh s CKNLER Bibe bALAGMEG O] Ove e
plurality of pixels onding to the pixels of Step 1210, in Step
1220. The TRs fd‘r“a?‘%gfﬁr Sﬁg‘ pi xel s are cal cul ated by dividing the
transmitted radilédlilin me&gui2é aatexBndedf doyethddel 100 diaswrt beedcecru&dlbatal on

e 590 [ QoL TR Yok 8 Y Shler @mbRnfBE FEAANM AOWR! AShTe ol

Step 1230. [00 e standar eviation o e ca
deternined, in 35’@}35'&"2‘&@5 cpricl. B bitfer exaquing therrepaod 30 i Big. ﬁ@)h) iﬂ@ﬂfy

c ![ cul alt e? for btafi@mIrBSov@-HAﬁﬁFﬂ?xeLshz}[iﬁ l@ﬂﬁlﬁ@l QhertifReth8ig t?é &pBoufPlestine i n
i nterpol ating between te res ac
nmeasur enent s. éaﬁ'éf)z"r ?ch‘%'é‘%‘ iR ?mﬁtgc’dc@ﬁ%%wﬁ é@ aa?B'E‘ES‘F H’i"“ihfbd T Ehe

follow ng for rru|sdg:ctcd, in Step 1105, Thc 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 threshoid, 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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where xi is the neasured attenuated radiation for a pixel 1, s is the
arithmetic mean (average) of the neasured attenuated radiation for
all the pixels, which is calculated Ex/ according to the formulaand
Ar is the nunber of pixels. In this illustrative exanple, the
standard devi ation of the test measurenents of transmtted radiation
Is calculated to be 0.2. O her statistical nmethods may be used with
different di stribution§ of the me%sured attenuat ed radi ati on.

[001251The aver & FRST BFee(inss $rol fe aesspry Fiihecpifasuspicion tah pixel Patadd,
in Step 1250. The at HAdBAbEsel solslyoa the ficatha dixed B ledalvwtTR.ckness in Step
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mdw:dua[ pixels). In this example, the TR for the matrix B9 of Fig. 11 is 2.9. Since

nine (9) times as many pixels are considered, the statistical probability of the accuracy
of the TR for the matrix B is three times greater than the statistical probability of the
accuracy of TR of the matrix B3. The TR of the matrix B9 is compared to the
threshold, in Step 1138. It is thea determined whether the average TR is less than the
threshold, in Step 1138. If so, then it is confirmed that the current marked pixel
corresponds to an HANM, in Step 1140, with a higher degree of sensitivity and
specificity. Since 2.9 is less than 3.9, the condition is met. It is then determined
whether the pixel B is the last marked pixel to analyze, in Step 1145. Since there are
other marked pixels to be analyzed, the condition is not satisfied, the method returns
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 cul;e 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. [t could still be
a dangerous HANM, however, as several objects of an SNM may be smuggled in one
or more cargo conveyances and combined info a single object large encugh to sustain

a nuclear reaction. An HANM smaller than the predetermined size could also be used
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4.5, to differentiate a 4.5 cmx 4.5 cm HANK whi ch may have a 'IR of
about 2.5, enbedded within a 2 meter cube of agricultural goods,
whi ch may have a TR of about 7, may be difficult. Since an HANM
typically has an atom c nunber that is further front the atomc
nunber of typical agricultural goods than the atom c nunber of iron,
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materials, referred to as the photofission or fission threshold,
depends on the material. Table | identifies fission thresholds for
sel ected el ements, cal cul ated based on nass excess val ues for the
sel ected el enents. The nass excess val ues were obtai ned from Nucl ear
Wal | et Cards, available from NNDC Brookhaven Laboratory, January,
1985. A current edition of the Nucl ear vallet Cards is avail able at
www. nndc. bnl . gov/
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on the test piece. Alternatively, the calculated threshold closest to the measured

Thr eshol d measured transmissions, to ca een calculated thre
i transmission may be used, but that may not be as precise.

{00119] The TRs are calculated, summed, and averaged, at each thickness, As
is known in the art, the probability that a measurement is a statistical variation of a
measured quantity, such as TR, is a function of the distance between the arithmetic
mean of the distribution of the rfzeasurements and the measurement in question. This
distance is measured in standard deviations. Such probabilities are expressed in tables
and are well known in the art. For example, a measurement that is three standard
deviations from the arithmetic mean of a plurality of measurements has about a
0.0013 probability of being a statistical variation. This probability is the false alam
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 calculation of
the threshold, at each thickness. The value of standard deviations used may be an
integer, in this example, 3, or it may be a non-integer, such as 2.5, for example. The
samne standard deviation is preferably used at each thickness.

[001206] 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-HHANM, 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

34



Threshol d Threshol d Phot oneutrons (y,n), MeV 5.7 5.3 6.1

may be tolerated, then it may not be necessary to take into consideration the standard
deviation.
(00121) If the measurement at the higher energy endpoint is divided by the
measurement at the lower energy endpoint, then the standard deviations are subtracted
from the average TR of the test piece. If the measurement at the lower encrgy
endpoint is divided by the measurement at the higher energy endpoint, the value of
standard deviations is added to the average TR of the test piece. The specific aumber
of standard deviations will determine the sensitivity and specificity of the systems.
[00122] Fig. 13 depicts an example of a method 1200 that may be implemented
by a processor, such as a computer, to calculate the thresholds. A test piece is
i scanned by the cargo scanning system with radiation having a first, high energy
endpoint, such as 9 MeV, at a plurality of thicknesses, in Step 1210. The radiation
transmitted through the test piece is detected for each pixel, also in Step 1210.
Scanning may be conducted at 5 MeV first, instead.
[00123] The test piece is then scanned with a second radiation beam having a
second energy endpoint less than the first energy endpoint, such as 5 MeV, and the
radiation transmitted through the test piece at the plurality of thicknesses is detected
for a plurality of pixels corresponding to the pixels of Step 1210, in Step 1220, The
TRs for resultant pixels are calculated by dividing the transmitted radiation measured
at 9 MeV by the transmifted radiation measured at 5 MeV (or vice versa) for the
comresponding 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 calcunlated thresholds
during actual measurements. Standard deviation may be calculated according to the

following formula;

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

(average) of the measured attenuated radiation for all the pixels, which is calculated
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6.4 5.6 Photofission (y,f), MeV 5.1 5.8 5.8 5.0 5.4 [001311Si nce the
fission thresholds for all nuclear materials are in the range of from
about 5.0 MeV to about 5.8 MeV, scanning a nuclear material with
X-ray radiation of at |east about 5.8 MeV will induce photofission
and del ayed neutrons in all such materials. Increasing the energy
above the threshold increases t nunber of del ayed neutrons that

will be emtted, facilitating *ction. 9 MeV may be used, as in the
exanpl es, abovedin@riefler fabhyla R=hE debmlié thentmion sl pixds, datise fieratiben
the X-ray beamis off and after ﬁﬁhotoneutron em ssion has ceased. In
addi tion, byeskipls, then®andard deviation of the test measurements of transmitted radiation is

caleufated to be 0.2, Other statistical methods may be used with different
distributions of the measured attenuated radiation.
[00125] The average TRs of the TRs at each thickmess are calculated, in Step
1250, The threshold is caloulated at each thickness in Step 1260, Preferably, the
thresholds are calculated by adjusting the average TR at each thickness of the test
plece by an integral or non-integral number of standard deviations, dependent upon
the desired sensitivity and specificity, in Step 1250. The calenlated thresholds are
stored, in Step 1270. The thresholds may be stored in association with corresponding
transmission and standard deviations for each thickness of the test piece in a database
of thresholds, for example.
[00126] Using a threshold based on the average TR of iron which may be about
4.5, to differentiate a 4.5 em x 4.5 cm HANM, which may have a TR of about 2.3,
embedded within a 2 meter cube of agricultural goods, which may have a TR of about
7, may be difficult. Since an HANM typically has an atomic number that is further
from the atomic number of typical agricultural goods than the atomic number of iron,
it is easier to differentiate an HANM from agricultural goods than from iron with the
required degree of statistical accuracy. To improve sensitivity and specificity of the
identification of MANM, thiresholds may be selected based on the contents of the
( cargo conveyauce being examined. Therefore, if it is known that a cargo conveyance
contains agricultural goods, the TR of agricultural goods, or a material representative
of agricultural goods, such as a plastic or water, may be used in determining the
threshold, instead of the TR of iron or other such materials. Lucite (R} or Delrin (R)
may be used, for example, A test piece of varying thickness is preferably used, as
discussed above. The calculated thresholds may also be stored in the database of
thresholds for use in the grouping related techniques discussed above.
[00127] Sufficient information about the contents of the catgo conveyance may
be available through the customs manifest, for exaimple. A fypical 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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X-ray photons that may interfere with counting the del ayed neutrons
are al so not present. [00132] An exanple of a sequence of operations
to detect delayed neutrons due to photofission in accordance with an
enbodi nent of the invention is now described. First, at time t=0 sec,
an electron burst of 9 MeV electrons strikes a target, generating
X-ray photons, as is known in the art. These X-ray photons are
collimated and projected onto a cargo conveyance under inspection.
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test, in accordance with one enbodinment. A portion of an object is
scanned by radiation having a | ow energy endpoint, such as 5 MV, for
exanple, in Step 1710. Radiation is detected after interaction with
the object, in Step 1720. A corresponding portion of the object is
scanned with radiation having a high energy endpoint, such as 9 MV,
in Step 1730, and radiation is detected after interaction with the
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descri bed above and ot hers knpw¥:333 tlheU22: . [FdF238x ahple232y {ubu-239

energy ratiq teBipeofifited@s@r i P dhredholld. {SThréRRdIE NtThNGhold | TRAsHERS Tm@éhakﬂ
I S i ncorpor gt ﬁd by—+-ef Sr-ence erein—lmay be-¢onducted First
prelimnaril ; ?t%{ﬁtﬂ"f@'“é%e tuaF”materi%ﬂ cont &t of tKéE ob ec?-? t ¢
det er mi ne V\k@hchﬁrssmrr@f)omeeot at beast| podentjallsg coptaisns a 54
particul ar nuetear—atertal-—uU-S—Patent—No—5;524-183—is described]

in nore detail, above. Such a dual ener gy test may be in nore detail,
conducted in St 081317 44 | Jinceles fivsiot tbeshaidOOr ©f nublpay matbGals aré burtheesogapt €. A

test may be congygt.eehtato MRV Mo %Sht SRV, s@ﬁ:@:ﬂ%%%zlsﬁ%#@n’aﬂ wit T?E%ay

initial test or tests Pélnvo ve autonatic SI's of resu
and/ or visual aRgr{E; aplashrhouis:8 MeY will 'ﬁﬁﬁ%éhomﬁ%’“ﬁﬂ‘éﬂ@’a@d Regtzens jnay
al so be conduct ebluelf mgériats. MRMeThe hOGRQE htloPdthe infestdl 428G ihelnB@ber bS

found cannot b edéla‘}@cﬂ&eb!r&n%(?ﬁat 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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[00142] Fig. 15b is an exanple of a nethod 1800 in accordance with
this enbodiment. 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

t he object need to be tested, the nethod returns to Step 1810. If the
entire object has been scanned, an output indicative of the |ack of
suspi cion the presence of nuclear material may be provided. [00143]1f

nucl ear materialy d@ﬁ ,ﬁ,uégse&st .g%ala?fer?%@%ré%&qgg%g%&w BlroRd bk kb GO -

energy to induce neu I'n order to conduct
a nucl ear test. W*F‘&dl ation beamw th an energy endpoint of at |east

5.8 MeV nay be umﬂsz The ;d;eekaﬁﬁlémseqherd@&fay@ﬁioﬂauﬂetaﬂaexdys(i fidiRdhs due
checked, in Step g ) Jf. delgged ngutr n§ are. et%q%%g A peig-)e]
1850, then an OJPB toffspion if &cGoptante VI A e e St BF YRE 5e Wlflcaglon
of the presence Fifst, nttbhegal serpmh eictah burstopﬁ bieV dlectyons siriiS epﬁgbBG@leratnfg no
del ayed neutr oSy 3kFongfifl € 1Cthof SRRy Sille KRBT, BELDARLLE L NS

to Step 1810 to sc > anot her portion o he entire
obj ect has been WeigfieoR e vIaIcE Yl lmtﬂnﬁlbﬁ%w eiétttf@&?*éﬂ typigallyfpssap) e

out put may be pr@ﬁhfdﬁigmsc@&dé’\efﬂpwaﬂxfalu@s foi m@pmemgn aRMbefEdh 1.64.55€dad N
the first test in Step then it [%/ not be cessar% to co duct

Step 1830. Scanni$iglsy ché?fsraylﬂ'@tfﬂl‘l@ﬁf“a" pes Fgeuﬁc”f BREONVYERR B
exanpl e of car goorsi6 detedt delaysy Sduatis Hbhpw fgioa Tdcledr @ateriglh, éfpeestnt. The

entbodi ments of the,LAYEAL Bl gﬁa&vuwm RYPLETIRREA AURALL AR

conveys a cargo C nveéance e’scanni ng system
bet ween an X- r ay2begiie esezt)f@Gheatn@GfatYEFeat'é@wa22(57’@““*?‘1%@“&6??\?@?@?" tigest em

2020 may be a neehapiisskdd vokkd d{a@rbe GONMEBY O at BBlet/, TRe AchéikdeREtion system

mechani cal ly dri Venbern?rnzladeorn after each high energy burst, here 9 MeV, for example. In another
example, the neutron detectors are turned on only after a TR pixel test indicates the
possible presence of HANM in an array of resultant pixels (such as after scanning at
both energy endpoints, TR calculation, and analysis of the results, as discussed
above}.
[00133] 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 withan
acceptable sensitivity and specificity, to determine whether SNM or other nuclear
material is present.
[60134] 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 i the art. In addition, the identity of the nuclear
material may be determined. Experimental counts of a number of delayed neutrons
generated by inducing photofission in SNMs at different peak energies and the
delayed neutrons’ decay times may be organized in five or six ranges, each

cormresponding to a particular nuclear material. Comparison of the delayed neutron
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exanple. The X-ray source 2060 directs a radiati on beam R of
Brenmsstrahlung X-ray radiation towards the cargo conveyance 2040.
Shi el ding walls 2080 surround the source 2060 and the detector 2070.
The conveyor system 2020 extends through openings in the shielding
wal l's 2080 to allow for the entty and exit of the cargo conveyance
2040. [00145] The cargo conveyance 2040 is conveyed by the conveyor
system 2020 through a shi el ded tunnel 2100. The tunnel 2100 has a
first w ndow 211®ugeithy olject bang tosed adshihpse 2agasgnablep isgptifiortion pke prdisdage

of the X-ray r a@iu@ieér@ﬁhté?ﬁﬁﬁhﬁti £ hitRberf fR%M-tﬁQ%ﬁf‘edZQ&thchan@arﬁaf go
conveyance 2040 an

onveyance to t ctor
array 2070. |f t‘?ﬁét“?“d% fegtion S5m0 rR?‘P g’@fﬁts £h 8 h
attenuation of radivatiNorDayeytize Ansieds fod rNucher betehaie)r(l\hﬁmﬂ( Tedhﬁoitbgye

conveyor Syswmﬁ%ﬁ?u&?m&é@& rol {8hgs a gap may be provided anpng
the plurality of i 3 ecessar%/ wi ndow may al so _he

provided in the @938kt ur &f ifhessPrfimmgion e eéh%ymategvsiuehwwéwaﬁ

necessary. Col | ipit@nasa fanhlaSheio) wikya &@go%@)éyéﬁeﬁtslﬂwl@foi a@mﬁargo
conveyance 2040 apd t he datectg 2070. to dbI 0@5 %‘tﬁl ered radi at i
from reachi ng t h& et SAFEY MSPHECY SnRPEYEFEDs JUFhsh PR Ts g, Jragion r"é"\’;ebfsed

to exanine a porinduost afthet prak cagegel mmﬁmylamagyza@d@:l@r mizlagalg hetivees 18ar go
conveyance agai %e%nddissﬁé*vs Sﬁﬁs il EJQ:‘? berRfhedW thi Hﬁhe? @ﬁ%@ [ERMRY AP C

2040 may be irradiated with rrutlgeener gl es rapi ycling the
source 2060 bet iBeRUPRE % fslRss aapsi snesaieds by ﬁ%"t‘tﬁé?‘@b fe%wet@gﬁwnzmo
I S bei ng convey edtetiino Aghhikihénegs aaaiatisrgbetinl intay BOROviddd Hyya spfagel ddirbegort WO

adj acent sources; | extends from
the end of the Xl-ler %@E ss,ogﬁcrggm { %ﬁ%%g)sq%ﬁa%ﬁt e Olhérrm&w eng&b%qs
j00135] Fig. 15a is an example of a method 1700 for conducting the neutron

test, in accordance with one embodiment. A portion of an object is scanned by
radiation having a low energy endpoint, such as 5 MeV, for example, in Step 1710.
Radiation is detected after interaction with the object, in Step 1720. A corresponding
portion of the object is scanned with radiation having a high energy endpoint, such as
9 MeV, in Step 1730, and radiation is detecied 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 cach 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 uatil a sufficient number of pixels covering a sufficient area
are collected to conduct one of the fests 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 ohject.
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collimator 2140 includes a. slot (not shown) shaped to collinmate the
X-ray beam emtted by the X-ray source 2060 into a desired shape,
such as into a fan beamor a cone beam The slot nay have a verti cal
arc ranging fromless than | degree to about 50 degrees to define a
vertical fan beam having an arc 9 and ranging from about 5 degrees to
about 45 degrees to define a cone beam for exanple. The slot may
have other shapes, as well. [00147] The detector 2070 is electrically
coupled to an |n[‘ﬂ@ﬂ9pr OCQﬁﬁﬁNMlﬁﬁpecMmlnﬁﬁeﬂ BMGQ!}HNaedutﬁﬁ datedios plsRy
2180. The i nmage proce @ ﬁ NRr . ses da %et Qs ongdegeahoncosrtle\r/nelrsy on
and digital proc&SsiRg® '8 BnEnt's A8 sE ) Rty ¢
processor, such ;aeferab[gmﬁp&t&@kﬂ%&@&ﬂen ssanelhgamrmeé’a(idtyls @@mplemdi o and
controls the op n of 6 he
detector array %%bpt he I%ggt\lef’el%%tre ngl{cg thh%ggl@?é g D%r)réa%g&%c%gc@ssé
2160, and the di¥gb. éi/sozmmtpl@mdmmp‘bﬂts mb@vwéﬁelménwre@é&s@wdeémo

and all the corrpgy,],eﬂ% B8, a{atmg&la@mt) lstere&bmk Xnotfﬁﬁpoﬁio@lb&‘&w ofljb®. If
processor 2200 tests

descri bed aboveng%/'ﬁlé“cp‘?béet?gé"gmm?%%"% %OBVPtdgé%SFr%OﬁLG fﬁﬁlfre b h‘%’?ﬁ

processi ng functdebpsi rehtrdnhmay simge ppridelessor 2160. Whil e one processor

2200 is shown, a@igh] Onal, BEOFRRS AN HanEOMRALEES, TRYnbErRES Wiflod, as
wel | . The i mage processor 2160, the conputer 2200 and the d| spl ay

2180 may be arr a??@‘é’dteél*fdh‘blé}%’é’ét“gﬁf“mﬁf G @pcdadt meferiat SSusPRE e iR 8% 88 or
2160 may be par tte@findiithgaRnmpis @Ecnbd‘d&bovexwmﬂ:ﬁ kndiae inGRe Pt tRer example, e

programmed in Soétiv\%ge?gy raq’/o testhar q}al\sarlibeed i I?Qnge't‘éenRt I@cpyS 54 1?31 lwtﬁ’éh he
tests described @Bove & Figne ‘eXanp P e

i mpl enent ed t hr ciagpposated Ay peieionce n’n@mn mép ﬁqnéucreﬁtfl@@toatr@ﬁl“@r%ém'fych&sl q
for exanple. [O00LAS] fa@:idedaeiods @QZQcm LerAindl OheRsOke AbjEAYat (R

configuration of the detector depe e

col i mated radi affc’imBHauge%?ﬁjiaﬁs aF'i’)alrtm}é')?raW%'e@r 'Q‘Ft?”af %acﬁtea?Fl%’(‘)qnf' gé%h
collimated into dsfrihed heaor detaibrabowdi Bechsd bncr@dt@@tamrbearr maxg 2BT10

may be provi ded’ oﬁmgkrﬁﬂ;tﬁglﬁfiﬁ}tﬂ@n& dQ%CPJf F%Eiﬁcfopgxaﬁh@nﬁ%sﬁma}j B(c t he

collinated radi ation beami1s a cone eam such as an as?;g tric
pyrani dal cone badHcted Reonireme cresgy cadnelsl anwgh Pde pitiahigster FEhEpbLR¥pive

detector array M?&aﬁ@mwsﬁldﬂgesﬁmn%r mnraearagsxaeeme drQilGe mﬁagebetmt or
el ements. The g:%uﬁl%ar(%%,b%%; e}q%éé: 8%19ucg?¥: OrTEnualsmspecftlg an o%;gc){thg is %L” €s

of detectors, deted enent s
supported in a houstbgidengifed.s known in the art. The detector or

detector array n@yi48f Striy 95b O banPeREd- meﬁaoquo?ﬁ:néc@drda%erm%%@a of
an L-shaped detector array_ is shown in phantomin Fig 9,

di 6cussed bel ow, eraiodigienty dvilistasst is cypructsd an gfdsegapartion ‘Pﬁa“ &P}'c‘l_t’-‘% ﬁt&%b%e

detector is usedyisihdnidgterndified if MRleSRMteEisl 24 fldst BMYected, in Step 1820. If not, if
remaining porfions 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.
j00143] 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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be positioned at a |lower vertical position, the radiation beamR
woul d intercept nore of the horizontal arm 2070a and the verti cal
portion 2070b of the detector 2070 may be shorter. [00149] The
detector 2070 nay be a photon detector, such as a photodi ode detector
array conprising inorganic scintillators, as is known in the art.
Cadm um tungstate (CdW4) scintillators nmay be used, for exanple,
Anor phous s idétectatin Gaspi 1558 efiendlicanahodrgfibhsas Sfep Sen Fidndablmetrifon of

avai l abl e fr,om, Vari Medi cal stens, Ingc.,, Pal,q A.to, California,
e oo be ol BB Bk el b s rlasprBadatsy sSiusgs geedide 5074
are pref er abliggbpesiptd wmebk @bvided, td whie Ifadddh apeglagnergyds ided irc the diest

cont ai ner to _detec neut ron which are emtired,isotropically in
all directi gcsntglf]tsfﬂﬁtew%dg&}cflglnm%entoe&rb%% ??E@u%g%%gﬁ%"grted by the
source, for exanple. The neutronScienhetSyste@074 nay be supported by
the detecto 0. T tren or 207 e _support ed t he
upper porti Ur'ﬁ%% the@g&?gg %?mgg’%‘?g%a%wgpgce?%%%ch}"ﬁﬁpao Sigh ;B}SG
L- shaped depmgtaprue(isean@eiéd embidiaente of thorindetiac t HcoR@y8 miPe20

p aysiy

supported byupipbts eehocRyeys aSoasdosstneddfced048 @irBudi e kcaBiing sikert DEOO,
scanni ng system below the g@{ogo conveyance 2040. [001511The neutron
i

det ect ors 2EFF¥eca@n -y yOHEe a7di 2 deipton 8o e SPBHEY R FEE 2028 IRY ed
with 3 t1f1le. mmeaﬁwcb)@v@ﬁmgfgweybfﬁﬂa f&&r&(@filo@m&:&m&ﬁd&ﬂ? @Hyenliém&@,t -ﬁ)m for
use Wi cargo conyeyances for ex e. I n ope exanp| e, e
cdunters ar® eFéﬂ‘y‘{\ﬁﬂ}’ ﬁ""é%i’d?glg%ﬂ’f‘?cﬁﬂ "ag{ﬁ%'blﬁﬁa?& ﬁ@?’@ﬁ’éﬂ@{?gg &rafhe

| ayer of ngﬂihﬁﬂﬂ foSeatds @kl mg@lﬁmemhegml Sﬂiﬁwﬂgofﬂismﬂﬁmuﬁb?ld"taé ow'
neut rons. Fast rons, are ized in the po yl ene | ayer

bef ore bei rﬁi”ﬁé&ggé @H‘P?}ﬁ ‘({ﬁ%&%{@g@et t GREEYORTFE #@5‘@&“3 dﬂ‘F%‘EIE rons
are theref ofpeniled mche dhichlidghealBHO80ad atiberisr tidudihghind dx&udfribe cargo

detectors ar e CO:%”;Q jally avail able from Canberra I ndustries,
Meri den, CTOGF% %I e. [00152]Fig. 17 is a top view of a portion

of an exanpi@l4sl a caEhgorgcannymgeesiidd Emo20G0d by tHeaahvegot systemadp@cent
radi ation s e ch t (=1 ' a
di f:‘er ;nt éﬁlg’ﬁl ygésﬁggg?ﬁ?x%gg@#bn g t('il}cl)x?ngrir%@?%%t %5;%3‘{5” éém 26%5‘/'(‘?9Fi g.
16 are commednd windrvell€d to Fliev Hothepongsyishe Kr20a0iatiop ant R famdhe

2040 th h ' 2 :
conveys: 3 CREAPLANMT 8,200 LIS, bl S6HO 1A, SYB) SRAIRRR.

between the firs

bet ween th an 70Db.
The. o1y SO SRy S aMIPE BN IARNh Rannt A GE L averll

t owar ds t hdovw alteguativo v eylitior maP UOuset e the badiyordacit. cif 200wy masystem
enerat e aahi i Al L L - ay e oi nt
oft 'S ey, 730 St B AL Sk ARG L bl hrldi 3t flely SORIN pBREP
second radbesiagn AedirfoRomey alk ke wevdntindhesyyluenaippirtiog be conver, f or
exanpl €, Ol e eoz‘ﬁelilsx?cces-gg?.e >&Varli 1519 L{ﬁ&%t?m%%&ﬁ;é 9% r R HRE Befebn the

positioned™at the Sanme ang respect to t rgo conveyance
2040 and owmanepeorwEienchA0HE et dhe getaeter 20Help Mepk Iseatieredeigiliatiosl from

adj acent 1 Qu Ofini gk Bfechir! UeSY Rk & P FYAPRRY Bk N8¥ersed N6 ¥%xiRMe 3! SO
h tﬁe : Ij{

be positioned ohe above the o is believed that in a system
with two sootftieesf the anze pepeyaehe@rher thesgptiecesm ppMERIPh agib Ut s30 to

60 siecongﬁ dish%gc'kﬁ?z]tﬂ_é? SR ARG 2B CORVF ARY SBANESS be AARRAN B mAMedt N
reater an abou
g gnergies by rapidly cycling the source 2060 between two energy endpoinis 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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5 feet (1.5 neters), the X-ray sources 2060a, 2060b preferably
generate radi ati on havi ng energy endpoints greater than about 1 MeV.
5 May and 9 MeV nay be used, for exanple, as discussed above. O her
exanpl es of energy endpoints for cargo conveyances having a width
greater than about 5 feet (1.5 nmeters) include I. MeV and 9 MV, and
5 MeV and 15 MeV, for exanple. In order to conduct the neutron test,
one of the ener gyitieddpchn¥sansads 2060 be adesingbshipd s8ciMaMnto Efan Xesrnayra
source may be a i.nea

Accel erator ("Li é}dg{b r%%lél( ??é:?bﬁﬁ:glh%%%a g"ﬁ%&%@f@%‘ %%54%%{[ * g?greé?tm gput
appropri ate | evéd degredsdu ebfne Eavcatiéaaﬁtué:eﬁm (hmuh@am m %ﬁﬁ maginHEshedtdut 5

Inc., Palo Alto

Li natron(r), se%éls éoeg a# %98& mes g IPB ng?fl&}?a‘““ #HEBWHI%aPﬁ Yot rrayrhave
has an openi ng amwﬁam,mb@llt 20 30 degr ees, for exanple. OQther X-ray
sources nmay be gnas , .electrostatic .accel erators,

m crotrons and ron\s\ﬁl Fgfeé&e@gzoa} ls elep mals%'orfﬁ’l 1?% P 98 ST dR0%gr Al
i ncl ude car bon- mw(ldﬂ@)upledowahtdl&:@ay( GlﬂﬂﬁO)Thepimnganpmw 91601 uomprises

(Pu-Be), and/or based sour
exam ni ng obj ect'sa;1 A %%H'%d%lﬁhﬁgasé% an 558&”&“3"8%’%5 » @1 '%ﬁf?&nel?”ﬂe
X-ray tubes enmi mt i Ag)r@nmogysmmﬁsmhemmy 2280 geelratjcalily coudied tosad corie the

energy bel ow | ne above far such B’E | er

obj ects. For exgpr?)"f1 On (5513 ﬁ’&g}“}a%%fj’%@%tw F%‘&C%@%ﬁ’stgblda%‘?%“@ﬁ

may al so be bel Qvayb&Ysteﬁolozeﬁﬁﬂﬁh@e pRotEsskeEM @nﬁhdaﬁgdiﬁﬁ Yy DB80. BBnnections
used, as |ong a the radiation will penetrate through the object

bei ng exani ned. T@@%%’R"‘%‘ieﬁ?j’F élo0 M?IIMWW?IHEJMQHQY shgwe, teserpjy the
endpoi nt may al e

D o af%“‘*y* &I‘éﬁ??ﬂace#xt%{)@ uy @9{3\/1%5%1?1?{3%# ,agtpéwtv,gsngk%ﬁq{u% fests
spectrum as dedespiileddbore. UTSe PrRATseTt 220 mag 168dded samend all.o§ thel%avma:tmg

No. 6,438, 201 Bfuhctlcfngrofe‘?h@”mage PARESH 31, | REREPREALRLRY: b Oef]e%gm

herein. As described in these patents, different poﬁjtl ons o
detector array &fPnakprafesrner WmpNEsayheprovidedn fe welln Jihe imegetpgocessor

radiation of ongil theNonHuRS 2200 G5l e diéﬁaléﬁaﬂeﬁnsyang {)ggg Qﬁd Qéhuecma

source that sw tches between ener gy eyégm nts may
description of #ewEpiypiTBe dppgeguoceiyr B0y wan of e cpxmmnr:@af@n @nmnl@

10/ 957, 212 for ﬁh&(aﬂﬂmagm%uero@aaﬁme hiesdBARY A%eL heiatRNe obddh&%DnPbr al
Cct ober 1, 2004, s asslfgned to the assignee of the presen

i nvent or and |s°ﬁ\gh(§ﬁ"5§oﬁ’§?lé‘2?d O%eef 8 Wh CEANIS: RS PraErHes MBY He Applemented
accel erators t hatougRyn Replissash $pbc1tzb Bt Q:'chi't e iexah@eal so

described in U[% f?tentgj\lo a U. S. Patent No. _4, 400, 650,
and U.S. Patent %14 38 68t°°f99rﬁ03 m&?é"’éldﬁb“a%%ﬂ@he’ﬁhq eonfigigation of the
assi gnee of t hedduces €0 |nwe<ﬂﬁ3h@noraﬂld sBdpR dfﬁﬁ@é@ﬁﬁ@&ﬁda&!ﬁﬁe&eﬁﬁﬁ@cgm

herei n. Techni ques of hJ n be ween..ene es nmechani cal
switches, such &% Iﬁ’f “’6 1§/ﬁ‘g§ &g\fﬁﬁc‘ﬁ E’Lfbﬂma%‘mg’éﬁ’qnﬁl

state switches e of abo 100 con
may be achi evedD &%%Pﬁe}gﬁ[mﬁ%#%@g g%ﬁéeg c°é‘%1’é 6 Gt n1 %ngeo%]cef; %’é? eflgn
meters) long i nIfslaa/milahatml radizon bbﬁﬂiﬁﬁdohabmtshar asexanh@etri Rramidal
t echni ques desc%c%qgg}%mgbt%ﬁ%tg% Tf%’%‘yusea in 8 bi L %%fp%rgi%%’?

real -time inspe f O

tractor trail ergmpihgiostor EEﬁiz‘e E@a&ﬁﬂ@%b?@et@&toﬁléﬂame a&&&o&hﬁp 2070
for exanple. The system nma nmprise two telescopic tractor trailer;

as descri bed i Ry, SSMPAEHE P éﬁhFYcﬁf mggules off detsgtogerpchcomprisigggne or more rows

application” off'dlat@&opélenlélﬂ@m?pur%@%a hiM¥ingasl 19 RS SNBE attO Thb Qetector or
assi gnee of thedééresent invention and is jncorporated by reference

herein. In one %esRprEasdasths Hieht oF k-fhareds oy haryemial afm gH70af@n L-shaped
tel escopi C traglkRtiof Afyl @Sh&ﬂﬁiu)ﬁhé@(&{n SORIE.CR. Qig, $OUBBARsed HRRWOLBS Ehows

tel escopic trail carrjes r hot on_det ector and data
P i-shaped detector hl%arﬁ.-sfaapeg detector is used in Fig. 16, the source 2060 may




[00158]Fig. 19 is a rear schematic view of the system 2300 al ong |ine
19-19 of Fig. 18. Common el enents are conmonly nunbered. An
addi tional neutron detector 2314 is supported by a vertical arm
2308b. Anot her neutron detector 23 16 nay be placed in a french T in
the ground G beneath the position of the cargo conveyance 2302 when
the truck or trailer is parked. A vertical detectormay al so be used,
as shown in the '864 application. In that case, the neutron detector
23 14 may be suphpcﬁsﬂtedccm a (wen@iticalt jodtidnOhe Bffiatidncbeate Rivicod|inteledpembor |
for exanpl e. fflglgthgr%ggl %% dd2t§ ﬂmypo%n EW?EF& &e(?cc%r Pd?gcfrﬁ sor
or conputer as deséribe ove, rograrmed ement the
tests of any or baF*loff%rf t he enbodi nents descrl bed above The source
2606 may be a sijmgh® soumﬁeedeﬁuc@du@m&yadetaeﬁm@hlde@ct& Q@h/aaa@h&odmv
X-ray radiation beams for exa urces %ecs acked
y

0
o oY o mewt B s S e RIS & g TR e i on
beam and t he ot hewstdto(QIMIDY eintilatee conte ead o \exangpih. aAmephotxesiivon (28)

exanpl e. Any or d@tjcrltorﬁ) chr}g P&)ﬁt?at)@“ {fLe Gl DREuI2R %a%ﬂ%af’%@@mg Bc.,

automati cal |l y detect nucl ear materi a such as
[ 00159] Wi | e thé’alPM@rﬁai"'@ﬁ“%§1a¥)ﬁ?°t"i°@¥fﬂarl y suited for scanning cargo
conveyances for {mm]rabaﬂaumﬁ h@teuaﬁgemtmoaom)aob@ fmagesy aedpple@blyt 0 -

scan ot her obj ectmﬁorﬁgiéﬁ‘?ﬁspb% gmgser I’Illﬁl carr coﬂ bagédét&t%arlgﬁogsf and

seaports, as welPP sourc
sodurces are desothicher emnttexih@trmmﬁqolneﬂél cmwo@ Tﬂlheetéremﬁ%@tooﬁﬁﬁow@es

may provide ot h%ﬁppgﬂfeﬁ% o soﬁr@éj'fcﬁtekéf’rgﬂe %ﬁ@ Heuﬁ@n @et&lﬂ@ﬁ%aﬁ)ﬁ@%pﬁﬁ%&r on
beam or ganma ray he exanmp bove,

transni ssi on of bﬂ‘i@ 4??‘*@9‘1%?078113#‘@9&}“%id%‘f‘i“’(‘jr?o'(%m%v S“P?ﬂm‘ék’émﬁl"@“

t hrough t he car gorticosfieyrreer 1030 dlwlade:dcdnmdfen Lsipsddesstionfee@D7dan e

| ower energy radi f

conveyance to yﬁg?héugﬂ'eé%%ye 8 "ﬁag b?é@?&lcerﬁl)o teri gﬁ{'g#h ts’%m(;;%tﬁg%ﬁogr
HANM i s that th&Urppaitsl hescanninggystent belynthergsiconvey et as nenti oned
above, the trangetisgi on mc hdw@od emorgnengzwsr adi aki @indiey ﬂ?@:oﬁiiol{dlded

bythetransmssm ene radiatjo
TR above thet neR Rl o deies ey by atsty khh™ S ppPatths IS AR 7
in all the examfirass withoue cotvayaack 24400l exdimge. niaypnbeesplk.cid @ueets wased

on radiation at tc@xm-é@w:tg @adnﬁﬁﬁ @?cg a dpoﬁy%ﬁt&l@ﬁe' l%@rst F[ﬂé'\ r%?éa@ﬂiuﬂ'; 15 the two
ener gy endpoi nts I nar e art

recogni ze that ot fﬁ%r E‘ﬁ%'é“é‘“‘i’f‘éy’h% H%W” ‘t'i“‘f‘ﬁ% %ﬁtﬁwr%ﬁf lea@%fh bed
herein w thout depapdyernyichs layer bdiae byhigrdetectaiia ths Sdpiteabrst Daly kevieingei on,

V\’h{i ch is defi ne%elp%nst A?c?th%le?oirmtectgc? linotl% *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
systemn 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 systemm 2020
su.pports and conveys a cargo conveyance 2040 through the scanning system 2000a,
between the first X-ray source 2060a and a first detector 2070a, and between the
second X-ray sourcé 2060b and a second detector 2070b. The X-ray sources 2060a
and 2060b direct radiation beams R1, R2 fowards 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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CLAIMS 1. A nethod of exam ning contents of an object, the method
conpri si ng:
conducting a second exam nation of the object if the first

exam nation indicates that suspect material is present; the second
exam nation conprising: scanning at |east a portion of the object

wWith X-ray radiation

conducting a first exam nation of an object; and

del ayed neutrons resulting frominteraction of the X-ray radiation
Wi th cont ents ofradidtion diepre 2, wilnel second energy endpoint of 9 telVerfen exmgle, or

whet her the obj
on the check fos&%etect I'on O

claim1,

mat eri al

SR R3S Qé’o& ?ﬁosﬁ%ﬁo‘s@n are lggﬁeq.%ttthe ﬁ@%%ngieg?tﬂar t

neut ron

conpr i geapept to the cargo conveyance 2040 an@;mﬂqﬁ@mfs hayizead plhag: gy may be
exam nation onl Vimhkdibe adjhdesitio @miylbe @ﬁdat@@aﬁaﬁ @bﬁ%ﬁ&%tﬁeh athe: Hn&jﬂﬁé’otbe

S

presen
exani nati on cong¥f’

soene e M o Dot Mt p BiARGTvlioes aBreet i ¢

X-ray radi ati on.fost container may be examined in about 30 to 60 seconds.

[00153] To examine cargo conveyances 2040 having a width greater than about
5 feet (1.5 meters), the X-ray sources 2060a, 2060b preferably generate radiation
having energy endpoints greater than about 1 MeV. 35 MeV and 9 MeV may be used,
for example, as discussed above, Other examples of energy endpoints for carpo
conveyances having a width greater than about 5 feet (1.5 meters) include 1 MeV and
9 MeV, and 5 MeV and 15 MeV, for example. In order to conduct the neutron test,
one of the energy endpoints needs o be at least 5.8 MeV., The X-ray source may be a
linear accelerator, such as a Linatron® Linear Accelerator (“Linatron®™), having an
accelerating potential at an appropriate level or levels, available from Varian Medical
Systems, Inc., Palo Alto, CA (*Varian®™), for example. In the Varian Linatron®, 360
pulses are output per second, The Varian Linatron® has an opening angle of about
20-30 degrees, for example. Other X-ray sources may bz used as well, 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-beryllivm
(Pu-Be), and/or americium-beryillum (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 fow
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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4. The nmethod of claim3, wherein the first exam nation conprises:
scanning the at least a portion of the object with radiation of at

| east 5.8 MeV, prior to checking for the detection of del ayed

neut r ons. 5. The method of claim4, wherein the second _
exani nation conprises: scanning the at least a portion of the object
with second radiation of at least 13 MeV; checking for the detection
of del ayed neutrons; and det er mi ni ng whet her

t he object cont alfcmsssnucl earsmgatrﬂrahai sctﬁ&sﬁd,sw?&hcé 1R&%kn érﬁrg?@ﬁc%mm@ﬂa} he
second check for neu met hod

1
of claim 3, wher gg(bg ﬁ%ﬁ eg de o tmélrﬁ né?“\églﬁ S°“6°ﬁ15?"‘?§§§°““§ é’hﬁﬁl plieaen ot
| east a portion &P k087 6b’§ @C% Stapditg Wand iPatticlo Bednnicoalgragor, flilgdstn Gerberdy ;

scanni ng the at bmsﬁlhl&t iQQJsfgh&ﬂo ok a§s e%ﬂh@ﬁ&sew ﬁ&t&?@ﬁ Ak onjaéé!' b9 a

second ener of at second ener el ng greater
t han the flg)s/t eff "gj’g‘i‘* "ﬂ‘?éi‘ e@?‘F’Hﬁ‘ca’r’ éﬁfr"%‘?ﬁ”@ﬁhaéﬁﬁé‘?c@ i fierRgesEE inpengon

first energy; angedsb ﬁe'icnlﬁtg i DO Riitbrd Mo 3(66021332@01(5 Paterd NGl 4)£00360; @R

energy; and the 0

checking for t heﬁgs'fg%ence g}; 3 "th neuﬂf ?)Sﬁ’§n°§ft? e SRk ehYe PrEGt

| east a portion #Fentipe a@%Jﬂé‘ctncfanorMebbs esfnde dereingy Techniqued for Tévetchiegt hod
of claim6, conpbdsSéed Energies using mechanical switches, such as relays, and other types of

switches, such as solid state switches, are known. Switching speeds of about 100
milliseconds may be achieved, for example, to scan a cargo conveyance 20 feet (6.1
meters) long in several minutes.
[60156] In another example, the techniques described above may be used in a
mobile system for real-time inspection of the cargo conveyances carried by trucks and
tractor trailers. The test may be conducted at a highway rest stop, for example. The
system may comprise two telescopic tractor trailers, as described in U.S. Application
No. 10/455,864 (“the *864 application™), filed on June 6, 2003, which is assigned to
the assigneé of the present invention and is incorporated by reference herein. In one
example described in the 864 application, one telescopic tractor 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 2 horizontal
portion 2308a aﬁd a vertical portion 2308b, are also shown. The telescoping trailers
supparting the source 2306 and the detector 2308 are not shown, to simplify the
figure. One neutron detector 2310 is supported by the source 2306, another neutron
detector 2312 is supported by a horizontal portion 23082 of the detector 2308, and
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periodically scanning different portions of the object at the first
and second energies, detecting radiation at the first and second

scans, and checking for the detection of delayed neutrons. 8. The
met hod of claim6, further conprising: determ ning whether the object
cont ai ns suspect material by: det erm ni ng whet her

the object at |east potentially contains material having an atomc
nunber greater than the predeterm ned nunber based, at l|east in part,

on the scanni ngn&ﬁertngﬁroﬁtdetlaﬁﬁ%lﬁ(sﬁ&h ih 9? 9? Isislﬂﬁaoﬁgﬂ @_v,%e Rriddd Bortibaf St

and second energ % . The net hod aima8, further
conprising: cal® %1éfﬁﬁ§mﬁthlnctlon of the radiation detected at the
first and secongbiesier 9i @& 19i3d rear schematic view of the system 230@&&:@113@3'1'9119 of

whet h h bj I

o e nuner - ST vt SRRty Rt A B Rk G deffha
in part, ont hé3 f4isctupporied hoa TdrecaheinR388tof Arothar meuBon fatreton @3 16 may be
conprising. Cak}%&@ﬁl'antgen@h "ﬂﬁ e g?%un& Eeneﬁe%fﬂ' f?‘gfﬁf"g%%&h g? %Bm}ega"nec 0

first and seco ener gl es dentifying a
based at | east 2#¢2 Yg!@ﬁntthe @ﬁkpﬁ@al}egtsm@rkedanédvemcal detector may also be used

as shown in the ’864 application. In that case, the neutron detector 23 14 may be
supported at or near the top of the vertical detector, for example. The detectors 2308 -
i 2316 may be coupled to a processor or computer as shown and described above,
programmed to implement the tests of any or all of the embodiments described above.
The source 2606 may be a single source producing alternating 9 MeV and 5 MeV
X-ray radiation beams, for example. Two sources may also be stacked or placed next
to each other, one fo produce a first energy radiation beam and the other to produce a
second energy radiation beam, for example. Any or all of the tests described above
may be used to antomatically detect HANM and nuclear materials, such as SNMs.
[00159] While the invention is particularly suvited for scamnning cargo
conveyances for contraband, the invention may be readily adapted to scan other
objects, such as luggage and carry-on baps in airports and seapotts, as well.
[00160) In addition, while an X.ray source or sowrces are described in the
examples above, the source or sources may provide other types of radiation, suchas a
time delayed nentron beam or gamma rays, for example,
[00161] In the examples above, the transimission of the higher energy radiation
(9 MeV, for example) through the cargo conveyance is divided by the fransmission 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 fransmission af the higher energy radiation, in which
case a TR above the threshold would be considered to be a potential HAINM, in all the
examples, above. In addition, TRs may be calculated based on radiation attenuation
instead of radiation transmission at the two energy endpoints.
[08162] One of ordinary skill in the art will recognize that other changes may
be made to the embodiments described berein without departing from the spirit and

scope of the Invention, which is defined by the claims, below.
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checking for the detection of delayed neutrons if the identified
material is a suspect material. 11. The method of claim
3, wherein the scanning of the at | east a portion of the object with
X-ray radiation for the second exam nation and for the first

exam nation are the sane. 12. The method of claiml,
further conprising: identifying a nuclear materi al
within the object based, at |east igLouk, on the detection of

del ayed neutrons. 13. The method of claiml1, wherein the

nucl ear material 1.i s ak niegiasitofeR@niafngRlobicaRiofBh objeaNht teddd colpABihkm
enriched in uranium 233, and urani um enriched in urani um 235.

14. The net hod of C|Qbﬁm%mn@QQnggmnﬁﬁﬁbﬁéﬂﬁﬂﬁﬁ%ggh@atIOn conpri ses
manual | y exam ning the object. . The nethod of claim1l1, wherein the

first exam nation CO%&H&&% asge%'aﬂa %Qarh‘r*ﬁﬁu&PbFﬁ{e’ oBJERSE B Rkt Wamination

i mge; and anal yzing t

indicates that suspect material is present;
the second examination comprising:
scanning at least a portion of the object with X-ray radiation;
checking for the detection of delayed neutrons resulting from interaction
of the X-ray radiation with contents of the object; and
determining whether the object contains nuclear material based, at least in
part, on the check for detection of delayed neutrons.
2. The method of claim 1, comprising:
conducting the second examination only if the first examination indicates
that suspect material is present.
3. The method of claim 1, wherein:
the first examination comprises scanning at least a portion of the object
with X-ray radiation.
4. The method of claim 3, wherein the first examination comprises:
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.
5. The method of claim 4, wherein the second examination comprises:
scanning the at least a portion of the object with second radiation of at
least 13 MeV;

checking for the detection of delayed neutrons; and
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16. A method of exam ning contents of an object, the nethod
conprising: determ ning whether an object at |east potentially
contains material having an atom c nunber greater than a

predet erm ned nunber; and, if so, determ ning whether the object
contains nuclear material by: scanning at |east a portion of the
object with X-ray radiation; and checking for the
detection of del ayed desutiniramswhehet the bbjetroomaind haclagtmatiDfbatddeatfedstin
radiation with contents of the object. 17. The method of claim

16, CcOpRf,ioniRsecSiBMREING ialcicibieaSdeldePakidoan of the object with
X-ray radiation of at |east 5.8 MV, and checki ng

for the detectiog of -felaugpd ORUERON R E&q&lﬁ&{&ﬁbﬁd}&%&@%&é&n of
the at least 5.8 MeV X-ray radiation wth the at Teast a portion of

t he object. 18. T. claim 16, furt.her .conpri.sing:.
scanning first porti ogralgmgfgt {h%gdtg afte%:?!)%oflr?’féh% ?!%chi‘? ‘}'igl}ldfr{lg g, MR ERR,2 first
a first_eneigy; detecting first radiation after
interaft9®n of the first radiation beamwith the first portions,
wherein projections of at least a portion of the first radiation beam
t hrough each porti on,Sc¥iRg &e gbleatt phortiogerithreotieed patwiradiatiqn haying a second
i xel s;

P energy of at least 5.8 MeV, the second energy being greater than the first energy;

detecting radiation after scanning at the first energy; and
detecting radiation after scanning at the second energy; and
the second examination comprises:
checking for the presence of delayed neutrons after scanning the at least a
portion of the object at the second energy.
7. The method of claim 6, comprising:
periodically scanning different portions of the object at the first and
second energies, detecting radiation at the first and second scans, and checking for the detection
of delayed neutrons.
8. The method of claim 6, further comprising;
determining whether the object contains suspect material by:
determining whether the object at least potentially contains material
having an atomic number greater than the predetermined number based, at least in part, on the
scanning of the at least a portion of the object at the first and second energies.
9. The method of claim 8, further comprising:
calculating a function of the radiation detected at the first and second

energies; and
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scanni ng second portions of the object with a second radi ati on beam
at a second energy different than the first energy;

detecting second radi ation after interaction of the second radiation
beamwi th the second portions, wherein projections of at |east a
portion of the second radi ati on beam t hrough each portion, onto a
detector, define respective second pixels;

cal cul ating first funtdrmiisngfwhekier riaedi difj¢co et desst cioechtially tdoatafrisr siaterial
and second energies, for corresponding first and second pixels;

gr oupi REridgd &8 htohlid GBI Soredfterahi] theddrédeYer@ined Qluk®SPBAEH, NG IRk (Sartl Bh Ghe
at | east one group; cal cul ating a second function
based @pctifie first functions of at |least certain of the plurality of
pi xel s in each of the at |east one group; and

det ermi ni ng whet her tﬂ%ﬁﬁ%&%f - 59,?@%&9&%&4' .y contains materi al
er an a pre

having a high atom c nu greater ‘erm ned atom ¢

nunber, based, at |east in part t he. secqnd f ipn of, the at .
least one aroup. 19, crisaldeB Ak s HPEEAICeHldhe i sorg Thoreies
conparing the first fynctions to a criterion based t least in part,
on the predeternined 408 A ATl m%tﬁf ebJeﬁfl&ﬁFda%tﬁ??@t ATt Rt
function; wherein cal culating the second function
is bas@@i at least in part, on the first functions neeting the
criterion. 20. The nmethod of claim 19, conprising:

checking for the detection of delayed neutrons if the identified material is

a suspect material.

11.  The method of claim 3, wherein the scanning of the at least a portion of
the object with X-ray radiation for the second examination and for the first examination are the
same.

12.  The method of claim 1, further comprising:

identifying a nuclear material within the object based, at least in part, on
the detection of delayed neutrons.

13. The method of claim 1, wherein the nuclear material is at least one of
plutonium, uranium-233, uranium enriched in uranium-233, and uranium enriched in
uranium-235.

14. The method of claim 1, wherein:

the first examination comprises manually examining the object.

15.  The method of claim 1, wherein the first examination comprises:

scanning the object;
generating an image; and

analyzing the image.
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grouping first functions of corresponding pixels into at |east one
exam nati on wi ndow havi ng a predeterm ned si ze;

cal cul ating the second function by counting a nunber of first
functions within the exam nation wi ndow that neet the criterion; and
conparing the counted nunber to a predeterm ned nunber to determ ne
whet her the object at |east potentially contains a high atom c nunber
materi al . 21. Thi®. netAostiofl of beinmmi2@ combes of m olijére, the adeice coinpedng:
nunber is based, at least in part, on a predetern ned fal se positive

rate. R#Zrmibg; Whithednobjeel AileasdfhteRRNP tbihiAYmaterial having
grouping first functions of contiguous correspondi ng pi xels that neet

the crigd ﬁsm%mﬁﬂegg@w #@8 b pRiScBh AP nuRRrCldalfshg an area of the
groupi ng; and conparing the area with a

predetermned area tgq; %ﬁkﬁ{]ﬁ@ \Qﬁetw%éqﬁ%ectt Q&n@ﬁé ﬁ?ﬁtleaﬁnalce%a%y

potentially contains a atom c nu 23.
e 7ot of o1 1 2 MIc 4o B SR e
conprising: checking for the detection of delayed neutrons resulting from interaction
of the X-ray radiation with contents of the object.
17.  The method of claim 16, comprising:
scanning the at least a portion of the object with X-ray radiation of at least
5.8 MeV; and
checking for the detection of delayed neutrons resulting from interaction
of the at least 5.8 MeV X-ray radiation with the at least a portion of the object.
18.  The method of claim 16, further comprising:
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, wherein projections of at least a portion of the first radiation beam through
each portion, onto a detector, define respective first pixels;
scanning second portions of the object with a second radiation beam at a
second energy different than the first energy;
detecting second radiation after interaction of the second radiation beam

with the second portions, wherein projections of at least a portion of the second radiation beam

through each portion, onto a detector, define respective second pixels;
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cal cul ating an average of the first functions for the plurality of
correspondi ng pixels within the at |east one matrix; and

conparing the average to the criterion to determ ne whet her the
object at |east potentially contains a high atom ¢ nunber nmaterial.
24. The nethod of claim 19, wherein conparing the first functions to
the criterion conprises: conparing the first function to a threshol d.
25. The met hod of cl adahuBding fust thyestiono aihi sadigtionodetastddadt ithegfitshend second
threshold, at least in part, by: scanni ng at | east
a port emongied, far coaegddinbjfiea tind estprid pixelg; mat eri al having an atom c
nunber equal to the predeterm ned atom c¢ nunber, with a third

radi ati on beam at t hegbigigd iR @ir@MHons of a plurality of correspon@i@l §GlelsNgiol Aidagt
radi ation after interaction of the third radiation beamwith the at

| east gnPgblp.on of the second object; scanni ng at
| east a portion of the second object with a fourth radiati on beam at

e serond ener 0 . ctago e b ERREEA R B DRI OFLD: g
Por . o B SRR SSE e A Gt e (175U function of
determining whether the object at least potentially contains material
having a high atomic number greater than a predetermined atomic number, based, at least in part,
on the second function of the at least one group.
19.  The method of claim 18, 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.
20.  The method of claim 19, comprising:
grouping first functions of comresponding pixels into at least one
examination window having a predetermined size;
calculating the second function by counting a number of first functions
within the examination window that meet the criterion; and
comparing the counted number to a predetermined number to determine
whether the object at least potentially contains a high atomic number material.
21. The method of claim 20, wherein:
the predetermined number is based, at least in part, on a predetermined

false positive rate.
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fourth energies. 26. The method of claim 24, conprising:

scanning at |east a portion of a second object conprising a materi al
havi ng an atom ¢ nunber |ess than an atom c nunber of |ead. 27. A
system for exam ning contents of an object, the system conprising: at
| east one X-ray radiation source; a first detector
to detect radiation fromthe at | east one X-ray source after
interaction w th2at | Easmethogof¢lpionl btompusinbj ect ;

a second detector to detect delayed neutrons caused by interaction of
radi ation fromthe atgbessg fiondunttivay oBSamigeousicofredpbdial pbehsthameet the

portion of the object; at | east one processor
bei g b oor amd o goRRCond (eLeCt oS eos data fromthe first

ei ng pr
suspect mmterial : and KRE RARCE R bEA, RO O L ¥ the second
suspect material; and
26. A system for exar gt g SUPE Bk RRE oo Bl Wicher e
conpris or annln at Ieast a portion
of an 8{3‘1 gtcatt loggt mo} elng?llya‘f‘?&“aé%sc%ﬁeﬁ%o?‘é I T 36%1 energi es, wherein

f t th t he second radlatlon

ég:r ;Iyr st radiat & PN er r%%t 09 Iam%rf’ln where?nnthe at least one group defines 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
comparing the average to the criterion to determine whether the object at
least potentially contains a high atomic number material.
24. The method of claim 19, wherein comparing the first functions to the
criterion comprises:
comparing the first function to a threshold.
25.  The method of claim 24, 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;
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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means for detecting radiation photons at the first and second

radi ati ons, after interaction wth the object;

nmeans for detecting neutrons resulting frominteraction of the X-ray
radi ation at at |east one of the radiation energies with contents of

t he object; means for determ ning whether the
object at |east potentially contains material having an atom c nunber
greater than a predetdstattingdowmthoradmtinursifier idtersawn eft the dawtth iradigant heam
on the radiation detected at the first and second energies by the
first oéheletadsasteagbrtion of the second object; andeans for determ ni ng whet her

t he object contains nuclear material based, at least in part, on data

received fromthe neafaguf@hg ded €edti NECHIAUST BRSradidfon DetdBENQE t1Rf third and
exam ning contents of an object, the nmethod conprising: manually

exam NifghepaLrEt s of an object; and if the manual exam nation
i ndi cates thal suspect material is present: scanning the object with

X-ray radiation;,check] t ion of del ayed neutrons; and
R TR e B

det erm ni ng whet obj ect contarns &ar materi al based, at

|l east in part, on the check for detection of |l.ayed neutrons, 30. A
met hod of pexam’ ning cSHLETR ¥ IGF AROTRY 8@? ?“?‘FFE%%H%IBPI&%%? et .Phavmg

scanni ng at .| east rtion of an object with X-ray radiation,;
checki ﬁfga“f’@i“e eﬂgetsgg‘ﬁﬁ’t‘\a@fm%l’é‘f%%ﬁﬁf’é@rt rons resulting from

interaction of the X-ray radiation with contents of the object; and
det erm ni ng whet¥er theysiusn & texapming swatenisof empbigel Geisyiteh agmprising:
| east in part, on the check for detection of delayed neutrons. 31.
The met hod of cl ai m 30 Jeaftgme Reraygadipiansionge;
a first detector to detect radiation from the at least one X-ray source after
interaction with at least a portion of the object;
a second detector to detect delayed neutrons caused by interaction of
radiation from the at least one X-ray source with the at least a portion of the object;
at least one processor coupled to the first and second detectors, the at least
one processor being programmed to:
process data from the first detector to determine if the object at least
potentially contains suspect material; and
process data from the second detector to determine whether the object
contains nuclear material.
28. A system for examining contents of an object, the system comprising:
means for scanning at least a portion of an object at first and second X-ray

radiation energies, wherein the first radiation energy is different than the second radiation

energy;
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detecting X-ray radiation interacting with the object; analyzing the
detected radiation to identify suspect material; and

checking for the detection of delayed neutrons resulting from
interaction of the X-ray radiation with contents of the object, only
if the detected X-ray radiation indicates that suspect material is
present. 32. The nethod of claim 30, wherein checking
for the detection of wedngyeddetedingoadiatanphdtenssat the drgtiand sedoad andiations,
| east a portion of the object with second radiation of at |east 13
MeV; chigkntagefior withthedbjeett i on of del ayed neutrons; and

determ ni ng whet her the object contains nuclear material based, at

least in part, on them&eeohd dhetks heltrdiieredatife tiioan iffkradedayedhe X-ray
neut r ons. 33. The nmethod of claim 30, wherein the

nucl eafadimiofhi AlledsborRlof k1RA841a08 PerRlgi R WHIP RS HTRODBIER 233, urani um
enriched in uranium 233, and uranium enriched in uranium 235.
means for determining whether the object at least potentially contains
material having an atomic number greater than a predetermined atomic number based, at least in
part, on the radiation detected at the first and second energies by the first detector; and
means for determining whether the object contains nuclear material based,
at least in part, on data received from the means for detecting neutrons.
29. A method of examining contents of an object, the method comprising;
manually examining contents of an object; and
if the manual examination indicates that suspect material is present:
scanning the object with X-ray radiation;
checking for the detection of delayed neutrons; and
determining whether the object contains nuclear material based, at least in
part, on the check for detection of delayed neutrons.
30. A method of examining contents of an object, the method comprising:
scanning at least a portion of an object with X-ray radiation;
checking for the detection of delayed neutrons resulting from interaction
of the X-ray radiation with contents of the object; and
determining whether the object contains nuclear material based, at least in
part, on the check for detection of delayed neutrons.
31. The method of claim 30, further comprising:

detecting X-ray radiation interacting with the object;
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analyzing the detected radiation to identify suspect material; and
checking for the detection of delayed neutrons resulting from interaction
of the X-ray radiation with contents of the object, only if the detected X-ray radiation indicates
that suspect material is present.
32.  The method of claim 30, wherein checking for the detection of delayed
neutrons comprises:
scanning the at least a portion of the object with second radiation of at
least 13 MeV;
checking for the detection of delayed neutrons; and
determining whether the object contains nuclear material based, at least in
part, on the second check for the detection of delayed neutrons.
33. The method of claim 30, wherein the nuclear material is at least one of
plutonium, uranium-233, uranium enriched in uranium-233, and uranium enriched in

uranium-2335.

56



