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PARTI CLE DETECTI ON AND APPLI CATI ONS I N SECURI TY AND

PORTAL MONI TORI NG CROSS- REFERENCE TO PROVI SI ONAL
WERPBINGRT ON [ 001] This PCT application cl ai msP@F/US2007/482735

to ( 1) the U S. provisional patent application No.

60/ 855, 064, entitled "SYSTEMS, METHODS AND APPARATUS

FOR PARTI CLE DETECTI ON AND ANALYSI S AND FI ELD

DEPLOYMENT OF THE SAME" and fil ed Cctober 27, 2006,
PARKCKRPETRCTQN AND ARPLIGATIONS dN SECURITY AND RORTAL

entitled "RAD ATI ON PRORMNMTIORINGOR SYSTEM AND METHOD!

and field on June 29, 2007. [002] The di scl osures of

t he aBRGESSWREREPRENGHE TOW\PRO\ASIONALISPRL ETA TGN N by
reference. STATEMENT REGARDI NG FEDERAL RI GHTS [ 003]

This invention was nmade with Governnment support under

o011 offs Ry PRl @RS PR 8, AVThE v brdiEapat ptont

appllééitrohaNO BO@H50E64) ddﬁmedWWEI\VIS TECHNDOA. ANEIAPRARATTUS
Enbodi nents relate to fields of particl e detection

FOR M?@Lﬁ DERE BIONMAND YNAL ¥ SIS &NﬂpaﬁlEyDoDEH#&YMENT OF

THE SR L BRELEL ARS8 L1 GBHEAR Yo

1 1/77d$1691@ht|td§d CRABIATION FOREALAAONITORTGYS TR ANDYMBI$HOD”
npted research ai med at providi ng nore robust

and fl@!ﬂ@@ﬂuﬁﬁﬁ@eﬁppame for contraband nuclear material.
[006] An article entitled "A Terrorist Threat - The
movenent of Bl ack Market Nuclear Materials into the
[002]Uni t eThSHRCRS Urekd itheNibahioro aflitationd Bee incorporated herein

by reference.

STATEMENT REGARDING FEDERAL RIGHTS

[003] This invention was made with Government support under
Contract Number DE-AC52-06NA25396 awarded by the  United
States  Department of Energy. The  Government has  certain

rights in the invention.

TECHNICAL FIELD

[004] Embodiments relate to fields of particle detection, analysis, control
and, more particularly but not exclusively, to security and portal monitoring

systems and methods.



10

15

20

25

30

name of Gene R Kelley fromthe article archives of

t he Nucl ear Age Peace Foundation, PMB 12 1, 1187 Coast
woRlBARIRoad, Suite 1, Santa Barbara, CA 931 PGI/ULSAT/082735

outlines the problem of surxeptitious transport of

special nuclear material. Kelly refers to sone

possibilities for noving this type of material as

being as follows: 1) BAMERGRIINE t he shiprment of

small, well-shiel ded packages on established drug and

contraband routes. 2)-ship materials conventionally in

o hEi B e TR R ryClere v Bsdniamaer US oy

has p??bn{ﬁéld Qéééé#bﬂ%lﬁ‘%@yatsﬁﬁi\ﬂldlﬁg‘%ﬁér‘et FSBusRBoPdS §hSeillance for
nostly porous borders of the United States. 4)-use

contralpart eu@leeﬂrrmt@lah bution techni ques (routes and
conveyances) by requiring rmultiple way- points and
altering the characteristics of external shipping

Ceudci Per artle %@lhe@owﬂtl'err%hsmmré@ctﬂrﬂ@é ?rné\%inent of Black
| egitimate products for routine deliveries.

MarkaireNlueLeachIaﬂewatsslrtt<hathetlh@teob&ﬁateabldete@bt\lmvembfertm1 in the

det ect d identif | I k
name; B S5l e KTt SoPEuie at0ReA R Ner ol DNRBEHEREF peace
Found&tigimal IpMBantqiztii es 1hgphl Cosdest vargel e.R4408] Slive use
of portal nonitors at border crossing points is

SantaaBemﬁragCAo%mﬁe U3IA, eldtiees thegpropigygloé surreptideurs transport of

specFAfpE e casely BIER 1P o hiSiE et for fidnahis type of

matef@AtR béihg @gtf@%ms use high resolution ganma or X ray
det ectors [009] Unshi el ded Kg quantities of highly

eA)supedMepagi the canpaendeoécse@!ni Wﬁ”ﬁh@hdedsl pagsagesy on
s by detecting ganma rays
eStabm@‘% %H@ g@%gpﬁ%d({]&&%‘e 1 of the acconpanying
dRReh ROt IS ConeAREaBy GO WY sHaéldell! &al ddintiners through
resol ution ganmma ray detector used to detect
a surreptitiously network of widely dispersed handlers.
3)-man carrying many small quantities across the mostly porous borders of
the United States.
4)-use diversified distribution techniques (routes and conveyances) by
requiring multiple way- points and altering the characteristics of external shipping
containers at each point.

5)-mix materials and legitimate products for routine deliveries.

[007] Kelley concludes that the formidable nature of the tasks required to
detect and identify well packaged fissile materials renders the likelihood of

detection in small quantities highly questionable.

[008] The use of portal monitors at border crossing points is becoming
routine for detecting smuggled nuclear materials. In many cases shielding can be
used to obscure a nuclear signature. Conventional nuclear material detectors use

high resolution gamma or X ray detectors.



Weapon grade uranium (W3U): 10% 238U 90% 235U wi t hout
shielding and with 5cm and 2.5cm of | ead shi el di ng,
wo e@pat2ivel y. FIG 1 indicates how sel f-shi el BCTGSwH7/082735
nucl ear material reduces caunt rates. In order to
shield a threat object, about 5 cmthick |ead, gold,
tungst en, or other shielding material is required.
A%rﬁﬁléldkéﬂ C@#;eﬁlugﬂtltf:éseoflh@ﬁﬂ/ Wl&b@n@réﬂuﬁ Q%n be
2 and 3, which ilTustrate sinmulati'ons of X-radi ography
deteotéd R0thklyighf rahahmwmlthnbmglnat& coomiing: tidesf by eetéciing gamma

Si beam ays erated by 8MV el ectro .
rays SROnanE o230 RNk, Fiiads of | At niyiiog, Friiar Pagicts
5 exarrfp?éjbegﬁtaemé fréhh M'rﬁgmréé&uﬁ@m %%ﬁ*ﬁﬁna%?%ét@ct%@%e@et@sﬁetect
cluttered cargo, finitive si ures of high

Weapisj grade la’ﬂelmm‘i\lﬁlé)j 1o 238tk %%b&’iﬂ@mﬁhndésmﬁwmg and with

s b8 2h 0 FubBRY Py ol FI P B Sy b

of nuﬂéhﬁfﬁa@érlé]%@’@&st SouiRalesUdh ofddtusl Padid GenkER dbjett! &Sout 5
ease Wi th which neutron and gamma ray sSi gnatures can

cm thirk lepd cgelddtunigsters lor ethiinsgisidikgsnatepakis requided.
10 surveill ance for contraband nucl ear nateri al
di fficult. BRI EF SUMARY [001 2] The follow ng sumary

ofod1mg AlsniRiddted thys FIGOVY del ta‘éidftﬁﬁallytlaltﬁ’s aQ and 3, which
under st andi ng of t'echnical features rel ated

illustratec Bithgatiens opparadiography efy 20 s otfoxramgfre@mof;g automobile

airterfid1S ity B8 SREMROFGT v gental o AV EBROE sRfafitratung
sources PRfdse SimUlaforish¥Row Biat Oara\peadishthybyart akdudizé Mébjects,

entire specification, clainms, drawngs, and abstract
15 evendr s@nhdeese, dottersd W@ﬁanhégflnlép@ﬂ%ah@reér@f @gbtzeﬁ’ﬁjeCtS

are oot 5L pshpRBobhdiofies i EnMHaRRer SRR Er oy

cargodet ection systemis described to include a f| rst set
of position sensitive charged particle detectors
| ocated on a first side of an obj ect hol ding area to

R PR 205D HAL HERHRR e SRR 6P Hateria

20 needed to construct a nuclear device and the ease with which neutron and
gamma ray signatures can be obscured with shielding makes robust border

surveillance for contraband nuclear material difficult.
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area, a second set of position sensitive charged
particle detectors |located on a second side of the
woRjosa182bml di ng area opposite to the first si deCT/US2007/082735
nmeasure positions and directions of outgoing charged
particles exiting the object holding area, and a
signal processing unit, which may include, e.g., a
m croprocessor, to receive data of neasured signals of
the incom ng charged particles fromthe first set of
position sensitive GRIEGeIUMMARY e det ectors and
neasured signal s of the outgoing charged particles
omthe second set of position sensitive charged ..
péQQV& Teedetleeingr summary of it dnveiitiereis SirRYyideHi tg fegilitate an
e
undef SR PE ok Pl Rt R M Plach? aPieye Bnd Bgems
for deteeting particlesosuohgasa niionmst ayw sgwaoshehdediomeda full description.
di rections artlcdgs to optain

f ch d
AUl ERRERRIBHA ef hecfarious GropeRts SBRiaYertiog qanb Hainesby taking
the R RRAGRTEIRFS: Wrdirks! B aBLeSE: dioh i ar 22 The

tal ned tonographi’'c pro |Ie or the spatia
d| stribution of scattering centers can be used to

resence o absence of one or nore objects
| O TohaBlSR ot aralus o3 Sysiemiss O lelretRooar ClSraugh as
muor%é%f? SeBEMRS $n VAFibUS &@nvies eam BRE e|F(;’Ipiérﬁef‘?!%tﬁﬁv'aCSértlcle

position sensitive charged parti etector can
detedtienisyptmmdedcmbed/w irmhsde arfirsgsetadi postion sehsitivagharged

particl, detedisis Bealnphea Tty treroin ohiedt halthd-diedap; measure
bositiBRs 'a%dC&Fecﬁ%nérdeHSﬁ@ni e b Aphaldy B SHREORGIaing

particl epositional measurefents Iin a |rst direction
area,andeaond sat df phsiten demsdive @rrged Ipariods idetesiats Iocated on a

PR SRS T SR BV 0 e
pOS|t|6H§F§n%dd|?ékﬁlo%ré\‘n&ﬁ§ofP\@ @r‘rﬁrb@é‘%rf"@e@é&ﬁﬁg@‘hé Blﬁiect holding

vol une such that theé drift cel forma box or four
area,sindkeal sgnah@tmee&@umt a/vh;ylstrmy mfudﬁe et@ed misreprocégser, to

ecelEHb SRR el MBS TSR Tl AN e s
set ofBbsitife seheiive @far@é’@'ﬂsﬁhﬁ)le deeectoist &8 ﬁ?éhs'&?ecﬁ%@n%)éegf the
to 1 nspect occupi ed vehicles at border crossings fo
outgaing latargeach paaticlesjfeesn ghe second set of position sensitive charged
particle detectors. This signal processing unit is configured to analyze scattering
of the muons in the materials within the object holding area based on the
measured incoming and outgoing positions and directions of charged particles to
obtain a tomographic profile or the spatial distribution of scattering centers within
the object holding area. The obtained tomographic profile or the spatial
distribution of scattering centers can be used to reveal the presence or absence
of one or more objects in the object holding area such as materials with high
atomic numbers including nuclear materials or devices. Each position sensitive
charged particle detector can be implemented in various configurations, including
drift cells such as drift tubes filled with a gas which can be ionized by charged

particles. The drift cells can be arranged to allow at least three charged particle
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[0014] The aforenentioned aspects of the invention and
one or nore advantages can now be achi eved as

waele®snifzed herein. [001 5] According to one asperuUs20a7/082735
nonitoring systemhas a cosi c rayproduced charged

positfpbiegutcaesScnay giat whedtion adial ded by chpfgecgdrtice
p08|t|5ﬁélmn‘éfas§|’érﬁént§ Gh 'asse&fHocﬁlré&fbrp&ﬁfePéntqma?d rdtf direction.

tubes of circular or non-circular cross section or
The aréheelishears hephuttheelaldsptecband @un&m@ed arhsu moemrdabg esides of the

volurt 865 1% fpe G 2215 B ' GollsRBTEEURR, bR avatem

can B&WsRUOH ¢Riflze RSl %@)@r’rﬂ@trﬁﬂﬁdréﬂuﬁd YRR 28Yhe $HErce of
system can both selectively detect devices or

muonsepe detEcing paetdrgudEr dlyjedistin tioe object belding greri. for example,

densi t terial s, such as, iron ead, gol.d and/or .
the S¥§ﬁ'§b?%}1 gac%r&%;ﬁq] mgge%pgmpeﬁ gﬁp ﬁ{ﬁ% t?gogger crossings for
nucb@pgﬁbgf@@gc@f the charged particles passing through

the vol une and detect radioactive sources occupying

the vol une fromgamma rays enitted therefrom [001 6]

Al eous| aotin drift.cells as.charged

P TEEHRns PSRN el o o BRigikar ™ one or more
advar@t%@%"ch@ioW Bé@%h@@éd%%%ﬁbé@%@rélhlnc“ on of a cosmc

ray radi ography apparatus with a ganma radi ation

counter to prow de a robust detector for nuclear

! R Doty S0 dPe 4oty A rdRiging sybiehy $eB3A Hofmic ray-

prod Ldfeuf Eharged drticle h&éckree GHEH B%llRginE 88 ichargbdC panicRX detectors.
of the systemby elimnating the need for a gas

The ehargpd reartigiet defervoa 8% in theplogml obgeftatellsg &Rt e for

exam&?%(fph]‘,tttﬂgg‘ gﬁgzﬁgﬁliaigﬁ‘dg}pngr%&% d@%gﬁgée%tigﬁls or r?oLthub%ssr?aped

cells, TedrifRfuré@r iotRt ftrR@able-4tackPgl oPlinddraindr iahtl 66igbing: @RAarged

conprise a set of drift tubes |ocated above the vol une
partictgrdpasfin &rroggh aoyoldpier to b Beannest suel aseteamictay-produced

muor$y A RS ST ettty RTS8, DY ) ebfElel dptect

devicéQQirhﬂéterlals, particularly but not exclusively high density materials such
as iron, lead, gold and/or tungsten, occupying the volume from multiple scattering
of the charged particles passing through the volume and detect radioactive

sources occupying the volume from gamma rays emitted therefrom.

[0016] Advantageously, adopting drift cells as charged particle detectors in
the cosmic ray tracker effectively provides the combined function of a cosmic ray
radiography apparatus with a gamma radiation counter to provide a robust
detector for nuclear threats. This eliminates the need for two separate

instruments.

[0017] The drift cells can be sealed drift cells further reducing the cost and

complexity of the system by eliminating the need for a gas handling system.
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at least three drift tubes configured in a second
direction. The first direction can be orthogonal to

W b@sse2end direction. [0020] A gamma ray or nRCE/D8907/082735
source can be arranged within the systemto enable

actlve . .interrogation of naterial u ng the vol urre

[ BE Anduiral peraiheh oo a i T JURBR, POTPHACS 8 non-
flamn§aisige ggas SucFOSHEC ANUGRixiUracker Br"qﬁnng cf%nrl%rﬁ”fﬁléilde ofand

muon detectors in the formdrift ce The drif

Tetraflubremethand €CBi)r anged at | east above and bel ow a
volunme to be scanned both to enabl e tracking of
i ncom ng and out goi ng nuons and counting of ganma

mg MReUsHt cEife cﬁﬁsdo%%r%@abﬁt tbedEP'Hfi‘E‘Jtie‘éelb}zfaﬁ‘z@jt &Sdve the
hi' gh den3| ty shielding of radioactive materi al

volurraﬁ:eoﬂ;ano@err&et\nildmﬁtetubeerbcmjed ioelav éfmvolgmngarm seteof drift

th
twoes SR GalK RleaanErs AT LRy oMEU R 1031l CHeb FooUhin Gahnother
at Ieefs@)(ﬁre%r@ir‘iﬂ eshdshesriigupsa i QOQe%ibnErtﬁrét‘Pin”Whé%r@tedlrectlon can
scanned can be of sufficient size to enable a vehicle

be orthogeaable tbersespnediresti@t.cupy t he vol une.
Advant ageously, adopting drift tubes as nuon detectors
enabl es the systemto perform passive scanni ng of

0 pe0HY| Adg AARFLRELs NaltteH Ssurtetdansthe atrapgad Wiftin thdBgstem
and no dose radi'ati on above anbi ent background. [0023]

to enabledcivadntegogatonnbimeterial Ogeerying theevplomesf
nmoni toring conprises arranging a plurality drift cells
on opposite sides of a volune to be scanned; detecting

WGdR 1 tz\@cdfd.rﬁg t@eédcﬁhemgﬁwg A Rbrivatifg S\BtEASHAS a cosmic
ray-produced ¢ (T:i #oartl cl es together with any gamma

muory tigekerdwaving a\murya e@fe®tPA gieéegtorsamethea‘prm@tfutpgelisg Thredrift

tuoes; Gt P PGBt P AR R 2 RLOOR bl b anngg botn to

enabl%ft@éﬁkﬁr’iyi‘oglﬁﬁmlrfgﬁdﬁd a03gdiRd Mkl MR UG SOfQRPHHANIrags.
the volune. [0024] Arranging the plurality of drift

use, e systeRnCybRPH §%|9§FY%§1|9F§P’[é‘l%ﬂeﬁﬁltsaﬁhleéhié@ of ip@igactive
mateﬁ%l?gg(ﬁ.]p&zngdrtﬁé tvo LH‘RS Sfrcﬂﬁor\ﬁﬁltfphee st8 té'ﬁ’?g %rfqhgr%ﬁg% rlgas%mg

through the volume and detect the radioactive material occupying the volume

from gamma rays emitted therefrom.

[0022] The volume to be scanned can be of sufficient size to enable a
vehicle or cargo container to occupy the volume. Advantageously, adopting drift
tubes as muon detectors enables the system to perform passive scanning of
occupied passenger vehicles with short scanning times and no dose radiation

above ambient background.

[0023] According to yet another aspect, a method of monitoring comprises
arranging a plurality drift cells on opposite sides of a volume to be scanned;
detecting with the drift cells incoming and outgoing cosmic ray-produced charged
particles together with any gamma rays; selectively detecting any material

occupying the volume from multiple scattering of the charged particles passing



| east three planes of drift tubes bel ow the vol une and
can further conprise arranging the drift tubes in each
w@k@aa18200 t wo or t hogonal coor di nat es. BRI EF DESEBRI/BI100M082735
OF THE DRAWNGS [0025] The mcconpanying figures, in
L.ch |ike reference n rals refer to identjcal
througllies vBhTe: s e Pa G T ES P RGR ML Y, s GargPegouroes
occub(ylﬁg\@rw@m Wa ch are incorporated in and forma part of
t’he speC|f|cat|on further illustrate the present
i nvention and, together with the detailed descrlptlon

o0 A O AN oS R b A LB set o
at Ie&’fqméee %ﬂ@@tofd@dfﬁttftfé%”b@o@ fHe Qéﬁ%élbh@rhrﬁé’r@%%aget of at

etector used to detect Weapon grade uranium(
least ﬁb%@@wmo% ZtBLfiUtublﬁl bglowh éheyvorme a@nc*a |cgnafurt|h|eomcamprlse
U, Wt hout shiel with 5 cm
amangng B850 Rees b sreomatain o ptodetd $Heiitebo7)
FIGS. 2 and 3, 1 (Prior Art) illustrate X-ray
radi ography sinul ati ons of urani um detecti on anong
autonobile differentials and a fan beam 8W; [0028]

FIG 4 illustrates a portal nonitoring system
utilizing cosmc rays to detect an object according to
one enbodinent; [0029] FIG 5 illustrates a side view

of another portal nonitoring systemutilizing cosmc
rays to detect an object according to another

enbodi nent; [0030] FIG 6 illustrates a detailed
perspective view of a portal nonitoring system
according to a preferred enbodi nent; [0031] FIG 7
illustrates a cross-sectional view of part of a drift
tube nodul e configured to detect cosmc ray charged
particles and gamma rays according to one enbodi nent;
[0032] FIGS. 8 and 9 respectively illustrate typica
experinmental range data and muul lttiippllee
ccoouul | oormbb ssccaatttteerriinngg

tt hheeoorreettiiccaall nresults o f neasuring 1000cm 2
of uraniumfor 1 mnute with a cosmc ray system
[0033] FIG 10 depicts a table showi ng theoretica
energy |l oss rate (dE/ dx)
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and radiation length (X) for various material; and
[0034] FIGS. 1 1 and 12 illustrate portal nonitoring
W yEBamoadapt ed and arranged to nonitor car goP¢TUS2007/082735

vehi cl es and containers according to alternative

enbodi nment s. DETAI LED DESCRI PTI ON [ 0035] The particul ar

val ues and configurations di scussed in these

nonlimting exanpl es can be varied and are cited

nerely to illustrate at | east one enbodi ment of the

present i nBRHEF OESCRIRKIOMOF THEIIBAWNGS i it t he

scope of the invention. [0036] The particle detection

systens and net hods described in this application can

beod2m) TRBRIHCB IRy #@tﬁj-‘t}reﬁ’ﬁﬁ%ﬂﬂéﬁ liRé ré@Férﬁie‘h@ﬁb%ﬁé fefer to

ofr materials such’as nuclear materials and to obtain
identicahegiuaptivrally i ateleorenss tmough@mtbetseparate areveugnd which

are R8ERaERS oA St Bt dhsiicbloh DR phe e
prese@ﬁaﬁ%rﬁwnnbﬁd 'Pé%éiﬁér wmsmnaétam@a @ééterptubﬁt:@ﬁ tr@wéwtuon
nucl ear threat ects that may range rom f ul

serveat@@mlﬂledhe]pcn@abs\mab@psesmtmnltlquant ities of
hi ghly shi el ded nucl ear materials. Features described
in this application can be used to construct various

PRIde} FeG detiRtiates sXShpRBcolrR YAt froft a@?@’rm%s%lutﬂ)n gamma

article detection system can include an obj ect

ray cdornglsadet@ defiech\ieapen gradd)ureniun (WEGUNs pe¥t 838Ua%0%

235U, sltg e SarBE°eh' SRo3CHREL e AOPOR, S R 7l Shifour

shieldifg ahtdWith 8&eh ghd @8 LNt I@éd vsﬁ@ldi@@treﬁy@étﬁ/euwwar ds the
object holding area, a second set of position

sensitive muon detectors |ocated on a second side of

T RE5s PrblE LR RERTR B -t psl b i itions
of urédiirhi degedtid SAbAGaufshabiddiFershtiafNGnd $fanNeéam SMV;
processing unit, which may include, e.g., a

m croprocessor, to receive data of neasured signals
[0028] FIG. 4 illustrates a portal monitoring system utilizing cosmic rays to

detect an object according to one embodiment;

[0029] FIG. 5 illustrates a side view of another portal monitoring system

utilizing cosmic rays to detect an object according to another embodiment;

[0030] FIG. 6 illustrates a detailed perspective view of a portal monitoring

system according to a preferred embodiment;

[0031] FIG. 7 illustrates a cross-sectional view of part of a drift tube
module configured to detect cosmic ray charged particles and gamma rays

according to one embodiment;



10

of the incom ng nuons fromthe first set of position
sensitive muon detectors and neasured signals of the
W@i0g018200 nuons fromthe second set of positi oPCT/US2007/082735
sensitive nuon detectors. As an exanple, each of the
fi n cond sets ticle detectors can be
BB et Al sre o'elod agetrentalgs data
and ﬁ‘ﬁJIﬂp@@%lﬂcﬁlﬁSesé"d'ﬂféﬁqﬁsdtr%Féﬂ&él GeBORd tdfor'?‘@lasurlng 10000m of
nmeasurenents in di rection and | east™ t hree
uranigmmafogédnipate withe qassnicireyaystesgsur errents in a second
directiondifferent fromthe first direction. The
signal processing unit is configured to analyze
SfIU3aFIOT1 DR arstatle &W@M%Qﬁéor"e%%leé’né?%y ot (dEdx)
of thé nmuons In the materials ™w thin the object
and radiatiomdengte £Xpios ova@rions naderi@lasoded i nconmi ng and
out goi ng positions and directions of rmuons to obtain a
tonographic profile or the spatial distribution of
SEEi343FI®OS. qenéredazvmmétrétet;b“&tamh@ﬁ‘tom@ st&@n@r &daptéhaand
obt ai ned tonographic profile or the spatial
arrangedttoi meniton cafga datvedidles) andnc@itginess aseoidkirgl to calternative
ent>%ﬁ%ea the presence or absence of one or nore objects
9 "obj ect holding area such as materials with high
atom ¢ nunbers including nuclear materials or devices.
Each position sensitive nuon detector can be
i mpl emented in various configurations, including drift
cells such as drift tubes filled with a gas which can
be ionized by nuons. Such a system can be used to
utilize natural cosm c ray-produced nuons as the
source of nuons for detecting one or nore objects in
the object holding area. [0038] As will be explained
in nore detail below, in particular illustrative
enbodi ments, the particle detection systens can
utilize drift tubes to enable tracking of charged
particles, such as muons, passing through a volune as
wel | as concurrent detection of neutron particles.
However, those skilled in the art woul d understand
that such charge particle detectors can be enployed in
appl i cations other than cosm c ray-produced charged
particle tracking to detect charged particles other
than cosmi c ray-produced charged particles. These
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charged particle detectors are applicable to any
charged particle fromany appropriate source. For
W@ 2@AapIe99 nuons can be produced by cosm c raysPOF/US2000082735

intensity beam of nuons fraem an accel erator. [0039] In
applications for portal nonitoring, the illustrative
enbodi nents provide an approach to enabl e robust
nucl ear material detection at reduced cost and with
i ncreased effectiveness. Furthernore, the approach can
provi de a radi at D&ETAWEDDESGRIPIIOMI ch i s capabl e of
determning if a given vehicle or cargo is free of
nucl ear threats by both neasuring the absence of a
PRIEIH) TRk ééﬁl@bl@?@dﬂ?é%kﬁﬁé @?ﬂlgh%lo@lgsélgéﬁségd fh these non-
radi atlon signature. [ 0040] The portal nonitoring

limitisg sexamgples aanebé [Maniedrznd aee eitbddnesaty 0 shisivate at d¢rst one

e B B, PSSR SRR S TSP e g of

the iB¥dhtdnned in nore detail below, the portal nonitoring
systens utilize drift tubes to enabl e tracking of
charged particles, such as nuons, passing through a

Vv et.ection, of rays. , ) )

AT 108 BeiS FaEUREL SR B kbl desribeg, in this
appl%ﬁtléﬁt txel pe plhﬂ){ér%@nfébe t@oﬂJ@!é&@Cbrfegéﬁéé Oh¥ @Ertélnc Q)‘U@(ﬁs or

ray radi ography apparatus wth passive or active gamm

materigls sUchras ounlear nnateppsvane ta @biatmstordmr@@htﬂmff@matlon of

suct apigta Jhi &R G akPuSafstsh 1heiEe: B0t BAGE ik 3ihpspecting
packagesc hmrmaiﬁem @bc@i@di o{élficleBe afudddupite EFubkodints, border

scattering of hig penetrating cosmc ray- produced
crosginga endotper b@ﬁh@rﬂﬁb destaai dhrieaé obiestsethat orayofangedrom fully

assofVER' fuch refsier o oindl, Gl i gty il offerear

matdailg.| CFééwré@&‘dés)trllﬁé@tlﬁnmls %b'ﬂillﬁétlcfrf @ahdee PuSHRREE - construct
These particles interact wwth atons in the upper

variqusras Belerdetediofr usiriBS shower s of particles that
i ncl ude many short-1ived pions which decay producing
| onger-1lived nmuons. Mions interact with matter

PO0BEA Foy éxainfsleh at partiomdetéctiopr epsteavicag neludec bhasbject
holdllnrg];t:rreg%; 8Ir<1:10;3;1rg];(]|arl1r gg}e%% !tonge inspected, a first set of position sensitive
muon detectors located on a first side of the object holding area to measure
positions and directions of incident muons towards the object holding area, a
second set of position sensitive muon detectors located on a second side of the
object holding area opposite to the first side to measure positions and directions
of outgoing muons exiting the object holding area, and a signal processing unit,
which may include, e.g., a microprocessor, to receive data of measured signals
of the incoming muons from the first set of position sensitive muon detectors and
measured signals of the outgoing muons from the second set of position
sensitive muon detectors. As an example, each of the first and second sets of
particle detectors can be implemented to include drift tubes arranged to allow at
least three charged particle positional measurements in a first direction and at

least three charged particle positional measurements in a second direction
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much I ess readily than el ectrons. They | ose energy

only slowy through el ectromagnetic interactions.
w@arisatzent |y, many of the cosm c ray- producedP@LiOsz07/082735

arrive at the Earth's surfate as highly penetrating

char ged @1 adj a?& The on 11 L1X at sea Ieve about
differe p h cﬁr@ptrﬂnnu e strg@alzﬁ)ro&gsgrngu% ,rﬁ)\pgg igured to
anal?ﬂi Qéﬁ%rg‘@[ @éhaﬂ)rors%%@rﬁ%cﬁﬁa&a@s’édnlgy Qéattérfngt &fthe muons in

char ges sub-atomc particles perturb it
the matgreads ovithin The obgecil halding earea drasiependbe oneaswredancomrng
e donmi nan effe

I |
and Gigiing poRiBRS dad Grectobe it mYARs 16 Abiln of fasodiebRiuprgtiie
or trd EBB%IYd|§frfb%|%ﬁcbfbé’cd@tnﬁb' @érﬁeﬁsh@ﬁthmihfe BBREt $HMIBg area.

ray shielding (such | ead and tungsten for exanpl@e)
The @btanbed éqmgog@phrmpt@ute omtheespatial (ABMNputiarhat statfering centers

ani um and on| u t han nmat efi al s t hat
can R Bl Ryt Hhe BeePncon aBediRe s ofp deifle BBSHis fiine
objeétn%oﬂlrﬁ‘@' areBaSHcHTUA reateFibRS withf ﬁfgmtdté’rﬂrcﬁ*h%%bérgerncludrng
objects that it has penetrated, and by neasuring the

nuclegramaierialg of devices. pI Iéammelt@nesmtl\r& oot Hetector can be

mp§ndRfed iEateus MBRMod3PEH sy, Shlineal vl es M jooes
frlledI \Qﬁrﬁ]bl ééﬂhl&h%rﬁﬁ@rdﬁﬁ&f blmuchs. 0S@éted systesh danlfanaged to
medi um Z matter. [0043] Coul onb scattering from

Utl|lZ§tﬁﬂW@| GQ8MEG raveRrigdused mntapnﬁeag theapgercawafoarons farrgatecting
defl ect | rticles as the transit
one Sﬁg‘oﬁﬁf’f’ C? t% &J%ﬁ]‘ﬁ%'ﬁ@&ﬁ%ﬁaand sol ved a transport

equati on that describes this process to a good
approxi mation. The result is a correlated Gaussi an

d{@338] het winbe um@lained fiomeneedeiad prelewimimoagtictlamijustrative

emofiliiielnd APl dficRieclah RReRRT BRT AR O A IC Rl %nable

tracKif§ ofl chargeaUbaralel UaIGEH a8 nhisory, PRBSIgaRRIughoa VBRIMe as well
i nverse of the nmomentum of the particle and the square

as cppeurrent eelection|of quaiony patticlas: dlqwevere aseeskilled in the art

F r r a e.fo ' :

woulg? Shbis3ihd Je%, opn 4508 paRRIERIRAGT Rpicn 8BioyRa i

applicBtongiotherrthan doaeiioss I\ﬁpmcmdema@rargewdahndr@smcmnaam detect
Muons", published in ture (2003

charged particles other than cosmic ray produced charged particles. These

charged particle detectors are applicable to any charged particle from any

appropriate source. For example, muons can be produced by cosmic rays or a

low intensity beam of muons from an accelerator.

[0039] In applications for portal monitoring, the illustrative embodiments
provide an approach to enable robust nuclear material detection at reduced cost
and with increased effectiveness. Furthermore, the approach can provide a
radiation portal monitor which is capable of determining if a given vehicle or cargo
is free of nuclear threats by both measuring the absence of a potential shielded

package and the absence of a radiation signature.
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277. [0044] Cosm c ray-produced nuons can provide

information with no radi ati on dose above the earth's
whawRgta2ond and proper detection of such cosm BCT/US2007/082735

raypr oduced nuons can be irlpl enment ed in a way that is

T AR b eSS ) AR s
showholﬁo%é‘pibéoﬁfpﬁfytr@ %éw@l@beéﬁndﬁlﬂ%shf@%91dr86hc%5%ﬂarged

on scatterin muons the target object.
partuczhgx@taehmgamtrbelrlﬁohurbegur/ési WIM) bpeexXmained onwgompdgtail delow, the

portal, Ja8aidiiher Ssteits affilea ot B L L8 s, Backide ot cherged

partid&d | V& ad*muioks EBasdingh@r§igHMBvaiuhite as well as detection of
root - mean-square (rms)" of the scattering angle, and L

gamma tI’BES sAdearaifagehleslyothm podalr rrtolmdod@g eystams pant aectively
atus. For_ exa an e lary,rms .
provige e PTG FdidiBing Sb22 rEERTR oo ariBBiERAY aBbREH AL bith
pass@é &O(é‘ém/e ?ﬁnh@%@ﬁﬁh CoRPedrt t&%rbﬁé@' é'tt*dbﬂst %e@e&gr for
Ocm = 4cm .[0045] I n one approach, the angul ar
nucleaeﬁtreata ohig §Ilmm&temtheedewfquWOfsﬂﬂaoabengstaqnantSOn
based on the Poisson statistics: 2 where: q = the rns
scattering angle, N = nunber of cosm c ray-produced

[0041']U0nSC@§f$|ﬁﬂ Ry trhey&ibhy Fseg'@ﬁhﬁﬁubn%/ﬁrcﬁséxpllfﬁé the multiple
éxanpl e, the "angul ar reésol ution

Coulqrobscatigangl o bi aene)tkatlrm:msm@sr@wtnrodncezd eraoms tafpasform
non- qoeg?ryﬁ vqu gr%pgcg&g ggr@atc'qrml M'Bﬂy\%%?l"[s%gsf %{'t@%l&? rradla%on
The ERe®r & idodtinuously bombarded by energetic stable particles, mostly
protons, coming from deep space. These particles interact with atoms in the
upper atmosphere to produce showers of particles that include many short-lived
pions which decay producing longer-lived muons. Muons interact with matter
primarily through the Coulomb force having no nuclear interaction and radiating
much less readily than electrons. They lose energy only slowly through
electromagnetic interactions. Consequently, many of the cosmic ray-produced
muons arrive at the Earth’s surface as highly penetrating charged radiation. The

muon flux at sea level is about 1 muon per cm? per minute.

[0042] As a muon moves through material, Coulomb scattering off of the
charges of sub-atomic particles perturb its trajectory. The total deflection
depends on several material properties, but the dominant effect is the atomic
number, Z, of nuclei. The trajectories are more strongly affected by materials that
make good gamma ray shielding (such as lead and tungsten for example) and by
special nuclear material (SNM), that is, uranium and plutonium, than by materials
that make up more ordinary objects such as water, plastic, aluminum and steel.
Each muon carries information about the objects that it has penetrated, and by
measuring the scattering of multiple muons one can probe the properties of these

objects. A material with a high atomic number Z and a high density can be
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energy loss rate (dE/dx) and radiation length (X) for
various nmaterials. One m nute of counting

waele@siimed shes a 10 cm cube of iron froma 10cPETYUR®OTO82735
| ead at 6 standard deviati ads on the basis of their

deteciel pGHGHCRYREORER T Jof iHETA O CHuBIeciovah ) wegium-Z

mattdrr om mul ti pl e projections taken fromdifferent
directions, can be inplenented in the cosmc ray
systemto provide a discrete tormgr aphi c
truction une of st. _base

100435 o GRS FraeToRTGHEG AuglshisSuES i Aol figeg imber
of Snmnéﬁglgadéﬂécﬁbﬁél|o$tdh9|‘béc?95ﬂlc%ée§s ¢RE tﬁ#]s'ftstﬁ@ hattef. Uhrico

pp ications and shorten scanni ng times.
Fermsﬁm@ndcsqjveﬁ:@simngpumem@@ompataldeecrm@emﬁsa pracess to a

[ t d ed
qo0d ARESTRRPEaT PErreStih g oA By S o for
the dfskb%bh%ht%fndtéﬁgl@%hbhgé f 46d %}éc@&y&ﬁéi G@ﬁerﬂi‘s érﬁ‘@ne density
mbodi nents can be nore readil Yy understood wi th

and thef@tperm:@hatgeezérhlm ¢ratefialdelthec widih afytheedistrinddipn e‘dnct@n is
roduced char such

t ed i cl
propq i3l o R R E L BEA N ey el e pBRIde G T Bifard et of
the r&AlG@erbityW\bil flatéridi Upkbasired id RRIRRN RAGHS tFRIRHE bdckighslind
cosm c fay-produced nuons to detect an object, system

can ke ifagngdidasthe seferestcet ad Kor Nang)qgllra@salge@mtled “Surveillance:

Raci @ 3btidMeoT Wi R BTGNS, Sy St ERERE PR G0 22

277.angles (i.e., directions in the 3-D space) of incom ng
muon tracks 9 . The nuon detectors 7 are configured to
nmeasure the position and angl es of incom ng nuon

00443 2 Cosinit gV s BRBGEH -Res e ot B HesRg iR Wil p radiation
dose atRve Me0BSrtIVaSSadkaFeueth ahbepioplet tSctihe be stible cdRhBEtray-
2 may be located and are scattered to an extent

produgegdndens capde immemeantediiala W%Htﬁip?ﬁﬁ@%ﬁ'é’ s@)sifine to good
s AR B BB uo o8 5 AL SlgBlpd Pl erorm
tomog@iphy WireLthriét disieet dndart |ggpét§1|orrm@a'sedo§m tscatisri 8f muons by
the target object. The system can be configured to perform tomography to
localize scattering (RC & LS). The tomographic position resolution can be
expressed approximately as follows:
Ax=86,,,L Eq.1

where:

6., = the root-mean-square (rms) of the scattering angle, and

L = the size of the volume under the detection by the detection apparatus.

For example, for an exemplary rms scattering angle of 0.02 radian and an
apparatus size of 200cm, the tomographic position resolution is
0.02x200cm = 4cm .
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directions. The drift tubes in detectors 7 and 8 are
arranged to allow at | east three charged particle
w@omstigaoal neasurements in a first direction BEUS1007/082735
| east three charged particli¢ positional neasurenents
in a second direction which is different fromthe
first direction and nay be orthogonal to the first
[0045]“ r ecihi e apﬁbr@gcﬁetheoc{r@u%r(reeauﬁaﬁwe@m.r% bp &t {dfowing
etect nmore horizontal Iy orientated nuon tracks. The
equa’muabamd ng thé fossoh %ataﬂ’alcauon is conputed fromthe
i ncom ng and out goi ng asurenents. [0050] A signal
processing unit, e.dg. J&(;@uter is provi dedEI m t he
system 1l to receive daﬁa 2Neasured signals of the
i ncom ng nuons by the detectors 7 and outgoing muons
whergyy the detectors 8 . This signal processing unit is

—tﬁgrr]ttn's aﬁgrlég gg@ yze the scattering of the nuons in

e vo ed on the neasured incom ng and

N = riumhiger ofoRasit Faypprodireddhii®sd paskin@throughs regiorbdfahterést.
tonographic profile or the spatial distribution of the

For exaxnpler theyadgulsi rgsaletidredari Ao t106 (Soeresponding $0 raem@x Hcm?
or raﬁdi ation Iength within the voIAUéTe 50r76 The obt ai ned

resolyigrgleaIIt @TF BRF ININBie QTHOUWRNAT 1% 9%Poution of the
scattering density within the volume 5 can reveal the
presence or absence of the object 2 in the volunme 5 .

[0046FI G Refemivg tdr ihiet tabhdaeodet@cflﬁr ghig &atde 8IImTaaté90thtaenbtical

op and ttom3|d ..In sone
energynm%n@{?a(ﬁﬂy aaedf I?éﬂ ‘%ﬂgﬂf‘twnﬁ’é YRaust Braderdals. One
mlnut*éeo11 éHEJn%ﬂEBﬁ rﬁa‘sd§51 0%m B eV&H i8I frant 8 foRFt8oE X lead
four sirded ucture into which a package, a
at6 sim‘rdardeiearatloasgm tberasisnefrthesudiféarept vdloes s€Anni ng by
the system [0051] The processing of neasurenents for
cosm c ray- produced muons in a volunme under inspection

e. t
[0047g g. Torﬁo o tﬁ}etlﬁ‘oﬁ:rﬂél d ¥ c@n¥t‘ﬁ'1k‘,t°ér?)m9%e d??rﬁggel of

rocessm e syst eml I'n
an obym einemd endtiple e grajecttamiss dadgen cflaunn odiffeeanti dn:ea:mms can be

, tructing the trajector a char ged

|mple i ? s(rﬂlpo[@hjstyﬁte y r&roglden@ ;ﬁc?%s ltcp{’gographlc

recorﬁ%&ﬂé#'Bfofhea‘(}o!u'ﬁr‘?é”Bf”i%téFtéQP b%@é&dor?rthé' gl ?rd‘v!‘déa hethe
detectors 7, neasuring the nomentum of an out goi ng

muons. In some |mplementat|ons Monte Carlo simulation techniques can be

used to study applications and shorten scanning times. Other stochastic

processing methods may also be used in implementing the muon tomographic

imaging described in this application.

[0048] The cosmic ray radiography function of the particle detection systems
of the embodiments can be more readily understood with reference to examples
of detection systems adapted to detect cosmic ray-produced charged particles

such as those shown in FIGS 4-6.

[0049] Referring initially to FIG. 4, which illustrates a detection system
utilizing cosmic ray-produced muons to detect an object, system 1 includes a set

of two or more planes 3 of position-sensitive muon detectors 7 arranged above a
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muon based on signals fromthe detectors 8, and
determning the spatial distribution of the scattering

wa@l2008i118200f t he volunme 5 . These and ot her pr oRE€BEEBI997/082735
results can be used to condsruct the tonographic

vl B RSB 5  PoURRT R R e

3-D s‘p‘ééé?éf Picynfthg PhisdHatrasis QarTHeChﬁJoﬂaéétb&%ré hré}é%rﬁigured to
detector having a set of drift cells can i1nclude

measolbe arnempogltubntarml gngles ofemmre@'t nnugnutca;rkslg Mmhsreepect to two
drift cells hit b cha orrespondi n
differgt, OlreGERS, 60" o 10 S IRl oo R alae pletl) KoBhd' Y Hes.

Muorisdg&dd erSG l@%h@%ﬂﬁné‘%%‘e?é @Iﬁ’e \Woldtt @ Ha@C!Se cI’(‘Sca"ted and are

particul ar”charged particle passihg through said
scatteretletet an; extent |dependernty usem i thet rmragerml t2 mcueylogvmleueolume
partic

f .
througr wRichoe: 035 oATBIHES T S 458 2k Bioren Sidges, £ et BSSiton-
sensﬁn@éJI 'rrhud?ﬁé@t@c@iﬁs gsérb'wn‘ﬁgu@‘d t*ohr%cbfd@utééfr@; M@bh%smons and

ft time conversion data and the tine of the :
dlrectqcu)s f |Tthte| argft Itilpesain detegkerst 6 andi 8 tareaatrangsst tcegh@w&atnl@ast
ar_tine zero val ue f I chin nd
three e ettt HostalB) adstBnEEin, FL A5 o ROIGD pd f West
threeoéhérﬁéd tﬂa&ﬁd‘{efbdsﬁ*tldiﬁl fRéaRfef@nta iMar éé@dﬂoaﬁlré&ﬂirgﬂ%lch is

partlc and corrputlng error in tinme-zero and trackin
differgair fersttbe firgudreation anmst may theoprtaegarnas te ik irsbdyedtion Side

detectlS; ol SpG by ridvbofhSEHAE Gslo e TEBES RO REny kPBfigreq muon

tracks:. hﬂﬁél%@aﬂérrrﬁg ahgledet eatRMUbA e ebmpavéd &ohd this ehdoasihg and
detectors (such as photomultiplier tubes with

outgoing measuegreentisaddl es) or some ot her fast detector
whi ch detects the passage of the nuon through the
apparatus to the nearest few nanoseconds to provide

[0050]he tA RRyrze brocds8MaRlnitlesg., BQorepaaR!i€ provided reesSjstem 1

or measuring the moment um of an i ncom ng or outgm ntg
to recrive deta & W%Jrgfﬁéll@a‘ﬁ Ointhe éncrniast @HQ”%&W thecdeigetors 7

and Ayl RO of Fle FEREIH .1 P st Bl A coMhgurec

to anBBEEithe Scaeerhdo?wigd midhs Meteudloget masedtdrethenme@%ured
mcorrﬁng rtl:%rdgcgeuqtlgo|ng positions and directions of muons to obtain a tomographic
profile or the spatial distribution of the scattering density reflecting the scattering
strength or radiation length within the volume 5. The obtained tomographic
profile or the spatial distribution of the scattering density within the volume 5 can
reveal the presence or absence of the object 2 in the volume 5. FIG. 4 shows
drift tube detectors 7 and 8 are located on top and bottom sides of the volume 5.
In some implementations, additional drift tube detectors can be implemented on
sides of the volume 5 to form a box or four sided structure into which a package,

a vehicle or cargo container can enter for scanning by the system.

[0051] The processing of measurements for cosmic ray-produced muons in
a volume under inspection (e.g., a package, a container or a vehicle) by the

processing unit for the system 1 in FIG. 4, and other systems described in this
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particle in the position sensitive detectors, wherein
nmeasuring the scattering conprises obtaining at | east
W@ boog8a1§20%5i t i onal neasurenents of the scatt eriPQr/US2007/082735
charged particle; (c) detensining at |east one
of the char i onal

applARb A BHTe BN ag bR e aaeT s chdioelrRartitidKlch as
a muHHffﬁFHdg'w fHRagsIl fiEest rrféfashhﬁg (Elli@rn%rﬂeﬁﬁfrﬁ Il e ?nuon

| east one trajectory. This technique can be use
basecdi @nemgmaie fitdme the deteatonsof, measwivay @wnpmmtm@fta{semgomg

muordesh RBSERER Trd' bar celeIgSos A delertlihflatts speta
distribih6t tRESbitefinG aeﬁs.ty SRNIRGHES: THAEMY Bthehickbtking

he use of ditional 'metal plates in the detector.
result[socmn]oewseﬂ ﬂ@rcoestam@ﬂ the tdmeogrpahicapradiies andbuweasureofarious

terin ensity of the volune can be determn ned
propqu%%pﬁﬁHg gﬁu cl e tonmographic data by: (a)

obt ai ni ng predet erm ned charged particle tonography

data corresponding to scattering angles and estimated
[0052}pnertamexEmelrathseecoastrictiansophestrajgctony ofigtehargest particle

vol une; (b roviding the. pro b|||t dJS rj buti of .
passiPf piTigninelietd Sl e e A s dar loRidle 2 cBta ho i
signalXeptesrinting (d\én‘tlﬁé@s araaFriftt as t e Wo@r"r?é}gbdtbartlcles and

di stribution being based on a statistical nultiple
corregpendieg i iy tlml(b?(gfswm@g elnrtine ridyift el t it idﬂnltliﬂed as being

assolfBi Wi b ST BE Y BRHIdIRcBAraldl Sokicl2 ST Phaddh saic

detectd (€ )dihitRMY RistibiatBgr £ ¢iens ket gde GBI ChokEINE B time at which
scatteri ng density. The reconstructed object volune

said particylar cherggdmartigleduls adritisel; (0 detrrmining drifieradii based on

estimBIEEFTER S At R st A E oo R, Bl g e 1 81 ne

hit; (&) BtingSline¥éartrauks @Pafift Fadii Yosrespehdiflg 1©0& Matticular time zero
ray- produced nuon tonography for various honel and

values @pdr(ftSearehipe @ndoselegipla e AMmeaero YalupiasrosiatadowiR the best

C . A 1r f .
of e, BrE rE e RS RL et B oRh B LR A Fitbad g grror i
time-zévot arftRrabléing Rk ietdreSuoh rRconsipudton eittheheackadised on the

| ocation as the detectors 7 and 8
time zero fit provides a reconstructed linear trajectory of the charged particle
passing through the charged particle detector without having to use fast detectors
(such as photomultiplier tubes with scintillator paddles) or some other fast
detector which detects the passage of the muon through the apparatus to the

nearest few nanoseconds to provide the time-zero.

[0053] Also for example, the processing for measuring the momentum of an
incoming or outgoing muon based on signals from the detectors can include, for
example, (a) configuring a plurality of position sensitive detectors to scatter a
charged particle passing therethrough; (b) measuring the scattering of a charged
particle in the position sensitive detectors, wherein measuring the scattering
comprises obtaining at least three positional measurements of the scattering

charged particle; (c) determining at least one trajectory of the charged particle
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Al ternatively, the tonographic processing part of the
signal processing unit may be inplenented in a renote
w@opaien9 t hat i s connected on a conputer net wekUS20011082735
as a private network or a puoblic network such as the
nternet. [0056 Thu mul tiple scattering qgf co
from ik, 5P Bk aeasuedr ey B¢ (BHSSEuhE ot dast iz itientum
meastrétieAt r@tﬁaabhé@ﬁa Baﬁiﬁﬂé G @k BeNERdt BHéQfPajectory This

Advant ageousl vy, is technique Is passive, does no
technmmle o0& banyseddd |d@term1ne|mmmﬁubacktgemmdgechpalrtmle based

on thE gréipetonEof e CRToPr FAT e R B 4§ S8 AP froh d1dhSPettering
of théjéﬁéfr@*eblodbrﬁ&’létlﬁ'Ihétdo%hléh%rﬁs‘&ﬁ/@ @etééﬁs H%rﬁ@él@éé without the
jeCt, the system 100 has two planes 103 of nuon

use ocﬂetddtttpoabmetw plajeatretheat@teetorhe sanpl e 109 and two
pl anes 104 of nuon detectors 108 | ocated bel ow the
sanple 109. In the system 100 the planes of mnuon

[0054@et eCA@bstﬁ‘@QaﬁWrtﬁb%béhl‘ﬂ AistGBUtRPRET S scat@tig) dghgﬁty of

|ustrates a detail perspect ive view of anot her
the vohumeyeanphe tdet¢ranined eftqrnrcrm@ed waviigle Homegraphon data by: (a)

obtaififf guiedferfiing ald sl o8 1oBRRER T, Séfh BEie3PERyfy to
scattéﬁr@ érﬁ@lé@%@l &tineated eomaRARING ofehdrjeddbatigled pb%sm@&ﬁFbugh
position sensitive detectors conprises a

ObJerIo‘milJféleL alper pxiing dhei frobaliky g@hrlwtuoan@édchafgeﬁepa«tlcle

dir bl e-| ayer. 22 i ft t

scattgilg” Jot sl Ant BEBEafoN triitRfiof SMEIEMY HdotilES the

probabAfly dddibutidhBefig basddbe s disaca rﬁﬂlt.@@@@bttéﬂm@vmodel (c)
rows, offset by half a tube dianeter from each other.

deter[rouBg |substantiafly meaximum dselimpdaestinapier aholiect valeme: gensity

usingg Jh7 R0 o B RHER MR SRR Sy & blfputing

recorsBigted otebUve|dief $cdtiehieg densah. TRe réétﬂ‘fs)t@}éteiﬂobjéct volume
measure the position and angle of incomng a

nd
scattefing dengitynsen be atses tonidenting the seseGemeRdiar e ofnabiect
T ] in . t r.abl
ocougyify $oé JpUt o el o btePa e itio IoETHE SR Fore.
Variogb efpiplieasorsy & chiRotdsHicotay-produced muon tomography for various
homeland security inspection applications in which vehicles or cargo can be

scanned by a muon tracker.

[0055] The tomographic processing part of the signal processing unit may be
implemented in a computer at the same location as the detectors 7 and 8.
Alternatively, the tomographic processing part of the signal processing unit may
be implemented in a remote computer that is connected on a computer network

such as a private network or a public network such as the Internet.

[0056] Thus, multiple scattering of cosmic ray-produced muons can be used
to selectively detect high z-material in a background of normal cargo.
Advantageously, this technique is passive, does not deliver any radiation dose

above background, and is selective of high-z dense materials.
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scattered. The energetic el ectrons produced in these
processes are detected locally in the drift tubes in
W@ h@ss e way t hat nore energetic cosm c rays BEEUS2007/082735

detected. [0060] The tubesigan be arranged in

di fferent ways. For exanple, the layers need not have

to be 90 degrees from one anot her, but can be snaller

non-zero angles. Al so by way of exanple, the top |ayer

could be at 0 degrees, mddle |layer at 45 degrees from
[005A] he fRebrringatcd Fiﬁt bj whichaillestregos degjde esew rodranotieer detection

Thi s al l qw resol ution of

fi ) I t] k
systep, ifizing GPSTHC tye ©Loadrt &8 Dhifict el SRt Rahhd§ Fanes

103 d¥rh§én Begictdran 0?e|6§btte'dVébcﬂ/%t Pl M BB RIWEAE WS pfatdd ¢4 of
of scattering the charged particle passing

muort du@taeetdm d0gHoeatdd metow dihengasplet 89. ofthatsyistemst100Hheglanes
£ Vi dtual 0Si ti zsurerrents can be adopted
° m%Oqueésa%%a %e%ar?%dgﬁ CTHPPAdYRt ors of FIG 6 . At

| east 3 position measurenments are required so as to

enable a line fit with a free paraneter from which one
[0058an thléck6tiHestriesi | deta]led gEjrs@riivex diepl ©f odinather ¢haeged

particif B qtht 200 U R iR Fbirors SepPBER “BasPrfRe BE o8 arfngec
abové&h8Céhpley BbIeBT 2Pshef21k! ﬁn@ ;%sﬁ*tlcﬁp'%@ﬁﬂﬁé' délectors 203 are
respective electronic anplifiers (EOt shown) ch

arranggadrkeiew theesampteageoldsr nla@e d¥osikast §e©ﬁfalp03|t|0n sensitive

dete 3 SRINITE It Fulfe Ry 204 G Resrai af3R3id o the

directtolantli & betoaigadioutsie laydrezd 1 of Qirdt elit@ist 204 dredijedrt khe Y
a piece of electronics called a discrimnator (on if

directioterla gashzofithe, layers 230,122 hithg driftibbes pPdsarevarsangest in two

o B4 B AR o R, 1oL on o el e

time and channel nunber that the digital signal is
regi stered to the nearest nanosecond taf t he

[0059]i me-Paft diuget Bodsissy @0tte pte (OrBEaYlentthideateridbatiowesmic ray-
prod B8 gL o513, 5, 1, e B BBE oLy 87YGE i uee
modules evere fcrnoeg etlrainuad britthabbevihich are configured to measure
the position and angle of incoming and outgoing muon tracks in X and Y
coordinate directions. The aluminum in the detectors provides a considerable
amount of mass in which gamma rays and energetic electrons are absorbed or
scattered. The energetic electrons produced in these processes are detected
locally in the drift tubes in the same way that more energetic cosmic rays are

detected.

[0060] The tubes can be arranged in different ways. For example, the layers
need not have to be 90 degrees from one another, but can be smaller non-zero
angles. Also by way of example, the top layer could be at 0 degrees, middle layer
at 45 degrees from the first, and a third layer 90 degrees from the first. This

would allow resolution of multiple tracks that occur at the same instance of time.
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(OTS) parts. The TDC is OIS, and the units are built
by Caen corporation in Italy. Each TDC unit (CAEN
W@ gnB)14206 t he capability of 128 input channel BCT/tig1001/082735
tubes in our case), and wi i store the tine of the hi t
git IIy These units have a buffer which ca
1006135, Rl50! (66 Ras or et B oSy At GRptAIlS soaaRle of

u i
scatté(}ﬁg{gqﬁﬁ,c%ﬂﬁe’rg‘_léd ricle éé%%e é‘eﬂi‘rgHgﬁ dridCProviif rg total of at

sit In a rsa Mdul e Eurocar
least dhegee individual Bbﬁtlmaneeamnemerﬁs cambe ajosted uoktead of the

amranBRRI i PREGY S0 e Bal IBAS. GnPeSHBhSBigRuIements are

requfé?f%’b@ﬁo eWable é"ﬂn@l@ﬁ ‘vﬁtﬁ' a %B'p%réﬁ\e'téftf%rﬁa/ﬂﬂcﬁ“oha ddetrack
1100 to command the TDCs for the data transfer.

the pﬂ]’ﬁl@@the hit tinmes and channel nunbers are read out
into the nenory of the PC, the raw data is stored on
hard drive, but the data is al so processed to identify

[0062] he coggi éxérﬂ{élechﬂ’n‘tﬁe daa 'ébé}@llslti@ﬂt @Jecﬁlwld%erﬂ'ﬁeaﬁrerably
di agnostic data are also stored on the hard drive he

COUp'?dd@eﬂﬂﬂ dift dfibess awill reove rites deseribass mi Drifhjulpes ofi ¢leel detector

systeffb o0 o8, Figy 8 e R e el R iresBRetk® B Bl &R (o
showf) WHieh su&base ahe Nidiage 6F tHd G@bo§|téb’1§|gn@1 Q5850vidted with a
unit linked thereto, Can be simlar to those expl ai ned

cosmgb(ayeprpauce@@mp@s;ﬁl@g trpagh A drlﬂtmbegxd?qn gach drift channel,

the afeRfiEd Slgf BRSBTS biorGTl e SUBT ShletEraeotRiyor e

a discRmmRtaoafif teré iE aMiINGMEAB HBSKHICAPresemnakné heseisdeme
detectors, neasuring the nonmentum of an outgoi ng rmuon

of thedybd Bhrissenbingtion ooh amplifier @t odiscriminataris the mfrﬁgt -end”

electr%)ﬂgc ﬁ‘%én@] dédf%ﬁ ‘?ﬁ%/me otﬂg gﬁcea@{)gi@ g{%ggg Fe@(stg ed to

the ricirgst In\aabyeétﬁtdscziy e tirlgnsidigitatebal gtére PFDCs) mentioned
radi oactive materi al occug ying the volune_from
e

aboven FacpIdsiftiduie hesiiispwi fron a@ﬁﬁcérqna;&wd;wé?ed muons

whi | st al so counting gamma rays emtted fromthe
radi oactive material. In addition to detecting high

[0063]ensi Tiye freheen@lefectdnidy i8Duileasingdrirdwatelb@®besed of off-the-
shelf (OT8) parta. The ThE s O, nd the units aré bult by Cagh corporation
in ltaly. Each TDC unit (CAEN 767B) has the capability of 128 input channels
(drift tubes in our case), and will store the time of the hit digitally. These units
have a buffer which can hold about 32,000 hits. The TDCs are read-out about 5
times per second with a custom data-acquisition system (DAQ). The TDCs sit in
a Versa Module Eurocard VME crate with a SIS 1100 controller, made by Struck
Innovative Systeme GmbH (SIS), which provides the computer interface. The
DAQ runs on a personal computer, with an optical cable to interface with the SIS
1100 to command the TDCs for the data transfer. Once the hit times and
channel numbers are read out into the memory of the PC, the raw data is stored
on hard drive, but the data is also processed to identify the cosmic ray events.
The track data, and pertinent diagnostic data are also stored on the hard drive.

The processing of measurements for cosmic ray-produced muons in a volume
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detect nmediumdensity materials, such as steel, iron

and copper, and also |low density materials, such as
woerisn1s2md asti c, concrete and al um num al bei t P@/UR2087/082735

sonevvhat | ower accuracy tham for high density

teri %0065] A cross-sectjonal % rt t&e
undeq JnSRedlon; (¢ B BbEAREALE o eaMedtl] Loty uelB] oy e gata
ach|S|t|-5heuﬁllf 'offtthé%téﬂ‘\déhi FIG@ tdp éth@?rsltgr%l”ﬁrbcgwllﬁnt' fnked

cylindrical a led wth a detector gas such
therefty, gzam- be climilamto #3iet exglainiedeakimteetari tbe syfsterheofclaﬁm/é For

xR BRBPESia0 TP au el 0 ABRY PearSCrL oW GR raPRapeof @
muorPthréR§HHne3koruie ﬁté’a%ﬂhh@'th@ﬂﬂﬁ%%h%f%%r%bhﬁ inlébn based
along the length of t he cylindrical tube with The tube

on sigmalgrfcmmdheodetaator% mieg BuiRirg ttta@encsmantum faf edrd olitgodngs onuon

resent. en the cha rticle interac
pased o S8hainy R bt sREicrse Al Sel bl aBcBeriatel Hidufion of
the s@étféf‘ﬁtgadléﬁeﬁl ihenehaard particle's straight Iine path
rough a c%ord of the tube. The static field causes

the strlng of electrons to drift toward the

h d d i whi
1006485 tAdAntageSair s RSBEE 2Ud et sElheelk BERY chiet, gonsity
shleldliﬁg *o'ﬂ?a&@éé’tl\@cﬁt'éteﬁ‘la‘l loeBusyifg th@ bk frém mL@ifékcattering of
in the drift tube of the illustrative

the cew@drammod@rpeq;nr@orre whilat a@pemmtlngagamma rays emitted from

the rg S CAr L i 200 35 aPBaib hOf ARy iR, T o
lead, (t]de“ ipgatesh C@Pemuml HAE PBhRER! thensystefNcas bEebhdi®sed to
pr opane, pent ane and the like. An exanple of an

detecs peeditmgeqsity materale, pech @s steelhaivs and%oapgorand also low

dens i BAIEHaR, SHetidRvaE ElePndhlt Haf BBl qpet win @

someWHa IdVeér auyadiethefliboligh dimsithengteaaiet i ng gas. Al so,
et hane or other gases may be adopted in the gas

m xtures. For exanple, a mxture of 5% of ethane, 45%
006:5!, 7K, 2B S0 YO 1 Aot 514 VS AP IbE AU 204 i
illustratdini FG. e Tiae dhiftxtibe @nod@@(ﬁﬂhlé\bsmcuml éx%lfmtiléﬁs gyliridrical
and fltllgéJ ?NI’%f a IZIIe%cthr glqass ggghu;sa %\trgcr)ne (Ijsofbru?gr]tea%(r)n to err?able detection of
the cosmic ray-produced charged particles, such as muons. The system is
configured to apply a positive high voltage of about +2-3kV to a central anode
wire 231 extending along the length of the cylindrical tube with the tube at ground
so that a high-voltage static field is also present. When the charged particle
interacts with gas atoms, many electrons 233 are liberated from those atoms
along the charged particle’s straight line path through a chord of the tube. The
static field causes the “string” of electrons to drift toward the positively charged
anode wire which is read-out electronically with TDCS (time-to-digital converters)

of the data acquisition electronics 212.

[0066] Whilst in the drift tube of the illustrative embodiment of FIG. 7, the

detector gas is Argon-lsobutane 230, other operating gas mixtures may be
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ot her materials such as carbon conposite wi th internal
conducti ve coatings can be adopted instead of
wW@bwaiim2ne The drift tubes need not have cir cuP@r/us2007/082735
crosssections. For exanple2ithe drift tubes may be
ed fromalum nu

ATGOTBARENT pARe o Bbs rSRRPBHEN S SOR8N ~ Al atnd By include
hydrdi':"aktffdnscéﬂdrﬁaél’ﬁfé@rﬁaﬂél gﬁ?éﬁhé,tpén%aﬁ@%@%édﬂp%fg%ggﬁé% an

as for exanple triangular shaped drift cells.
operatingyasgmartiaredis rédp engtharee y90 %l argon afertbeempreampn-flammable
experinmental range data,and,.nulti,pl e, Coul onb
gas SHREFES | HuCh e B9 RPAEBRHPLCGTE ey a0 Gg. may
alterrtivelyast empidiedladineudserittind) gais C AFB, ethaes BF 8fHEF @dses may
muon det ecti on system These neasurenents and
be adoptediinathieogas ohéxorest rereexamaiplecaaniytute 9454 of ethameodp% of

t [ h [t h t
o4 pAGRRRT RIAORR & PotlRr e A AT ER e Be eHiBe Py esugases
other@RATAEESN £an B8 Us@WNh itRd gaY naMiufle and measur ement  of

geol ogi cal overburden. POO?O] FIG 11 illustrates a

particle detection system 300 adapted and arranged to

nitpr cargo in vehicles nt ai ners, at rts_and
10067]0r Sy BEBF e dETaTeF B G- 3h8 Rrbbitidhe ok Sffium.
otherfa¥RIAENGH ak caBhe cBfiRIslte REtHP Mtetn2 cBAdL¢tRleEcoatings can
detection system 300 uses a nuon tonography system

be adgnted angiead @fialymiaturgiet it Fift dubeés neg8awtdme circular cross-

.confrgured to track 1.C_ray-produce ons, 304 :
sectidih b8 eiopliiends s Wb Rbin e 5 r R SR 3 atminum
extru§i6AY MIthNaultibee, vohwRuBM resslseaidisgur ed to

concurrently detect any neutrons 314 enmitted fronthe

vehi cle contents. The system 300 can be enpl oyed for

10068 1o ey . B B0l Fo TIPSR, g8h BRSadMip Fuch s

for e>@pRsetigtuacieed@apess. to smal | quantities of
hi ghl y ?f’]bl el ded nuclear materials. The system 300 can

be used to pass innocent vehicles in less than 30
oo e PR RSBBRe TRl Sl SRR e
data and regitiplet Colilohin soattarng-Hdoretidat asslevbc@@abiing 1000 cm?®
of uranium for 1 minute with a cosmic ray-produced muon detection system.
These measurements and computations demonstrate that charged particle
(muon) tomography is much more sensitive than the range radiography
previously employed in searches for hidden chambers in an Egyptian pyramid

and measurement of geological overburden.

[0070] FIG.11 illustrates a particle detection system 300 adapted and
arranged to monitor cargo in vehicles and containers at ports and border
crossings according to one embodiment. As will be explained in more detail
below, the particle detection system 300 uses a muon tomography system with a
plurality of detector drift tubes 303 configured to track cosmic ray-produced
muons 304 scattered by the cargo or contents of a vehicle 306 occupying the

volume 306 and configured to concurrently detect any neutrons 314 emitted from
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| ess than 60 seconds (shielded or unshielded). [0071]
Advant ageously, using the drift tubes 303 to both

w@a®sitvedy count gama radi ation 312 enitted fPORUSIO7/082735
vehi cl e 306 and track the gzattered cosmc

pr oduced har icles 304 e es the s
the vEGHsEF G UPRnaLhs s Eoh AP g ose EoRRIGYah o dastsrylb S cclbied
vehickNECb8RIeM drBS§H?§ tfoﬁﬁ@é!@bf‘@nrb'afr% e’ﬁ@mﬂﬁcﬁj%ght range from
radi ati on. A net hod of operating the particle
fully asgemehled mujsareweapons tasnalipquartitiesoo hlghlynghlewtdemlclear

mateqidsederty SETREH PP LEof 1pEass 6 Herob PG 3 16 than 30

secorfiy, Ritag §é\7%’FbICK§§3b‘fpr’€|§HI9C@&|&1@GVlgr%ﬂmﬁr(HEU)eﬁ l%@é than 60
together wth any gama fays . The mult'i pl e

secomﬁatahmflde@ooﬂnsrmeldeﬂaagédiemttplldbemrraoeHﬁténudeapde\gdes in
ectively detect a particul arly high
less tb@'ﬂ? %ﬁ%f*é#@?ﬁeﬁ Eaf‘?é)&?d)e vol ume 305. Gamma rays

3 12 emtted fromthe volunme can be counted by the

data acquisition electronics to detect whether any
r &Q?déétdivaetag@ouslg, iuslr@ctl:@pghnfm gulvess 3081 tankotBOBass\@ly Spunt

gamntd c&laon, 51 2 bl TRBF BTt 3k e ra R Bis Sdifeq gosmic
ray- pﬁdbﬁi}ce@f ché}@eﬁoFéﬁiclé@@bﬂoéhﬁllewﬁfeeg}/%% ab Feformt passive

h the exception that the stem al so includes a
scanrgameé ocaypied n&as&ngﬁr wehieles w@/h Biert shanrippdinags.end o dose
nabl e active rather than only passive interrogation
¥t he vehicle and t hereby provide a detectable

increase in the ganma ray counti ng rate. [0074] A
particle detection system (e.qg. portal nonitorin

sYAEMN mﬁtb@dﬂ.quowaan@tth@rpaltlfz@r dateiobl@n m&fﬂn@wﬁu &8s a

portal ieHER{26.5TaieMur 00 o116 TYHEPN 1¢ Bpl bl oives

detedﬂﬁﬁhﬂiﬁ&hé&lr}ﬂ fMRt 3QRMTorhAG! ahd PutgdTh tedmic aayidieduced
icle and track the scattered cosm c ray-produced

chargenpajtisiep S0¢i togethengath amyegaimiTa rays id 2d ethe ruitiple seatjering

of th’ C@b%é&aﬁ&%&ﬁé@%@q @ﬂ?@éﬁ&tﬁg%e%\%l;‘/ Akt8lt 8 material,

particularly high density material, occupying the volume 305. Gamma rays 312

radia

emitted from the volume can be counted by the data acquisition electronics to

detect whether any radioactive source is occupying the volume 305.

[0073] In an alternative embodiment, a portal monitoring system (not
shown) is provided which is identical to that of the portal monitoring system 300
of FIG. 11 with the exception that the system also includes a gamma ray or
neutron source within the apparatus to enable active rather than only passive
interrogation of the vehicle and thereby provide a detectable increase in the

gamma ray counting rate.

[0074] A particle detection system (e.g., a portal monitoring system)
according to another alternative embodiment is illustrated in FIG. 12. System

400 is similar to the system 300 of FIG. 11 in that it is configured to both
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dependent on the object being scanned. In order to
obtain nmajor gains in rate, the solid angle can be
w0 pwsesed by filling out the drift tube detecP@Or/ESW0B082735
Furt hernore, the systen1iszeonfigured to use tracking
esi dual s 404B f [,0O75
passiE RN BPTE RS0 g e By RGkane pattered

cosmﬁy ﬁéﬁﬂi‘o‘ffﬂbé@ dhﬁrgD Béhi%@s 4(914 t 'T%esd’rﬁ’i &B38EeetorE lafrays 403
1, "has drift whi ch are seal ed advant ageously

are 16u‘oohl§mgtf@ elmblealsterrogatlorawﬁ aciougk 4Qbtbut whay be atfiet Eemgths

depefitieg o obe DRDR seaairdr | . dResdd R aRndlthdas in rate
the s‘é‘)ﬂﬂ%\%léaéé% tH@‘indr@@sé‘cPW fRhG 0ButO thet B ﬁJHealdetectors 403.

radi ography with passive or acCtive counting therefore
Furthprmon‘edetéwaa systamst isdeppligunedf to wseltegkinghrreaidsials 404B  for
Convent i onal ratdl ography al one is defeated by

MOMEAUEL ISR UIIRPYSr material in packages too small to be

resol ved by the radiography. Passi ve counting can be
defeated by shielding the material with high-z
Mm@ & . arrmbersm'lterraﬂtwg ealnsimaet, t ar patal meretovingi Bysiem

whiot] BHGBAGART 386 'YaBH 007G T 00, s SPH Bl whifin BB Sgated

advarﬁtﬁgbaugyeﬁﬂﬂﬂe'roﬂﬁ d@@ﬁaés@ @@b?@ﬁd“%ohfplé‘x@ﬁ ‘6¢nth\ée|§5/§t|ef3n by
free of threats by neasuring the absence of

ellmlr;ﬁtmgrthemeeﬁﬁoea@@@ heaeliagsystet.t he absence of a
radi ati on signature. [0077] The enbodi nents and
exanpl es set forth herein are presented to best

ex00 78] ThehsforsrasetidnddMast-atpe apbodiriesaddrhé@étrate that the
application and to thereby enable those skilled in the

combirationoofnepamigrray uegiographyhwith masaivieoer. adtiveseousking) thgrefore

providels B HBpibstetdF (e HEGESEE0A el bia Ffop R lote i
defeddd pYSsacRbging! msdiéa mareriinth %@R@ﬂﬁ% 0 gmal @9 B8] reSbRet by

vari ati ons and nodificati ons of present invention
the r&dl@ﬂlrahéyaBié&‘il\é%FOU@tlﬂgw@@@ befdefrated bm%@l@“%@ the maderial with

high- i%éﬂ%‘ﬁd HED! hPef|dIF18 g%’?riﬂlgqh%a% rﬁo&é‘@ fsible radiographically

and dispersing the material in many cases enhances the passive signature.
Combining these techniques allows one to determine if a given vehicle is free of
threats by measuring the absence of a potential shielded package and the

absence of a radiation signature.

[0077] The embodiments and examples set forth herein are presented to
best explain the present invention and its practical application and to thereby
enable those skilled in the art to make and utilize the invention. Those skilled in
the art, however, will recognize that the foregoing description and examples have

been presented for the purpose of illustration and example only.

[0078] Other variations and modifications of the present invention will be
apparent to those of skill in the art, and it is the intent of the appended claims that

such variations and modifications be covered.



such variations and nodifications be covered.[0079]
The description as set forth is not intended to be
wewans2)ve or to limt the scope of the i nvene¢DES2007/082735
Many nodifications and varizati ons are possible in
light of the above teaching w thout departing fromthe
scope of the followng clains. It is contenpl ated that
Tg?q’h@fdééé‘?lp%ﬁsa%néet' VAN Ut ik@hdeBUs! e exhaustive or to
conponents having different characteristics. It
limit thatsenode of theainvehtors.c mydﬁoduiﬁeal}mrmsmm vamatensi ae pmssuble in

ight gF i 2het tegontiar bilheif BERAT0l o fis. Seded Arvieriodowing
clalm§”bq‘ﬁ'|§T%Bhfén‘i’élat"eﬁetHa“E‘Vtﬁ@t !Jéé" df Wh@‘“bﬁé&eﬁﬂ uW@hltlHﬁ' (Y&] involve
property or right is claimed are defined

comppagntsghaving diftesenti tyrracthestiosv elitis ontentad that theasm of the

is: 1. A O | sten1co cosS
presenfinvBpiidy BE ety BE4 S ABPRId Brtefh AGE fu cognizance
toquhgkﬂh;hﬁﬂmbsggggged particle detectors, said charged
particle detectors conprising drift ceIIs confi gured
both to enabl e tracking of incom ng and out goi ng
charged particles passing through a volune to be
scanned and detection of ganma rays and, wherein, in
use, said system can both selectively detect any
mat eri al s or devices occupying said volune from
mul tiple scattering of said charged particles and
detect any radi oactive sources occupying said vol une
fromgamma rays emtted therefrom 2 . The system of
claim1, wherein said drift cells conprise drift tubes
of circular or non-circular cross-section, or non-tube
shaped cells. 3 . The systemof claim1l, wherein said
drift cells conprise sealed drift cells. 4 . The
system of claim1l, wherein an operating gas of said
drift cells conprises a non-flammuable gas. 5 . The
systemof claim1l, wherein said drift cells conprise a
set of drift tubes
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| ocat ed above said volunme and anot her set of drift
tubes | ocated bel ow said vol une, each set of drift
wo amegif2ei ng at | east three drift tubes confi BCF/E2007082735
a first direction and another at |east three drift
tubes configured in a second direction. 6 . The system
of claimb5, wherein said first direction is
substantial ly orthogonagtiuesi d second direction. 7 .
The system of claim6, wherein said charged particles
cdiprarsieodionemés f theTheerdtiost iorwhith elnae‘xd usive/\pmpe'rhy G aigiht is

. drift s,are._arrang to 1o thre
claimfl.atse el 2ol B1pS: | HpStrineeE Te, riVeptpg, wht is
claimdjfigction and at Ieast three charged parti cI e

positional neasurenents in a second direction
different fromsaid first direction. 9 . The system of
1. Aohanitoribg siyst@heorrrpmsmg’ sing a ganma ray or neutron

281 R 81 FRsktesh DPTRe 61 iFSotects Agvek d plursity of
cHRhTDarkde. dé}emteé.u% SYSSAAOEPLLEC RfABIRg art

produced nuon t'onograp em having a
cei:rfs cardigudsd dotlorte,ersdlel trackimgdet ewoonisg mmoutgdlr@g charged
dr.i ft cells

rranged at le s% above nd a vo]J
paTlitigs KaSsinke BTBUGT & YOI beL SHANRY A BRaiPRLS gAmma
ra Mgtgﬁdnw&@ﬂs |ﬁ”19’se°°§é‘|bl' Bgstei %gﬂaﬁf Béele%ﬁl%lg detect any

erein, in use, sald systemcan selectiv
me st oamﬁvmegm@mpglr@ysa;ldlmlmmegfrmcmpjtlpltfg ssaitehng of said
ume fr | e scatt of said nuons pass

t
cRost grridrt a6 ddecla tadeed Nege faes oaEeRNRS 334 olume

frofigirhk rags dRt th%’i‘éﬁ’oM‘?' ume from ganma rays enitted
théﬁf rom9 ?;tg system of claim 10, wherein said

drift cells corrprl se alumnumdrift cells or carbon
c 05|te dr{, ’ cell s havin nte nal conductiv

2. ¢ e e Saol b s SGRRPTS. it pupes of

cwculb#‘@?ﬁoﬁ’fcwéul%l?%I‘c%rs ﬁctleﬁnoﬁhérﬁﬂlt% sKARPEARL 1 on, or
non-tube shaped cel

3. The system of claim 1, wherein said drift cells comprise sealed drift cells.

4. The system of claim 1, wherein an operating gas of said drift cells

comprises a non-flammable gas.

5. The system of claim 1, wherein said drift cells comprise a set of drift tubes
located above said volume and another set of drift tubes located below said
volume, each set of drift tubes having at least three drift tubes configured in a first

direction and another at least three drift tubes configured in a second direction.

6. The system of claim 5, wherein said first direction is substantially

orthogonal to said second direction.

7. The system of claim 6, wherein said charged particles comprise muons.
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12 . The systemof claim11l, wherein said operating
gas of said drift tube conprises a non-flamuabl e gas.

WA 2008/1T42¢9 syst em of claim 11, wherein sai d opePEL/UsZP07/082735
gas conprises a m xture of 2argon and at | east one gas
selected fromthe group consisting of carbon dioxide,

I sobut ane, tetrafl uoronethane and et hane. 14. The

8. Svrﬁbews@ém%ﬁblmnllm WHEM RarPidftdtdikta rbUQ%n@édE to allow at

arrandged i n separateplanes in two orthogona
least domedcimerged partickeepesitiorsaidedsurementb s aafirst alineatigednd at

st e AT WO b PPSBal [RA9S/RENS Jb 4 eGra Ergeton
d,ﬁerg,qetm(gfh%aqaﬂ,%@ﬁggcwt ainer to occupy said volune. 16 .
hod of nonitoring conprising arranging a

pI urallty drift cells on opposite sides of a volune to

scanned t.eci with said drift cells incomn
9. TSGR 8 IR Uagt pPwRTisRe L RamuEa rahet PERERN Spyroe
arrang8y \Hlﬂﬂﬁaseflél)’éci{stéﬁ|técﬂ1'e¥@éw eﬁ@bl%cbbtr\ga H¥rrogaIRIH %‘f material
occupyi ng sai d volunme fromnultiple scattering of said
occupyting geid yiwmecl es passi ng through said vol une; and
detecting any radi oacti ve sources occupyi ng said
volune fromdetection of said gamma rays. 17 . The

10. ”Nr'ﬂ@ﬁlt@ufdg? ?étgml&m whghgi n said drift cells conprise
conpri se t tubes of CI rcular or non-circular

cB0S@sMyisc fayoprodsiced omupnbionagipely cystem haing En@lurality of

muor Gefitorsy ispid" il el Rotfcinkt bl il ArrgS0RA ' At east

abové\/%ﬁ?fclebaow aalime absl sehnéd idoyh @ efabld trﬁ@lklhg of incoming
conprises arranging a set of at |east three planes of

and @MtQOtngt Oess adl €osiating \af| garemen s paAgWhgreinsét use, said
systeﬁ{ caﬁasétht Qélgce,tl\%l)?rbe&e&fa IrIhléh tolépw%ﬁy s%l &Wn@abgcupymg said

volume from multiple scattering of said muons passing through said volume and
detect any radioactive material occupying said volume from gamma rays emitted

therefrom.

11.  The system of claim 10, wherein said drift cells comprise aluminum drift
cells or carbon composite drift cells having internal conductive coatings and
wherein said drift cells comprise drift tubes of circular or non-circular cross-

section, or non-tube shaped cells.

12. The system of claim 11, wherein said operating gas of said drift tube

comprises a non-flammable gas.
13. The system of claim 11, wherein said operating gas comprises a mixture
of argon and at least one gas selected from the group consisting of carbon

dioxide, isobutane, tetrafluoromethane and ethane.

14.  The system of claim 11, wherein said drift tubes are arranged in separate
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vol unme. 20. The nethod of claim 16, wherein arranging
said plurality of drift cells further conprises
waeeoanti2og said drift tubes in separate pl anesPCTUS2407/082735

ort hogonal coordinates or arranging said drift tubes

I n_non-orthogonal .anes. 2 1. A partic det ecti on :
planels,ja B GHLARHATIAL cagla aPtes as e, Pagsbit RiteSc@ipeatanged i
non-dritigeRdl prapkscl e detectors |ocated on a firstside of

an Obj ect holding area to nmeasure positions and

directions of incident charged particles towards the

ohj ect holding.arga; a second set of sition, .
15, odhgiopn o A B EfeSad Bl s BERuiEANLsizg to enable
a vehi§& oh eafijFGorthinkP o 86¢ G5 sdi@hdiunge ar €a opposite to the
first si'de to nmeasure positions and directions of
out goi ng charged particles exiting the object hol ding
area; .an signal processing unit to receive data of
16, melOeEN ol RarEha BRE S Rlom ng charged particl eq
f aaahgiig &l ?Mraﬁ’t?t deft BB bhoBpsesIE sidkd ©had dRflume to be
parti cl e detectois and neasured signals of the
scanngd;goi ng charged particles fromthe second set of
pasiti.on sensiti charged particle detectors. wherein
t ABtetigd 4P Bidt R Riconfiad 2ok SyaPing s R4y Pacdled
chargg@addra€les @nafaryGarfihr @§d; particles in the materials
W thin the object holding area based on the neasured
i Belestively adetesiing cinygmedeiali eestipaing &hidewoludiss figm multiple

h d. i cl .0 _obt ai hj of |
scatigit G5 ShotseelFarteR o SoRodnl R A Vol e hi n
t Aetedbihg @nyhabibaedvesearced beclipging sl tdiamd flofl détBtion of
1, whereinthe drift cells are arranged to all ow at

said gapea elbee charged particle positional measurenments
ina first direction and at |east three charged
particle positional neasurenents in a second direction
17. dirheemetiod bP@dimel1d, whéreth sarf daf-cels- cohsrisey sb@iprias drift

inclaim2 1, wherein the drift cells are adapted and
tubesg@friiggkad or non-circular cross-section, or non-tube shaped cells.

18. The method of claim 17, wherein said drift cells comprise sealed drift

tubes.

19. The method of claim 17, wherein arranging said plurality of drift cells
comprises arranging a set of at least three planes of drift tubes above said
volume and arranging a set of at least three planes of drift tubes below said

volume.

20. The method of claim 16, wherein arranging said plurality of drift cells
further comprises arranging said drift tubes in separate planes in two orthogonal

coordinates or arranging said drift tubes in non-orthogonal planes.

21. A particle detection system, comprising:

a first set of position sensitive charged particle detectors located on a first
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on surroundi ng sides of the object holding area to
forma box or four sided structure. 24. The system as

WO pooghigizne 2 1, wherein the signal processing uPCT/UB207/082735
configured to reconstruct astrajectory of a charged

side R RbRRIRFOROBHT AL aherr BapHiasaooq LIGRANS &' Brfent
chardedrities t5RbrdditheQbidd: PRIcIRABHd, Ve charged particl e

detectors , neasure a nonmentum of an outgoi ng charged
parsecoind sed s pasitioni §ﬁra':1ltwe‘ chmgedqoaa’hderdtts@t)ra)focated on a

secolffaife, & e aonar Bl Bis Gipeses Ochie S rtadRsmegsure
positiBhs M Qké@BIhseH &lith8indr &arged particles exiting the object holding
area; and

a signal processing unit to receive data of measured signals of the
incoming charged particles from the first set of position sensitive charged particle
detectors and measured signals of the outgoing charged particles from the
second set of position sensitive charged particle detectors, wherein the signal
processing unit is configured to analyze scattering of the charged particles in the
materials within the object holding area based on the measured incoming and
outgoing positions and directions of charged particles to obtain a tomographic
profile or the spatial distribution of scattering centers within the object holding

area.

22. The system as in claim 21, wherein the drift cells are arranged to allow at
least three charged particle positional measurements in a first direction and at
least three charged particle positional measurements in a second direction

different from the first direction.

23. The system as in claim 21, wherein the drift cells are adapted and arranged
on surrounding sides of the object holding area to form a box or four sided

structure.

24. The system as in claim 21, wherein the signal processing unit is configured to
reconstruct a trajectory of a charged particle through the object holding area,
measure a momentum of an incoming charged based on signals from the first set
of position sensitive charged particle detectors , measure a momentum of an
outgoing charged particle based on signals from the second set of position
sensitive charged particle detectors, and obtain a spatial distribution of a

scattering density of the object holding area.



