| MAG NG BASED ON COSM C- RAY PRODUCED CHARGED PARTI CLES Priority Caim

[ 0001] This patent docunent clains benefits of U S. Provisional Application
No. 61/ 09R03F0/eaiot | ed "1 MAG NG BASED ON COSM C- RAY PREDUCERn0UREED

PARTI CLES" and filed on August 27, 2008 and U.S. Provisional Application
No. 61/ 145 I0AGENG BASED' OSNCOBAHIA-RA YWRRIOWU UBIDNGHARGED PARITOEEIOSM CRAY
PRODUCED CHARGED PARTI CLES" and filed on January 15, 2009, both of which
are incorporated by reference as part of this docunent. Background [ 0002]
This patent document relates to d 8 cosm c radi ati on and i magi ng
based on i magi ng based on cosm c-reglgs%{r)ggltﬁ%d charged particles. [0003]
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stable particles, nostly p ons, com ng from deep space. These particles
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el ectrons. Such cosm c ray-produced particles slowy | ose energy through

el edfromagnetic interactions. Consequently, many of the cosmic ray-produced
muons arrive at the earth's surfacqua&( p(; y penetrating charged

radi ation. The muon flux at sea |evel Ps about lmuon per cn2 per m nute.

Al so at [8@62]] ev&his patvar domicat slaed thudsteofiorcoltusmid ayiagenandiredied Bstd ons,
fromdelta ray production (el ectron kpock-out), Brensstrahlung or the decay
of part %) 1BREINg hagrdRTECosHyC-TayRiedtFed Biesdpartflgs-el ectron flux at sea | evel
is about 1 electron per cn2 per 3 mnutes. [0004] As a charged particle
such as a nuon noves through material, Coul onb scattering off of the
charlges [000ub- Gbsmicoap amogripy ipe technigue wdidhr&jpledts dlieymulFipée Cotlainb
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inspection of the material without the use of artificial radiation. The earth is continuously
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

20  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. Such cosmic ray-produced particles slowly lose energy
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

25 sealevel is about 1 muon per cm” per minute. Also at sea level, there exists a flux of cosmic
ray generated electrons, from delta ray production (electron knock-out), Bremsstrahlung or
the decay of particles in cosmic ray induced showers. The electron flux at sea level is about 1

2 .
electron per cm” per 3 minutes.

30  [0004] As a charged particle such 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 of charged particles (e.g., muons) are more strongly affected by materials that

make good gamma ray shielding, such as lead and tungsten, and by special nuclear materials
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The trajectories of charged particles (e.g., nuons) are nore strongly
affected by materials that make good gamma ray shiel ding, such as |ead and
t ungst en,weandiongsmpeci al nucl ear materi al s(SNVs), such asTarsacvusi2and

pl utonium than by materials that make up nore ordinary objects such as
wat er, [iSAMd)Csuchkyntanivm andiplatoadlm, tlacky mberigsdhpatdk Gpendre ogdinarg nuon)
carries information about the objects that it has penetrated. The
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density and the atonic charge of the material. As an exanple this
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[0006] A charged particle tomography detection system, ¢.g., a muon tomography
detection system, can be configured to perform tomography of a target object under
inspection based on scattering of charged particles by the target object and can be used as a
portal monitor at various locations, such as border crossing points, ports, roadway

25  checkpoints and other security checkpoints, for detecting certain targeted objects such as
smuggled nuclear materials, nuclear and conventional weapons or other contraband. Charged
particle tomography detector systems can be used jointly with or an alternative to other
nuclear material detectors such as gamma or X ray detectors. Gamma and X ray detectors
operate by directing Gamma and X ray radiation to a target and measuring penetrated Gamma

30  and Xray radiation. Shielding of nuclear materials can reduce the count rates in the Gamma
and X ray detectors and reduce the detection performance of Gamma and X ray detectors.
Charged particle tomography detection systems can be configured to detect shielded nuclear

materials and objects.



and X ray radiation. Shielding of nuclear materials can reduce the count
rates in the Ganma and X ray detectors and reduce the detection performnce
of Gamma woao/ma3podet ect ors. Charged particl e tonpograpRgTAS@ONFT283 SYSt ens
can be configured to detect shielded nuclear materials and objects. Summary
[0007] This docunment provides techniSymemarypparatus and systens for
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t he geasured energy |l oss, determning a spatial distribution of the charged
particles that enter and penetrate the volume or are stopped inside the
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out goi ng char g par es exiting Ing area, or t absence
of char geatepintnsidras distributibavematepipisan therningpeetismolalome. and a si gna
processing unit to receive data of measured signals of the incom ng charged
particles fromthe first set of position sensitive detectors and neasured
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area. The signal processing unit is operable to neasure ener%y 0Sss of
char ged qraesiiedp dhe filstiside st meastitpepostionsendgideqiienseef autgoing charged particles

exiting the object holding area, or the absence of charged particles that have stopped in the
20  volume; and a signal processing unit to receive data of measured signals of the incoming
charged particles from the first set of position sensitive detectors and measured signals of the
outgoing charged particles from the second set of position sensitive detectors. The signal
processing unit is configured to analyze behaviors of the charged particles caused by
interactions with materials within the object holding area based on the measured incoming
25  and outgoing positions and directions of charged particles to obtain a tomographic profile or
the spatial distribution of materials within the object holding area. The signal processing unit
is operable to measure energy loss of charged particles that enter the volume and penetrate
through the volume, and charged particles that are stopped inside the volume without
penetrating through the volume, determine a spatial distribution of the charged particles that
30  enter the volume and penetrate through the volume and charged particles that are stopped
inside the volume without penetrating through the volume; and, based on the measured
energy loss, using the spatial distribution to reconstruct the spatial distribution of materials

within the inspection volume.



t hrough the volume, and charged particles that are stopped inside the

vol ume w thout penetrating through the volune, determ ne a spati al

di st ri butworzoofo2s3ve charged particles that enter the volParaSand/opeaetrat e

t hrough the volunme and charged particles that are stopped inside the vol une
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materials in e 1 nspection vol une. aspect, a nethod for
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neasuriqﬁ enﬁrg{ | oss of Q&;ﬂﬁed particles that enter the volune and are
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t hi 20spakdpped inside the volume without penetrating through the volume; based on the measured
energy loss, determining a spatial distribution of the charged particles that enter the volume
and are stopped inside the volume without penetrating through the volume; and using the
spatial distribution to reconstruct the three dimensional spatial distribution of materials in the

volume according to their respective densities and atomic numbers. From this spatial

25  distribution, objects can be detected according to their atomic number and density.

[00012] In another aspect, a method for sensing a volume exposed to charged particles is
provided to include measuring energy loss of charged particles that enter the volume and are
stopped inside the volume without penetrating through the volume; based on the measured
30  energy loss, determining a spatial distribution of the charged particles that enter the volume
and are stopped inside the volume without penetrating through the volume; and using the
spatial distribution to detect presence of one or more low density materials with low atomic

numbers.



di stribution, objects can be detected according to their atom c nunber and
density. [00012] In another aspect, a nethod for sensing a vol une exposed
t o char gewloparwi2sioes i s provided to include nmeasuring eRETgis2000955263

charged particles that enter the volunme and are stopped inside the vol une
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20  atomic number and density. In one implementation, this can be used to detect presence of

one or more low density materials with low atomic numbers.

[00014] In another aspect, a method for sensing a volume exposed to charged particles
includes using a first set of position sensitive detectors located on a first side of the volume
25  to measure positions and directions of incident charged particles that penetrate the first set of
position sensitive detectors to enter the volume; using a second set of position sensitive
detectors located on a second side of the volume opposite to the first side to measure
positions and directions of outgoing charged particles exiting the volume; using
measurements made by the second set of position sensitive detectors to determine incident
30  charted particles that enter the volume and do not penetrate through the volume to reach the
second set of position sensitive detectors; determining energy loss of charged particles that
enter the volume and are stopped inside the volume without penetrating through the volume;
determining a spatial distribution of the charged particles that enter the volume and are

stopped inside the volume without penetrating through the volume, based on the measured
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[ 00014] In another aspect, a nethod for sensing a volunme exposed to charged
particles includes using a first set of position sensitive detectors
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[00016] In another aspect, a method for obtaining tomographic images of an object under

inspection is provided to include detecting an incoming momentum of each incoming

charged particles; detecting an outgoing momentum of each outgoing charged particle;

calculating an energy loss based on the detected incoming and outgoing momenta; and using

25  the calculated energy loss to reconstruct the three dimensional spatial distribution of materials

in the volume according to their density and atomic number. From this spatial distribution,

objects can be detected according to their atomic number and density.

[00017] In yet another aspect, the information measured in both penetrated charged

30  particles and trapped charged particles of a volume of interest can be used to construct
tomographic images of the volume. Based on the measurements of the penetrated and
stopped charged particles, the processing unit combines two or three types of measured data
of trajectory changes of penetrated charged particles (e.g., penetrated muons), the information

on stopped charged particles that are trapped inside the volume of interest (e.g., trapped
6



t he detected incom ng and outgoi ng nonenta. [00016] In another aspect, a
nmet hod for obtaining tonographic i mges of an object under inspection is
provi ded wo 20roi26ade det ecti ng an i ncom ng nonment um of e&ch/use@ontizg3 char ged
particles; detecting an outgoi ng nomentum of each outgoi ng charged

parti cl ehuaa),aul did infhraatienst gycrgpiss bApetttared dhergdehecickd (¢.9¢ poidigteand

out goi ng nonenta; and using the cal cul ated energy |loss _to reconstruct the
three dilFes) reamstEwrd piteinogrrhic imegs Afithoyolnme of iHesst T OKSP UsR8 accor di ng
to their; I i r s i ad di i I obj ect s
S b R R B e A A T
yet anotrhexutasipechs findlemagd for thet vodumerefmtared andtdoetiicepbe &t seatetattiohar ged
particles and trapped charged particles of a volune of interest can be used
to construct t onographi ¢ i mages of the vol une. Based on the neasurenents of
the penqpo@igd FhekeShARRRHE aGRBEARIIRBABIICH GPeatdrBtaRiRARSHERGgYNhE CONDI nes
two or three types of nmeasured data of trajectory changes of penetrated
char ged Jea¢rifitohesd (e, daimspenet r at ed nuons), the information on stopped
charged particles that are trapped inside the volune of interest (e.g.,
trappednmuons), and the information on energy | oss of penetrated charged

particles (e.g., penetrated BiHIDesé@pioisf Dibivings t omogr aphi ¢ i mage of the
volune of interest. This process uses information of different processes

i nsile t[AB0NY] uREG of illuptraseseanerationy ahiberemmay fdrafetube gasehambss Ir detcstingf t he
final ir@%%ea%ﬂ he volume of interest and to reduce the fal se detection.

[ 00018] se and ot her aspects are described in greater detail in the
drawi ngs, the description and the clains. Brief Description of Draw ngs
[00019] FIG 1 illustrates operations of an exenplary draft tube gas
chanber [PB20et EKY | ntfortigngeempls af panuan tomogsphy Systes) based 9 gas al%ﬁﬂga@aw e of
a muon tponH.aRMhiSYHiRAased on gas chanbers described in this

appl i cation. ?00021 FIG 3 an estimate of the sea level cosmc ray flux
brokén into its el ectron and nmuon conponents. [00022] FIG 4 shows an

illust i f t ) f i m i d in thi .
o the NPENY2) PIE i R ot o Tore sSurmsontieY Beeked G BS PagPanihfn”t he.
right (RjudrScomponents.

[00022] FIG. 4 shows an illustration of the two modes of using cosmic rays discussed in
20  this paper. On the left (a) is an illustration of a transmitted cosmic ray and on the right (b) is

an illustration of a stopped cosmic ray.

[00023] FIG. 5 shows an effective mean free path as a function of energy. This estimate
has ignored electron showering, and has assumed an energy loss of 2 MeV/g/cm®.

25
[00024] FIG. 6 shows a plot of the stopping power and radiation lengths for a set of
normal materials and explosive materials along with the measurement error bars expected for

a 22x22x22c¢m’ sized simple of these materials in a one minute exposure.

30 [00025] FIG. 7 shows the product of the minimum value of the energy loss (dE/dx) and

radiation length is plotted across the periodic table.

[00026] FIG. 8 shows a plot of the 2 dimensional distribution of stopped cosmic ray
particles in a 20 kg block of Tungsten. The red peak represents the additional stopped

7



an illustration of a stopped cosmc ray. [00023] FIG 5 shows an effective
nmean free path as a function of energy. This estimte has ignored el ectron
shower i ngvoand/hamwoassuned an energy | oss of 2 MeV/ g/ cnPCT[US0@24552F3 G 6
shows a plot of the stopping power and radiation |engths for a set of

nor mal rpaktéulésaih sheatndg@xpblosi Mel ivaé@tddadt sheak- Ongosididoftthe tumgasliretient err or
bars expected for a 22x22x22cnB sized sinple of these materials in a one
mnute é€f6iire. [00025] FIG 7 shows the product of the ninimum val ue of
the energy loss (dE/dx) and radiation length is plotted across the periodic
table. [00026] FIG 8 shows a plot of the 2 dinensional distribution of

st opped [00827] c FHy. pshowisehesampleat 2¢ doppihopdwaffoildngstenrticldseversad peak
represents tHe ad i.tiaignal st oppedparticles in the tungsten block and is

| ocated AETELABMKCY BHIFYGHAESF the tungsten in the detector. [00027] FIG 9
shows an exanple of the stopping power for charged particles versus charged
particle incident energy. [00028] FIG 10 shows an exanple illustration of
t he enerl§9038)ssFHeadshews nn ckamphatldysiratien aintic kowgy hss measuementlinss probes
properti es of1 th(g rra%heri als i n t he 1tyol une of i q%eer 88k 50%329 F 11
shows al"OpaT At GRS GRS SEFL QAT E PEPH IS QL SIF BACHHE 8F M Po asured i n
bot h pengfctat.ed charged particles and trapped charged particles. Detailed
Description [00030] The charged particle tonography detection techniques,
appdPat us and systens described in this application can be inplenented to
det ect t[ﬁﬁoibgjesﬁﬂﬁ.eltl%fho%g%% &a{?ﬁl §Fthe gsfterﬂ?ﬁ Ffd.@r&séé‘ﬁﬁ‘i fr‘&nﬁ‘at‘ﬁ%h.ear .
materi al's and to obtaln tonographic I'RTOF At on” of  Suc (ﬂ)jec S in various
appl i catrhensret e bottlipegethiséd ¢takgddiparticdsh dnd ttappgdiarged ppaddages, contai ners,
occupi ed vehicles at security check points, border crossings and ot her

| ocations for nuclear threat objects that may range fromfully assenbl ed
nucl ear weapons to small quanti tjhgs; L shi el ded nucl ear materials.
The approach enabl es detection ol?agﬂ%Pgétgme{ir?g unshi el ded nucl ear materi al
usi g a [800] e bt elrarged Bystle mMmographyolvpativn cawhhiqges, appasatus andoyysteinde a cost
ﬁ;{ S?it :'i?/ .sc\'ﬁrﬁ}édfir? {hiéj a?ptp?i%etltlior}lgca?l%%lir%%{en?e?l edqcto rc"igtrectt t%é 81%tseelgcedo?\éler?a?§ ogjreucjts or

materials such as nuclear materials and to obtain tomographic information of such objects in

various applications including but not limited to inspecting packages, containers, occupied
vehicles at security check points, border crossings and other locations for nuclear threat

20  objects that may range from fully assembled nuclear weapons to small quantities of highly
shielded nuclear materials. The approach enables detection of shielded and unshielded
nuclear material using a single detector system in a compact configuration to provide a cost

effective way for detecting nuclear and other targeted devices and materials.

25 [00031] Background cosmic radiation provides a source that can be used to study the
internal structure of objects with no need for additional radiation. Muon tomography (MT)
produces 3-dimensional images of the "scattering density," the density weighted by the
radiation length of a material. MT can discriminate between general classes of materials
(high-, medium-, low-Z) in sub-one minute exposure times in 5 cm voxels. Range

30 radiography, which uses the component of the cosmic ray flux that stops in an object being
studied, provides added information and can complement the muon tomography signal in a
way that provides information about the material composition of objects. A cosmic ray
tracker, which measures the incident particles, adds considerable statistical power to the

range information.



[ 00031] Background cosm c radiation provides a source that can be used to
study the internal structure of objects with no need for additional

radi at i orwoRbov2s30ogr aphy (MI) produces 3-di nensi onal iPERGS000/053288
"scattering density,"” the density weighted by the radiation I ength of a
mat eri al . MI' can di scri m nate between general classes of materials (high-,
medi i n sub-one mnute exposure tines in 5 cmvoxels, Range

r adi ogrdBW}ﬁZlmFéﬁrga%a%m@mO@e%am cpHtdviepiaee BEhE consignt seaglevelflx %ft ops in
an obj eGha H Gt e'é%'efé}ate&) %Vlhfé?écnaﬂ?&dco's& agﬁh?f? Qzlﬁr{He E%’i‘%§9t%lsﬁw@?&t the
muon tonography sigmal 1n a way that provides Infornmation out

mat er i alOwsidp dei tadomiosecwin) thctrmonktemmonly‘ay ther G@lend anthwehk fresufoes t he

i nci dent par con rable statistica ower tq the.r e

AR S o TN B R A R A ol P AR
const ant,v8@ae kRYSY of hpprodhathas eRY . Flerte!erhﬁl% ﬁ@ﬁeahﬁéﬁfﬁer\{& fubhd gfipct i ons of
cosmc radiationwth the Earth's atnosphere. Qutside the hadronic sector,

t he nmuorpeneirase amesth@nlaymtq:raoftlml Ohudrompachnibe svetice mtrh@eqs)smfefsquwénpl e.
Because pf .this,. it is h| enetrati ase char ged

st L TR i R VS S N T R R G e
at rmsph%ggdm@@ﬁthm BY. 5‘penetrate nmore than a neter of Iead Muons reach the
surface wth a cosine-squared distribution in zenith. Flux is | ow at angles
of f Penith close to 900, but the average nmuon angle off zenith is 37.5.

[00033] (§ reﬁeeggr%g@ Qﬁgedﬂl&lﬂ' 93%%011%@5 bé’ﬂse‘d% c&%tﬂd riofs &2 a{ﬂgédf uct

vari ous cﬁar‘ﬁed parti onogr ap tection sys or exanp

char ged matidl¢ @inegraiygicaptiyn Mm%aﬂxamplbm&aagbdqbnﬁﬂé tonwlgddphg sgstei@ or
vol ume for placing an ﬁgﬂdeCt to be |nsg§;)ﬁed a first set of position

sensi t i V@8N MG eaalq?m HZFEeERL Y W By plasghes oPigqt fasbe iwppreteds 2 {64 Sefbj ect
hol di ng @8aiibe sIRA B0 Faﬂne@e%ﬂ)rgloc%& bRAFi Mﬁ*tﬂ@%e&%[

particles tovvards t jec Ing area, a secon osition
sendidt i weea:ﬂoanegieutegmsmpns amdothteaetmm@ thodatt eblarged parselcmmﬂvasdi&ihe objetthe obj ect

hol di n os'te e first si.de to nepasur.e  positi,on nd directions
of out odidRe REROD i Rt bl B b Ner S UE e el BRECIE aPar bl 160 E RRE] o

processigit Mhd @bjm'h%ﬂhﬁ%élreh BEpILHE to ﬁleg“trst sif’def’fb G QARIO HESES anUQhr%@ﬁ&is\éﬁ’ dat a
of measured signals of e incomng ch ar(g1 particles fromthe first set of
oge

posi t i orputgmeg ehapgedarastiigdesdexpiang the bliscidst , andlch g prasdssgiggmal, svhisth t he
out goi g ghar AR PAT § 8l E5iobLO, KRcS5E 8N of SlallcPREI SnE SRBLELY S
20  charged particles from the first set of position sensitive charged particles detectors and
measured signals of the outgoing charged particles from the second set of position sensitive

charged particle detectors.

[00034] As an example, cach of the first and second sets of charged particle detectors can
25  be implemented to include drift tubes arranged to allow charged particle positional
measurements in a first direction and charged particle positional measurements in a second
direction different from the first direction. The signal processing unit is configured to
analyze scattering behaviors of the charged caused by scattering of the charged particles in
the materials within the object holding area based on the measured incoming and outgoing
30  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



charged particle detectors. [00034] As an exanple, each of the first and
second sets of charged particle detectors can be inplenented to include
drift tub®earwesed to all ow charged particle position2CTrsSaemaneszehts in a
first direction and charged particle positional neasurenents in a second

di r ect i afuntictd iacladingfuoRuit Metcfibls ot deNicsCon sijectsTWeh Spapifd dPRDE esdatogiaini t i s
configured to anal yze scattering behaviors of the charged caused by

scat t er iHg0SF SIEREUEHaUGRAS |9 £ickPlogivEhot HBersHimarslow £ spHrabaad-obj ect

hol di ng area based on the nmeasured i ncom ng and out goi ng positions and
directions of charged particles to obtain a tonographic profile or the
spati al [G0835i blit acainticof, ckect@omagrichg skhentre genantedby chargedofredts, kadhdisrgghar ea.
The qbt ai ned tonographic. profile or ttge S a}tial di stribution of scattering
cent er s CAPYFLEHOBY G2 Epasih pHEchH PUbEf¥olYnC ghuksied Bt b ARAaTicgsH &t

obj ect's th&sdcBRd MRioeeharP&] sliriflc AERBOAY He@RnIBLE pbrdn Woihhd &R rated |
at om cnunbers including nuclear materials or devices, or objects with

speci fi clagnsiagyctariioatoiiavene fyevghsthg vatvareeand egiidhe sesondset Bf ehaptassi ves or
ot her nedi ugr qr | ow-Z contraband.. [00035] In addition, electromgnetic
shomerspgaghc?g? 8C<§°rl§y charged particles, such as high energy el ectrons
interacting with objects within a volune of interest can be characterized
at the second set of charged particle detectors. Electrons and positron

f r orh0t hd 08Q30dr aFaeh RasttanrsshsidyeehaEgas e s (g avbeelctasios Gghbe Heplogruse and

it th ; . ch Fd : . NN
censi t1 b ool udliofy HefEh PRt kol S OEh R Ehibes FHRE ARk oS WHRGah "
var i ous tedohizglivathadgs], partidéd Buel adystbin carlbk smpleaan@d telufilize datirelscobmid ed

with a gas whjch can be ionized by charged partic]es. Such a system can be
i mpl enerffedTedycet sharssd mMEidhesas thoiwre 9@5@@?66%@@5 2%@&‘@&%9% PR as t he

Sour ce %‘bg&&%hgﬁgolﬁgc;t%?giét arEQrV?ﬁ&?s%ét 5 3P Exipl rc%a%?{;i??rgﬁlei n the object

hol di ng area. Vari res of exenplary charged pa t onogr aphy
det dét i gpmsyspeyrdetact@ndystemis bedddseritr@in ROl Aplicatbon No. PETT/ 2820082982573

5007 (P bt SrtaRgon SIS e Mete of oo ian 88 igptieb e SafLa el par ¢ “of
the speghfyiicatdn@o.0f this 3pRhick & inB&tpofa®AA3 i fdréhcs QT Bar@BPING d‘iﬁ{(hfﬁont he

particle detection systens can utilize drift tubes to enable tracking of
char ged qidhis gpplecstiosuch as rmuons, passing through a vol une. However,

20  [00037] In some applications, the particle detection systems can utilize drift tubes to
enable tracking of charged particles, such as muons, passing through a volume. However,
those skilled in the art would understand that such charge particle detectors can be employed
in applications other than cosmic ray-produced charged particle tracking to detect charged
particles other than cosmic ray-produced charged particles. These charged particle detectors

25  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.

[00038] Cosmic ray-produced charged particles can provide information with no radiation
dose above the earth’s background and proper detection of such cosmic ray-produced charged
30  particles can be implemented in a way that is especially sensitive to good shielding materials.
A charged particle detection system can be configured to perform tomography of a target
object under inspection based on scattering of charged particles 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:
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those skilled in the art woul d understand that such charge particle
detectors can be enployed in applications other than cosm c ray-produced
char ged paotbolesionacki ng to detect charged particl es oPh@USRIVRST2OT M C
ray- produced charged particles. These charged particle detectors are
applicable to any charged particle fromany appropriate source. For
exanpl e, nuons can be produced by cosmc rays or a lowintensity beam of
nuons from an accel er at & = 4:00038] Cosmic ray-produced charged particles
can provide information with no radi ati on dose above the earth's background
and proﬁ@%xﬁetection of such cosm c ray-produced charged particles can be

i mpl enent ed i fua wathctrb@tmém-eppeqins) of tseraitéingearste, gadd shi el di ng
materials. A charged particle detection systemcan be configured to perform
t omodr aphy of L & thasigetof 8isj vedumemaidar therdstestion b thradatettion agpaietuer i ng of
charged particles by the target object. The system can be configured to

per f or m[000894r apbiycdampl®cad dnzexesphiry ans s@ttéiiy &dl&SHf 0. 0headiammamdraaphi ¢

position resolutio n be expressed approxinately as follows: Ax = QL

wher e: Fma@m%é@@gtzﬁﬁ%%ﬁﬁ%mgéa@vmw&n TesRuaRnye (04 he GGt <™ and L =t he
size of the volume under the detection by the detection apparatus. [00039]
For exanple, for an exenplary rns scattering angle of 0.02 radian and an

appapat ygsogdode of okOfproachNbe hRnRAraRMtlonA9 dbikiRined B elcUbilORingeqlatda X
200cm = 4cm [ 00040] I'n one approach, the angular resolution is determ ned
by the flob¢dnii hg Petpsen staiistisised on the Poi sson statistics: Agq 1 where: q
=the rnms scattering angle, :nunbeg of qpsnic ray- produced charged particles
such as nuons passing through a.r&%?i) interest. [00041] For exanple,
the angul ar resolution for = 100 (&ornegdponding to a 10x10cn? resol ution

el enent walidrer one mnute of counting is q =0.01q . [00042] Table 1

illustrates theoyeticalaehs iboss rate (dE/dx) and radiation |ength (X)
for various nater?g?s.zkhe %?%%Fe of counting distinguishes a 10 cm cube of
ironsfroma 1¥cmumber of cosmic ray-produced charged particles such as muons passing

through a region of interest.

[00041]  For example, the angular resolution for NV = 100 (corresponding to a 10x10cm’
resolution element after one minute of counting is A6 =0.076

20
[00042] Table 1 illustrates theoretical energy loss rate (dE/dx) and radiation length (X) for
various materials. One minute of counting distinguishes a 10 cm cube of iron from a 10cm

cube of lead at 6 standard deviations on the basis of their different values of X.
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cube of lead at 6 standard deviations on the basis of their different

val ues of X Table 1 [00043] Tonographi c nethods, designed to construct an
i mge or woadelo/k3oan object frommnultiple projections takewskooonsitss ferent
directions, can be inplenented in the cosmc ray systemto provide a

di screte tonographic reconstruction dfabtehie vol ume of interest based on the
data provided by the charged-particles—Iln someinplenentations, Mnte
Carl o sinulation techni ques calf$3 uséd’ %o lstudy applications and shorten
scanning times. Other stochastic pro¥®ssisy nmetthods may al so be used in

i npl enenting the charged partict.e tonographi c samagi ng described in this
application. [00044] The cosm cfay]|radigpgraphyfunction of the particle
detection systens of the enbodinents can be npre readily understood with
reference to exanpl es of detectidn syst'éirs addpfed to detect charged
particles. [00045] Drift tubes are gas chanbers designed for detecting
nmovi ng ghﬁmﬁﬁd W@ﬁb%ﬁbﬁﬁqn&ﬁ&ﬁ,&%ﬁ&kdhy@ﬁmhﬁ&hMQﬁﬁg@oQ@§&9Q§aﬂBQkUﬂ&mn_
encl osed inside a chanber that can be ionized by a nmoving charged particle
passing mwiplegojepieongdskes dkpnmrdidfcnent dppctinscan e taplsosdiedtio the wwspiciegd near
the center, of the.drift t and the wall of t drift i rqunded to
establ 1 s @PESf bkl Pleblied Ry dia sl ti be ke o atGe  he
val |. Anhé¢ aeeptavidaaitar tiedhpgsd paticlcd. ONb@ERS ilplempRaticom| ProunteGarty siiatigas
medi um to produce free electrons that are accelerated by the electric field
t owar ds {eHRIGISHERN UG vsed dopbdie prications agishertan ssanting tigge hOtKr sogkastion to

reach t A tor : -1 he

| neom ng epanCeatucss R Gl @ v HIIRATMGTE: B X0kl Ridinhic

el edOr onmagmgelesdribdd &t thik dfpéiceiin. | ocati ons of the path of the charged
particle are nmeasured and are used to determ ne the track of the charged
particle inside the drift tube. One applications for drift tubes is

det ect i qpo@fa] ChahgesknRatdy ﬁhf_%réraﬁ)ﬁ GunctiBH 8Pk PANiHUSHAELRASyQEmUBF feal rays of
drift tubes. [00046] FIG™ 11 Ius?rates operations of an exenplary draft

t ube gasndivdirhents Earbadsoratidly widarstped witr tefaréres to Theampled éfidetaghenin thi s

exanple is a cylindrigal tube fornmed by outer cylindrical wall 110 and is
filled wvﬁﬁmﬁa§%¥%§Pd%%65§mﬁf?Rﬁﬁ;e%s Ar gon- | sobut ane 230 t oenabl e

detggtion of the cosm c ray-produced charged particles, such as nmuons. A
central anode wire 120 extending along the | ength of the cylindrical tube
is provil@@M o Pridctubescut Bgs diagders desigachiogdetectyu mavinalchargedpartieleput er

wal | 11%2{[08 d%rftqglyec fcfidBO? Eg&siex&\s r\rllgéii{u%ge%cl(ogecgi'nsidg_a%EaYmber that can be ionized by

a moving charged particle passing through the gascous medium. An anode wire conductor is

placed near the center of the drift tube and the wall of the drift tube is grounded to establish

20 an electric field directed from anode wire conductor towards the wall. An incoming charged
particle ionizes the gas molecules of the gas medium to produce free electrons that are
accelerated by the electric field towards the anode wire conductor. The drift time for such an
electron to reach the anode wire conductor can be measured. Along the path of the incoming
charged particle inside the drift tube, the drift times of electrons generated at different

25  locations of the path of the charged particle are measured and are used to determine the track
of the charged particle inside the drift tube. One applications for drift tubes is detection of

charged particles (e.g., muons) by using one or more arrays of drift tubes.

[00046] FIG. 1 illustrates operations of an exemplary draft tube gas chamber for detecting
30  charged particles. The drift tube in this example is a cylindrical tube formed by outer
cylindrical wall 110 and is filled with a detector gas 112 such as Argon-Isobutane 230 to
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or higher) to generate a high-voltage static field inside the tube
directing along radial directions fromthe anode wire 120 towards the wal l
110 i n arwoOeaniozesioon regi on 112 inside the outer wall 1P0T/O8h@a/08526har ged
particle 130 enters the tube and interacts with gas atons in the region

112, muldnkipile eleeb@@t ofxhs cdsddic aayeplodhesdathacsel Ipéhﬂﬂcld@ osiieh gamuahna cedifg static
fleld causes the "string" of electrons to drift toward the posjtively

char ged 22ABYY1R; 128 eitfedlngﬁ@naﬁ%edl@n%tﬁpé ﬂfzryhe%cqé@h?ét prOtVHteﬁ fo @le@tﬂcalév 001"
in di angiglq of DHSHETRARL tfagt an YIRY dutdt 11 Bloed kb duck a BE&UO@%R&@'@%@‘OQ%&ZO to

produce an eI ectron ava anc e when the first elect on arriv r exanpl e,
in sone atrhighter ttolgescratee agtalaltagk stadt fiehhingide datubediadeting albds radiglct r ons per

i ncom ng electr n that re.easily detecte ith sensitive ele onics. The
inode wligesr 1an el Sata0adySduttoral Hoiteh gnaeitoniegal du idt

el ectr 0 NhE ahtbd will t1 o t el Q@ﬁal(gteﬁ BEI‘UEI%‘ 1B0GntA the Q@é%nﬁ@ﬁt%?ac%fvvlﬂhgas%rﬁs
acqui sition el ectronics. such, a hit signal is produced when a charged

particl en ﬂmﬂéslonﬂrlét@hltlph‘eeldémsﬂ& angrlibferatedufsemn thayo @4y iltOmSeT@(Simﬂ fedd
describedlntm appld cation c use riou terials tQ co t he
ube v ot T PR e Rlrb e Pl 5 B pPufy SR UG g FENEL 1R Lt
and ot hemod@vak|120 o bel@gthihcak) ¥.00 oniusiimver, MRis@fdating aGRFy Kigh URegict O
construct the wall 110. For anot her exanple, ot her non-con uctive

mat dPi alfécld sepe theawire A3Q foapreduce WO&D@@V@@H@@@@@@@%%& eleefeqn qriEcso sy wal |
110 and

10 and @Bl RE KpRakd OOGNGLIT  Y ShyBL oGORL DG FRLBS GO ALNE
conduct isletronalidt agseasiindetdeted tvith wbesstiveegfedn@nizy! Thelanalwivg 120 i@ comte;cwldar

cross section or .in_other geonetries, For .ex he drift tubes y be
const r ud® 8deFoBhsIEUANA dhica Ph%lpﬁt%n%l Y v QT%BQS ftw&ﬁwwcdlgléﬂwaweﬂer

Cross- Secffttl'l@é(ij‘ﬁa ac[qgls s el@tt 'ﬁ&s%@t‘? QS gha! il . &n?c%d %eﬁ%%ﬁb?@d h@ﬂ%?ece' ve

and process data assocl ate the 'hit s gnal romth rif ein FlG
1. This mo‘@salhropglodlesisten‘g)rdnftttulm&an be integrated in the data acquisition
circuit of the detector or can be renote fromthe detector. A hit signal
i ncludes data collected fromthe drift cell and represents: 1) tine that

the hit [ogog£n! | eat @Qanwest th%cﬁte%tqhtmhgpﬂlcﬁﬁ&a&anvlﬁetv@r@mmhat eNtoBithict
arbltrar origin, czeﬁt e drift ce channel nunber (or other

i dent i f itee yubfe@rallal l@éhfé nesube mypizationrggagn bf2. drarfexamplgeslumitven gidyother
P;ggﬁzt&r 3%?1110 ©h gf%{: rlggl&gl cgé:nldlfjlﬁt(lavea § rfal‘a(t:lk At @ Qésehrtg %Ills?ructngg uwlaﬁ 1 IB a tFor
20 another example, other non-conductive rnaterlals such as insulators, may also be used to
construct the outer wall 110 and an electrically conductive layer or coating can be formed on
the inner surface of the outer wall 110, such as carbon composite with internal conductive
coatings. The drift tubes may be cylindrical with a circular cross section or in other
geometries. For example, the drift tubes may be constructed from aluminum extrusions with

25  multiple, non-circular cross-sections.

[00048] A signal processing unit can be coupled to receive and process data associated
with the hit signal from the drift tube in FIG. 1. This signal processing unit can be integrated
in the data acquisition circuit of the detector or can be remote from the detector. A hit signal
30  includes data collected from the drift cell and represents: 1) time that the hit is collected by
the electronics relative to a consistent but arbitrary origin, and 2) the drift cell channel
number (or other identifier) for a detector using an array of drift tubes. The signal processing
module can include a track reconstruction module that reconstructs the track of the charged

particle passing through the detector and a calibration data base that calibrates the result.
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G Tt er ont T B Sh re RO o Al aPten SRR Pl P A B R gy
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The drift distance can be determined based on the travel time of the free electrons to the

anode. This and other processing can be performed by the signal processing unit.

[00050] FIG. 2 shows an example of a muon tomography system based on gas chambers.

25  The system in this example includes a set of two or more planes 210 of position-sensitive
charged particle detectors 212 arranged above an object holding or inspection volume 201 to
be imaged for providing the position and angles (i.c., directions in the 3-D space) of charged
particle tracks 230 231. The charged particle detectors 212 are configured to measure the
position and angles of charged particle tracks 230 231 with respect to two different

30  directions, e.g., in two orthogonal coordinates along x and y axes. Charged particles (e.g.,
muons) pass through the volume 201 where the object 203 may be located and are scattered
and lose energy to an extent dependent upon the material occupying the volume through
which they pass. Another set of two or more planes 220 of position-sensitive charged particle

detectors 222 are configured to record outgoing charged particle positions and directions 230
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20  charged particles 230 231 to obtain a tomographic profile or the spatial distribution of the
scattering density and energy loss reflecting the spatial distribution of materials within the
volume 201. The obtained tomographic profile or the spatial distribution of the scattering
density within the volume 201 can reveal the presence or absence of the object 203 in the
volume 201.

25
[00052] The processing of measurements for cosmic ray-produced charged particles (e.g.,
muons) in a volume under inspection (e.g., a package, a container or a vehicle) by the
processing unit for the system in FIG. B can include reconstructing the trajectory of a charged
particle through the volume 201, measuring the momentum of an incoming charged particle

30  based on signals from the detectors 212, measuring the momentum of an outgoing charged
particle based on signals from the detectors 222, and determining the spatial distribution of

materials in the volume 201. These and other processing results can be used to construct the

tomographic profile and measure various properties of the volume 201.
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20

[00054] For another example, the processing for measuring the momentum of an incoming
or outgoing charged particle based on signals from the detectors 212 or 222 in FIG. 2 can
include (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

25  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 from the positional measurements; and (d) determining at
least one momentum measurement of the charged particle from the at least one trajectory.
This technique can be used to determine the momentum of the charged particle based on the

30  trajectory of the charged particle which is determined from the scattering of the charged
particle in the position sensitive detectors themselves without the use of additional metal
plates in the detector. Implementations of techniques for determining the momentum of a
charged particle are described in PCT Application No. PCT/US2007/082752 entitled
“Measuring Momentum for Charged Particle Tomography” and filed on October 26, 2007
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20  Reconstruction based on Measurernents of Charged Particles” and filed on October 26, 2007
(PCT Publication No. ), which is incorporated by reference as part of the

specification of this application.

[00056] The tomographic processing part of the signal processing unit may be

25 implemented in a computer at the same location as the detectors 212 and 222. 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.

30  [00057] Thus, multiple scattering of cosmic ray-produced charged particles (e.g., 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. As a charged particle traverses

matter, it encounters Coulomb forces from each nucleon it passes and is deflected by the
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(PCT Publication No. ), which is incorporated by reference as part of the
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“soft” charged particles, that have lower energy and are stopped inside the volume without

20  penectrating through the volume, can also be detected to obtain information of the volume.
This use of “soft” charged particles can be combined with the detection of the “hard” charged
particles that penetrate through the volume to improve the overall imaging sensitivity a and
sensing capability of the system (e.g., the system in FIG. B) that may be difficult to achieve
by detecting either one type of the “hard” charged particles and the “soft” charged particles

25  without detecting the other type.

[00059] When primary cosmic rays (protons, alpha particles, and heavier nuclei) strike the
Earth’s atmosphere, they produce cascades of various types of subatomic particles. The
cosmic ray flux at the earth’s surface is mainly a combination of muons and electrons. Muons
30  originate from the decay of pions, while electrons and positrons are the product of muon
decay, electron knock-out, and Bremsstrahlung. The flux of muons at sea level is
approximately 1 cm™, and the electron flux is about 35-40% of the muons. Individual cosmic

rays are usually classified as part of the soft or hard component of the spectrum. The soft
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anallysi 4000611 he Asteatimsteiof slic plative sicotmorind meon fAifuosmakifonct@naif kadie i r om t he

st oppi ng,of co the i ncident traj torles ar as red | eads
Lo b he P er Ry Bt Sheky itpt ot eomignen U BT horft ShEi T e

i nf or matdn@nhd &0 MlcohPonttits ¥saRjregks. [00061] An estimate of the relative
el ectron and muon fluxes as a function of energy is shown in FIG 3. The

energy integral muon conponent has been normalized to |/cm 2/ mnute and the
0,
el ectr Or[()ﬁ(?brﬂ? On%rﬁtMIl"oscélnEfle/(fr ggn ]Z;ehlllS%d to separate transmitted events from stopped events as

20  shown in FIG. 4. In a), a cosmic ray comes in through the top detectors and out through the
bottom detectors after passing through a threat object. In b), a cosmic ray stops in the threat
object. The absence of signals from the low detector separates these stopped events from
transmitted events. The tracking information from the entrance detectors enables tomography
based on the stopping fraction expected for a model of the object given integral of the

25  stopping power along the entrance trajectory. Multiple scattering in the entrance detector can
be used to give a momentum estimate for the entering cosmic ray and this can be used to

improve the estimate of the stopping fraction.

Counting time estimates
30
[00063] A 20 kg cube of high explosive with a density of 1.8 gm/cm’ and linear
dimensions of 22 ¢m has been studied. This amount of explosives would be likely to cause
catastrophic damage if it were detonated in a passenger rail car in a tunnel under the Hudson

River. This object may be identifiable using the cosmic ray signals if its geometry can be
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[ 00062] An MI scanner can be used to separate transmtted events from

st opped events as shown in FIG 4. In a), a cosmc ray cones in through the
top det ecworssimadoout through the bottom detectors afterPCpasgonagsi2hs ough a
threat object. In b), a cosmc ray stops in the threat object. The absence
of si gnaloastfdingd thReitdtdnpateiseatwith Separahastctiitqes st bppade orheninsafy suoh
transmtted events. The tracking information fromthe entrance detectors
enabl es BORHEH APAYNBased on the stopping fracti on expected for a nodel of

t he object given integral of the stopping power along the entrance
trajectory. Miultiple scattering in the entrance detector can be used to

gi ve a rioo@s# unCestdntmbd rhdipgtahley wkterdvagtagosithe absyptamdfipenstratimg be used

to inprove the estimte. . of the stopping fraction. Couyntin i me. esti. mat es

[ 00085 TSSOtk § OE @Y 1R oxDr GERLE WY AT & AR Jetor ey R it
l'inear QjrengtiapSfHe iRdd&bRas: been studied. This ampunt of explosives
woul d be likely to cause catastrophic damage if it were detonated in a
passenger rail carNi n g tuzhnel under the Hudson (ﬁ%ver. Thi s obj ect nay be
identifiable using the'e6sfitfc ray signals if its geonetry can beconstrai ned
to suitable precision with tonographic techniques or by some other neans
such as optical inmging. [00064] Conventional radiography takes advantage
of the abise¢ ptii 0w path IpeRR{dradli degsityd tiratighoam otjedt, 2kdriays thadha@rfapehuth Brt he
areal density of an object is determ ned the absorption or scattering of

t he 10ncisqataringes gpsoxticangd r and(My)argihemamber of grasmptigdpanddpgjeent particlas

density) QH“QR | LGt E f ering or
absor pt ir(e)gﬂﬁ'gn ' F%Q%n hl%]gé g}lsrsgﬁht(:g ?1 |de rtl h%l{ec?&gpﬁ ‘ﬁlgﬁ% ?rll%tdt%%gﬁgglit%%?& ent
parti cl escanefsquamth, wedhyas wiarlé bavebiaaed vatsmomebntigatic airhysi Mh¢ thickinegarftancl es

are descri bed b%/ the sane nean free path, such as would be obtained wth
monoenerdp&tct & 8t s. The thickness of an object is given by: [00065] The

uncertainty in the trans ion is related torn the Poison statistics of
the transmtted floxz ANL-£Y]NT , the only indegepdent neasured variable.
If r =N1 1NO , Ar =- N ,\ N . The precision of radiographic measurenent

of Lis AL Ar 1 o ' o
15 [00065] The uncertainty in the transmission is related tom the Poison statistics of the

transmitted flux, AN, =,/N, , the only independent measured variable. Ifr = N, /N,

Ar =,/N, /N,. The precision of radiographic measurement of L is

AL A1 &)
L, r ,/NT'

20  [00066] With charged particles one can separately measure the transmitted flux, Nz, and
the stopped flux, Ny = N, — N, . This gives:

r——NT
N, +Ng

(4)
Ao | NeNs
(N; +Ng)’

AL 1 N

S
L, ,/NT Ng+N,

25  [00067] We see that measuring the incident flux results in a considerable statistical benefit

So:

()

when the transmission approaches unity ( N < N, ). Here the attenuation can be locally

20



(3) [00066] Wth charged particles one can separately neasure the
transmtted flux, N T, and the stopped flux, Ns =NO - Nt . This gives: So:

[ 00067] WeO=ew/@2b3b neasuring the incident flux resultsPCh/s2a@o0si28er abl e
statistical benefit when the transm ssion approaches unity (Ns <Nt ) . Here
t he att enoddddoy apapbeentialo@hdry Modehedfasivamean fiedpathi givenbe e ih@rse éh
effective nean free path, given by the inverse of the |ogarithmc

der i vat ithelagerithuc deryative ﬁgﬁ?i% rgmaiging Hier e nath lepgihref dhe ehiect Gpingct bei ng
interrogﬁkﬁg'tg?0068] Where N(E) is the cosmc ray flux as a function of
energy, an %%x is the energy lost in the distance x. W have plotted this
for the sumof the hard gjégyt conponents of the cosmc ray flux in FIG
5. [00069] Conpl enent ary, in%ornation is provided by multiple scattering
radi ogr aphy. ChargéngﬁEE&Eg§§i=such as protons or nuons, interact with
matter by multiple Co )tering. The many small interactions add up
to yield an angul ar devi@tion that follows a Gaussian distribution to a
good approxi mati on: The widdth of the distribution is related to the
scattering material: 14 pb X (7) where p is the particle nonmentum /?is the
velocCity divided by the velocity of light, and Xis the radiation |ength..

I'f the myowssicainifié NOEAR Hosiciy Phkesh faddtioR®f BRaEY ad (RN thd dhef@ment um
is known, then the path | ength, [17I can be determined to a precision of It

i s assurted e dganrent Wokaredlatied this de the sy of thsihaed snshsoftgemnenens pf e

1. 4/ cn/ m. nut |G 6 shows the potential for cosmc ray
neasureﬁ%ﬁ?ﬂ?gygggggfgifg di stingui sh between sone expl osive materials and
other normal materials. It is assuned that the properties of the solid

mat eri als can be extracted based. on their geonetry and the .
overBur d&0%eN er Fﬁ@%%@t%&f@’g’%@‘.m wow&ffi%aﬁrwe}fl casHbsing dadiegianlys t hese

errors e di . . jves to be
G sti nou e Rod Ty A ffodh; At itha S Lo R RN DY
ener gy |sostseringElbkxinamynsmalhdhtabotoms khéhgp ko yisldpinctngekr dongss thitdopews adi ¢

t abl e.

Gaussian distribution to a good approximation:

N 1 b
— 5 0. 6
40, 276,€ 7 ©)

15

The width of the distribution is related to the scattering material:

14 |L
0 =—_1—, 7
= 3VX (7)

where p 18 the particle momentum, £1is the velocity divided by the velocity of light, and X'is
the radiation length.. If the muon scattering angle in an object can be measured, and its

20  momentum is known, then the path length, A/// can be determined to a precision of

a2 ®
I N,

Itis assumed an incident cosmic ray flux (sum of electrons and muons) of 1.4/cm?/minute.

25 [00070] FIG. 6 shows the potential for cosmic ray measurement to be able to distinguish
between some explosive materials and other normal materials. It is assumed that the

properties of the solid materials can be extracted based on their geometry and the overburden
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[ 00072] Anot her potential use of the stopping is to distinguish between
different materials that nmay be configured to have the sane density. It has
been suggeetedy/wbad on net hod of thwarting nmuon tonogr apl§/ussomnsitss ut e
uraniumso that it has the sane density as sone i nnocuous nmaterial such as
i ron. Aritotigh atcheghgiVk. m:td&f mpfues &postle hetieesthggastas bhatfactbrsifi2rgdi shi ng
these should be trivial, mxtures of three materials can be fabricated that
r epr oduclopi heidiffsrent typesefi aipfastyes Enbr distierisdedppi ng power of any nateri al
bracketed by the surrogate materials. However, neasuring stopping power
makes it nore difficult to spoof a cosmc ray scanner, and the conposite
obj ect s [0@Qi] r eFIﬁ) r'eths praludi efghandnimeedvaled abthe catrigp tosh édlde) anderadiatiorbe
used as nuc%ear I05|v§s %ﬁ{ 7@% In the above we have neglected to deal
wi t hoel d6igt ﬂ% AT AR IKIfREt s are several radiation |engths or
thicker, the transport of el ectrons beconmes dom nated by el ectromagnetic
showering. In this case the incident energy is rapidly transfornmed into
shower dPOBEAti dinether Fetentiahiubd ofsthe stopping istoshyingyish dtteece diffarent eehterindve.

det d b d bj
w1 be T et RE 0 AR BP ot Gl M Pt e RO bR b B8 RE Lt e
concl us ltﬁwsnfmgmmtteﬂloglkapnﬁls tb @004 rarfthia so @hah itHa0 thOfanichRndtyddsnhRi onal

di stribution of stopped cosnic ray ﬁartlcles ina 20 kg bl ock of Tungsten.

The 1Ped ipeegeoreppissiakiush ansondulthqueh e nivppedre! paasented Bereisnggasts thaingst en
bl ock arlgstln S SRI ttffé%e @%%ngggf% %lpfﬁﬂtﬁfeg B{ ﬁlfreetrggteﬁ ?%%{; G%fa'bﬁc&tgc? thcl?t ector.

Cbj ect reco t|on g estinmates presente ove are

geonetr |relaiotiuceahe desitypladiatied lenkth andatdppngt fuevapaf hnychetctinBprecictsdybyathe not
normal to the face of the cube but cone fron1randon1d|rect|ons and sanpl e
varyi ng SHEPEP SRGTHS. [TOO0MsT- Meneuiing BPRRIES BAW eaRse ieReicAeticnt fuPorT e hr ee

di .
o, ! agaki ol eohnt) WTIASKERofL AN g ARURTTN USSR &) Wil 19 2
em dsi orbetmrphet @d teanobasapirieat SREGIYesr econstructi ons. A scene can be

described as a set of voxelized densities, pl Jc Here the densities are
wei ghed by dE/ dx, the stopping power for the material in the given voxel.

It each [9e@78]C [Pdhe abolSweBSE IR0 Aedith é}@d@ﬂmhoéveﬂl@r vtéﬁbg{bg%&es gaer gy

| oss for a given cosmic ray 7), is given by: ability
that a gevenl edietive longths e iHicksr.dhe trarspbe 0£pbﬁmn8rmp@mw dominated by

electromagnetic showering. In this case the incident energy is rapidly transformed into
20  shower of particles. This will alter the stopping rates estimated above. Empirically
determined stopping rates using suitably designed test objects will be required in the analysis

of actual data, and may change some of the conclusions presented above.
[00074] FIG. 8 A plot of the 2 dimensional distribution of stopped cosmic ray particles in a
25 20 kg block of Tungsten. The red peak represents the additional stopped particles in the
tungsten block and is located at the X-Y position of the tungsten in the detector.
Object reconstruction
30 [00075] The estimates presented above are geometrically over simplified. In reality the

particle trajectory are not normal to the face of the cube but come from random directions and

sample varying path lengths.
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calculated as: dN IE dE [ dE { dE [00077] The I|ikelihood function for a set
of cosmc rays for which n have stopped and m have not stopped is: [00078]
The 3-d iwageloasobe reconstructed by finding the plJ kpChatS2emasnsizsze t he
| i kel i hood. Regul ari zation nethods can be used to danping fluctuations in

si t uat i 80 er €he aifination Shiabé sttraesed form thréhdinRasivhdpjcot ilevemtedadmt 0 an
underdeterm ned solution to this problem_. The product of the stoEpi ng and
mul ti pl e @pgelyrdisigbytedk px hwaméaﬁe%ar%ﬁwl@vm}@am@ﬁwdﬂSﬁclil #s case

the st OF{%'eﬁ‘Qséd%P%ngle 98toh5enﬁ§és?&fie Bﬁﬁéfa?ﬁ?zg T)%Eoﬂs% dd?f@t ixon about

the lo ensity, parts ject o expected to provide
addi t i orsaénd cahderigidribed boa tdralf vaxdizcabbmssitiaspm; L IBEreimgldbﬁntl«:!;&afré acighedbgi gnal
about nmedi um_ and high-Z objects. In.this case an _addition paraneter can be
added tdiFé%ﬁh%sz@mg H%Wergfm@@ npgierial ¢y dheighenerele BFaCPW@S@thBbl nf§ and

radi atiopsliang ?% paﬁi‘le %tlﬂr lg"keFﬁ ﬂi%%@@ffgﬁ 15Q BFa Bn kb ?‘?’d p %%g%ﬂh i near

approxi mations to the nction

Ther ef orts: TfoL,| @ Ehepfobla’almy thaengisen téuenit Myowﬂbsnopmﬁmﬁp@rcrmdauely t he
cosmi c ray stoppl ng signal obtained fromthe "soft"” charged particles is

| ar ger tdaknldtdibds:in the nultiple scattering signal obtained fromthe "hard"
charged particles. These two sources of information depend differently on
atom c charge, so contiidm them al l ows both density and materi al
identification. The e tdEa”C}%I on of tonographic information fromthe cosmc
ray stopping reqwﬁ’es—seJ—\Hng a non-linear problem[00080] In addition to
the multiple Coul onb f@{ﬁ‘ r| ng i nduced trajectory changes to charged
particles traversing ume of interest and the stopping of the charged
particles inside the voI ume of interest, energy |oss of penetrated charged

par tlioc! g804E7] 9. TheHREFook Sithdbien M@ﬁbﬁédsﬁﬁara@s\ Corusigch h RatosBearhd 6
reconstruction. Techniques for acquiring energy loss information froma

char ged kﬁ&?@?bqt@neﬁéﬁckl ng system are provi ded bel ow and use this
L(pi,j,k) = HJZH(I -9).

[00078] The 3-d image can be reconstructed by finding the p;;, that maximize the
likelihood. Regularization methods can be used to damping fluctuations in situations where
15  counting statistics limit the accuracy or even lead to an underdetermined solution to this
problem.. The product of the stopping and multiple-scattering likelihood can be solved
simultaneously. In this case the stopping information is expected to provide important
information about the low-density, low-z parts of the object. It is also expected to provide
additional information to that available from the angular deflection signal about medium- and
20  high-Z objects. In this case an addition parameter can be added to each voxel that gives the
relative value of the stopping and radiation lengths. This problem appears to be non-linear,

although linear approximations to the log-likelihood function may be found.

[00079] Therefore, for low arecal mass scenes, the information contained in the cosmic ray

25  stopping signal obtained from the “soft” charged particles is larger than that in the multiple
scattering signal obtained from the “hard” charged particles. These two sources of
information depend differently on atomic charge, so combining them allows both density and
material identification. The extraction of tomographic information from the cosmic ray
stopping requires solving a non-linear problem.

30
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information in a tonographic reconstruction of the materials and their
distribution within the volune of interest. [00081] Charged particle

t onogr aphyogerdnraioes 3- di mensi onal pi ctures using the i rCOMUSAM0O6526DNt ai ned
in the nultiple coulonb scattering that occurs as a charged particle passes
t hrough [00080¢r . Isdditiciartgetupipid Collombrsamesiing@indmtd ajecioty enagestoer s

Coul onb forces from each nucl eon it Easses The npre high ataom c. nunber

nucl ei  tHETESARAGISHS SRV SR INRS VOHEBRIAL iBFgest ﬁ%thﬁéF%’P}%tcééli‘ea‘%béEg%id&fttcé% ng is
POSST bl €nsili QRIS ihRrdsN R Rebio? BorRhralditnbil g%ﬁarex (£ n6haIARde
particle loses some fraction of"its energy acco I nci ent ener gy
and t he dmtaeteriatd 4rhiread im mtnorgmphtc pewsasctiolhel eehmqggs fbomulrmmrgm loss i s

pri an effect fromthe i ctions of the.partjcle th electrons in
Phe mat dbfeamato e St pREc L ERaE Sy ow h Ao A s b ed by

i nt er actihRPAGaMbd i aotbﬁfo?%hlc[rg&gﬁ%ctﬁ%f&"’cﬁé Rtk bhE RS @AbhtbnRk fhinZhe | N
addition to detecting the novenent of charged particles in and out of the
vol une 2@lura¢ of intesgsést , the energy | oss of the charged particles traversing
the can be detected and anal yzed. The charged particles enter the vol une of
interest 201 and interact with objects present in the trajectories of the

char ged [peagiijc! QﬁargWPMﬁ:R&oﬁbgﬁagﬁﬂ%&@thﬁ-@ﬁn&ﬁﬂﬁlﬁlqﬁcm&sl’u@ﬁl@@HESe to
interacting with the objects arged particles |ose energy based on

t he 1@hariarapiien eendaiosd nrke Bbjtads eoulqobesyFrirg that occoiks drrast apicks of t he
St oppi g, DOV f m8 4" 984, AR O%\éiﬁol ft?clé(’géfe d&)s elg?tﬂengg‘&r#térg 'c%ui R0

ener gy. “An exa oppi'ng p iS’s pos I ve nuons
i n coppdrormsach ﬂmtmhnopmsm‘s Hihlﬁtdreh@meutcgmchuﬁ]bzr oudde€rtise dfargeaignitidlede range) .
[ 00084] The energy loss is hig Qr muons with kjnetic epergy a or bel ow
the r estenﬁ%geréaftg@ por r%t%?fsaﬁt@m%& Iwestible. Impdarion taths detectip o

cosmi c- rtt%%g cg%%gntge Sclé'zr?f%%cf%eﬁﬂglreg(yse%?rﬂe FFEMiont J15tsSNEY, r%gydcécﬁ‘&ﬁ it itdl ﬁfehped by

Bet he' s primarily i1onization and excit t|on osses Wi th
sond Sad dadrgyand ¢t metesal thhmgh evheclgy phssss Tie apydrssmatesdcyioR iseVhaHR Agy.

Energy | @ss, de differe Si ze dcharg t han ltiple
Coul onbsSiEt BTRA: THEIon oo PaTRIaHED o FiE B A BT te COABH Bonb! ned
with a ndhtdrloQidaallyRikh 1§§é}hﬁ1§{eu%9 1@@?&%&&%@1&{ prol&fl@v' des addi tional

information about the materials in a volume of interest. [00085] FIG 10

shows an exanple illustration of the energy |oss nmeasurenent in
[00082] Referring to the system in FIG. 2, in addition to detecting the movement of

20  charged particles in and out of the volume 201 of interest, the energy loss of the charged
particles traversing the can be detected and analyzed. The charged particles enter the volume
of interest 201 and interact with objects present in the trajectories of the charged particles.
When the charged particles scatter in response to interacting with the objects, the charged
particles lose energy based on the characteristics of the objects.

25
[00083] FIG. 9 shows an example of the stopping power for charged particles versus
charged particle incident energy. An example stopping power (= (dE/dx)) is shown for

positive muons in copper as a function of kinetic energy T (12 orders of magnitude range).

30 [00084] The energy loss is high for muons with kinetic energy at or below the rest mass of
the muon (non-relativistic muons). Around the mean cosmic-ray muon kinetic energy of 4
GeV, the energy loss is described by Bethe's theory describing primarily ionization and
excitation losses with some added corrections. Mean energy loss is approximately 2 MeV

cm?’/g. Energy loss depends differently on atomic size and charge than multiple Coulomb
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materials and how the neasured | oss probes properties of the materials in
the volune of interest. Know edge of the trajectory of the charged particle
provi des wof2oromasioon on the position and distribution ofPCrRaiSetmwabR5Eausi ng
the energy | oss. Measuring energy loss in a charged particle tracking

det ect orsc{ltﬁ@ﬁlgﬁ]rhﬁma medverthient of tha cadray sl visont doad inazianittbe nidgsdelr ed in a
trackin etector according to its multjple scattering in the materi al
conpris ?@@1 lomb s¢rttenng a}easwn@vamre&@%@d%@aa HypERatign aﬁ%‘l‘té’éﬁ@ﬁierlﬂléﬂ%en t he
dat a pquMﬁﬁgofymgﬁgharged particle and a straight line fit, an estimate of
t he nonentum of the particle can be inferred. The nnnentun1neasurenent can
be nade i ndependently for the incom ng and outgoing trajectories, providing

sur ner | ost ile tra rsin he vol unme of. interest.
neoaoon R Sk o FO5k W ok eansahismiel U el Ry ids sre ioses
Reconst riygthinn afd REN %[Esmé’e[sﬁre'dq@ds%@d‘éts %?oﬁeﬁléd%% e SbSalt th Gefbignotvol une of
interest. Integers nx, n nz are used to define the sides x, y and z of

an ex anpn@reseCngl@d@ﬁ ofitbe trmctosa@ﬁthvo&%ged m‘hdd@sovsdqelelsfomathwomthd dz with

each Sldesﬁ% a/31§ﬁ§ ﬁ ?nlg ﬁb%flkh a%pg qulded by the nunmber n (i.e.
dx = x/ A% t8 ? NOPRSE BT ay e ISonERY 1B used in reconstruction is

a melghtlng factor assign to the voxels that result in an i nage when a 2D
or 3D plot of the melghtlnqlfactor‘versus the location of the voxels in
spad€ | Mepshenaeragy [DO0BBFharers M GHIRHGNS 8xieder can be considered as an
average density of matter in each voxel. This is based on the weighting
factor representing a neasure of the average radiation length of matter in
each voXe0086[heThadioaicnaiin bLnglidigediopetids canbd neasdesdsintatraakiohgeleeowint al

char ge of &gtter and i.s a nmeasurabl e constant for each el ement that an be

obt ai ned FPIGIELP M MHHHRIA SCASeTBS HHBE MRSy cRmBiHNS therfstRclar Byypleptneie
Reconst r(i-égée%@a%ﬂe%@httﬂHWeéﬁatﬂ@ﬁ?th ?ﬁﬁ\gﬁ%fnﬂ kg G0 %‘dﬂ?&&g&n@%?r s to

t he voxe based on the probe o erest t ei ng
t|Hﬁzedm&ﬁﬁﬁ@&gﬁﬂﬁumouhaMged%hupmﬁchmﬁnbbGdbmah§bemhnnmmmghmms@eﬂwmuors

can incl ud tterin ner | oss and showering as distinct

o oceasddn R e aropE sty Tgbe e e L F U OE P RS e,

Wei ght i ngeafsa&hfehﬁoﬁh@e@&g)%ﬁ RnNOUE EsihP e lind beveESed by the charged
particles and the sumof the weighting factors is related to the density or

radi ati on
Incorporating energy loss in tomographic reconstructions

20
[00087] Reconstruction programs are implemented to use voxels to define a volume of

interest. Integers nx, ny and nz are used to define the sides x, y and z of an example
rectangular volume. Each voxel includes sides dx, dy and dz with each side represented by a
ratio of the side divided by the number n (i.e. dx = x/nx , etc.). Another parameter that can be

25  used in reconstruction is a weighting factor assign to the voxels that result in an image when
a 2D or 3D plot of the weighting factor versus the location of the voxels in space is

generated.

[00088] The weighting factor can be considered as an average density of matter in each
30  voxel. This is based on the weighting factor representing a measure of the average radiation

length of matter in each voxel. The radiation length depends on the density and elemental

charge of matter and is a measurable constant for each element that can be obtained from

simulations of compounds of known elemental composition. Reconstruction algorithms can
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| ength. Sinple routines can be inplenented to use the incomng trajectory
and any outgoing trajectories of the charged particles that are neasured by
det ect or swQeon/0253et ect ors 120 and 130) | ocated on 2 si @#€3/ustowhes2gdl une of
interest. More conplicated routines can be inplenmented to use dynam c

adj ust mtigptdmdnig] t®iaggg0iveigheny Gxedrs tdxhs edxdnbashé of eisproye aff thekoluhe of
passage of a snmall sanple of the charged particles; and snoothing or

cl usterllﬂ@r%h@éﬂls@ﬁmgﬂ’éﬂla%m ty of neighboring voxel s. [00090] In charged
particle tonography (M), three-dinensional representations of the
scattering density, a nmeasurenent of density and atom c nunber (proton
densi t y)[0808% he Fomthargedmians tahé eleotfronse thefwdightapdsttomroan gehetcat&tcringom
charsedr%grtlcle scattering data. d{ﬁe.fidelitg gf this re nstructlpn is
dete FeOtshEOPRIGEnd SO A SREt TOPEECSy. %tsciaﬂéeﬂlﬁ? HH AR O! 2

resol ut Ilﬁﬂan%gﬁ%%h(ﬁ{@xwe)glﬁﬂg fidi6s aPOIAtd & vd<Resahimald Rivaasaivyaht e from
each charged particle. The scattering angle, its |ocation and’the distance

of clos e@targa@pm@tﬁls ahé theesom @frthowiv‘iemytlam}lcws gﬁdﬁhg:dﬁo dhcedempitiner wofliatipe
charged le tra] ctor are fun Thi
Funce orl Pl SRR S S g st Mol Gk Mg P ectti
reconst ritéctdrits ofeceihatded PaiResstthf Srmbasdicittyl ddct?B (d.g ada@;wt@hg(ran@f

i nterest. Addi ng t he ener% | oss of the charged partic e to the likelihood

f undOi onl39) lngrigeena sidss & lHMpaF infeesty Marelepreplirarnd reptrasican bt he

el ectro f est.

[ 00091] 1 ge%zép&i%t e%gug{t'%%g%gk@%fl ﬁnoegﬁ% ‘8% géatg g%etlpgﬂ‘sg&)hg%e(%gmy %f?egl es

t hat pashe péssaieglf atshenlwampieofahe bhﬁr@aqumﬁmles, and)bedthinigree clubteriag ibased on
considered to be one iteration. Each iteration is then added to a total
number Jh¢ Aensithef Beighlaringyoxelsan. The update function is dependent on the
nunber of voxels, the neasurenents that determ ne one or nore weight
factors. Each voxel is updated with some val ue cal cul ated fromthe charged

par tliscl e[QOQ%)]g In dwogmimﬁdfl@)tonmgea;ﬁw(ﬁhﬁ)) mdingnssibnédmghemh@tiowd the
scatterin an nd di s Iace Th nf.or ma from sho can be
ot oo O R iR R o bt P el R e e R T g Se o

i sconsi %at@ﬁalllﬂtﬁeh%lﬁﬁ@sfluéf@skb e&eédqwrﬁkhzﬁged Mlaégcmerlﬁ?hstul qhe ng each
(scatteri h her information th can

consi derfmﬂt}mﬂ tbtsz’régc\ﬁ?lgtlﬁ'lgﬂ%m;se gﬁfemnmg et @pmuﬁl@elamh@mdg@rtic@sssﬁass[l@OQZ] I n
H ener}hr?‘)tulg eachtrgéaolgt},()sl{[ e%?nlenn[ (\E(l)XG1) and(%ﬁen arplgun of 1nf{)rma?1l?)%aalvgﬂa%?ea ﬁgrlileeglclg ata
20  charged particle. The scattering angle, its location and the distance of closest approach
between incoming and outgoing projections of the charged particle trajectory are included in
a likelihood function. This function can be maximized according to the scattering data set to
reconstruct the material properties and distribution in the volume of interest. Adding the
energy loss of the charged particle to the likelihood function provides a related but partially
25  independent measure of the electron density and distribution of materials in the volume of

interest.

[00091] The update function is defined for each set of charged particles that pass through
the volume of interest in a given time. This is considered to be one iteration. Each iteration
30 s then added to a total number until the end of the scan. The update function is dependent on
the number of voxels, the measurements that determine one or more weight factors. Each
voxel is updated with some value calculated from the charged particles (e.g., muons and/or
electrons) passing through the voxel, scattering angles and displacements. The information

from showers can be added to this update function in each iteration. This way, all data is
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containing informati on on penetrated charged particles (e.g., penetrated
muons) and st opped charged particles that are trapped inside the vol une of
i nt erest . wBaswd2s30such i nformati on, the processi ng uni PCprusdesemsss2s3

t onographi ¢ i mages of the vol une based on different neasurenents and then
pr oducescoasititalin thesg@c likelilgodrelcolatien anrdad datilowlatdig @ich (@aséridgnd

t onogr aphi ¢ i.mages . {«)‘20093 FI G .11 shows an operation of the systemin
FIG 2 DHOWEIMH SFPﬁ%tF OB intaRgteythrhcamaropaieet aceeles fpyeaiondram cl es
and trag@%l biicles. Based on the neasurenments of the penetrated
and stopp rged gg’grtl cles, the processing unit conbines two or three
types of measured data of traj ectory changes of penetrated charged

ticl trated f t t d . ch d
par  Pol aboea? 1y BlapRuien. M ik 1ol 25 6 biedie Pl pBbgd Bipped
muons), c%ﬁguﬂﬂ??1ﬂf&%%16ﬁbh%n&fht&f‘&fa9%éd'ﬁaﬁﬁcl&f(e 1BE %@ﬁé@&%ﬁ&ﬁﬁ g&fstBFscdi cl es

(e.g., penetrated nuons) to construct a tonographic image of the vol ume of
i nt er estcharpei papictss ¢las atgsteappedinorderthé velumk Od iftéreste rlﬁasidr ocesbesfoimatiale t he

vol une interest to i the fidelit t he final
age. 1 ope PRECHER I har RS Kiutepi W) ELAESo LB 4l T on. "t one
i npl enenhadstiRhentsingehdnyReSuce a MRASIH@EREHS 08&@0r HeorhbiRktion GHa@ |AsACcCESSi ng
al gorithmto construct a single, maximum|ikelihood material tonographic
map 18f ttA@ogpPligdmages. such, with the available three types of neasurenents
fromthe systemin FIG 2, the generated tonographic image of the vol une of
i nterest can be nore preci se and accurate than the imge fromany of the
measur enfd0093] al Br@. 11[MHoG94h opratien dhihs sgkdan e RIG.Aosdsad ois infanmyatidpeci fi cs,

t hese shoul d not be construed as Ilmtatl ons on the scop C?q of any invention

or of wiBtasHigg hBORPsNFHEAGcd Pstecdprrislessad dwepsd drrasddagiclesedtassdan Yseci fi ¢
to parti ]g%%'&j gblﬁﬁlt
documnt&%ﬁa{eﬁgﬁg?& %tf_ratgg%%(?%t? %1; errbo&% %@%ﬁ%ieg?ﬁ@gﬂ%%&‘s%ﬂ I rrp dgln%ﬂétsed in
contdiSnattivororitireatypiengf measu@dcdatmﬂtra;@mw@hsr@ey of paretraud chagtdipgsclehat are
described in t e cont ex f. | e enbod nt can i nmented in
TeT el bl oot BN ARS i pialn S SERPEL Tttt B ab S B s TS
Mor eoveripe a&mhfalwm&%@tt(e e straP?é’d BBoits:; %ﬁ'tf?@fﬁf&ﬁﬁ‘ﬁ@n 38 cAGhl Mdsbh certain
conbi nati ons and even initially clained as such, one or nore features from
acl ai rredaeo@tnaﬁ:dwdtaurgﬁd matrtplq:s{egarmn@taeef,@tmben&émc@@uucttradnmp@@pb@nmage@f tha, and
t he clalrr? {nai;[ PR TR be dir cteg a8 onbl nat i on 9 elrlatlon of
a SUbCOf‘P%) ?? in Ccres 1S Proccss uscs 1n ormation Of 1 eren ProcCssCes 1n51de ¢ volume Of

20  interest to improve the fidelity and resolution of the final image for the volume of interest and

to reduce the false detection. In one implementation, three types of measurements can be
input into a processing algorithm to construct a single, maximum likelihood material
tomographic map of the volume. As such, with the available three types of measurements
from the system in FIG. 2, the generated tomographic image of the volume of interest can be

25  more precise and accurate than the image from any of the measurements alone.

[00094] While this document contains many specifics, these should not be construed as
limitations on the scope of any invention or of what may be claimed, but rather as
descriptions of features specific to particular embodiments. Certain features that are

30 described in this document in the context of separate embodiments can also be implemented
in combination in a single embodiment. Conversely, various features that are described in the
context of a single embodiment can also be implemented in multiple embodiments separately
or in any suitable subcombination. Moreover, although features may be described above as

acting in certain combinations and even initially claimed as such, one or more features from a
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[ 00095] Thus, particul ar enbodi nents have been described. Variations and
enhancenments of the described enbodi nents and ot her enbodi nents can be nade
based on wbabviwesiwescri bed and illustrated in this documemusaoiosesithat is
claimed is what is described and illustrated, including: 1.A nmethod for
sensi ng chaithel dombaxpos eth ihGosbange e pacibédclr@s theanbin&iongandihasliimed ener gy
| oss of charged particles that enter and penetrate the volune or are

st opped SORSYIECR Favks| direstedite A StRcopdiation Of Melatinob grubspaiipatine; based on
t he neasured energy | oss, determning a spatial distribution of the charged
particles that enter and penetrate the volune or are stopped inside the

vol ume ViDOORHt [enspraicilgemhodmghtsthiee banudvegritedd Vasiatignstand eslratcembnts

di stribution, of .the ener | os f the charged particles to reconstruct the
hr ed- aidhubdS ke tGRE i B ohcr i areT i Rt RBRLOR SHST are. 2.
The et hRderdiediald Shatiied in BN W uilcfg: neasuring charged particles that
enter and penetrate through the volune and those that stop in the vol une;
and conbi ni ng neasurenents of the energy |oss of charged particles with the
angul ar deflection of charged particles to reconstruct the spati al

di stribution of one or nore materials in the volunme. 3. A tonography

i nspection system conprising: a first set of position sensitive detectors
| ocated on a first side of an object holding area to neasure positions and
directions of incident charged particles entering the object holding area,;
a second set of position sensitive detectors |ocated on a second side of
the object holding area opposite to the first side to neasure positions and
di rections of outgoing charged particles exiting the object holding area,

or the absence of charged particles that have stopped in the volune; and a
signal processing unit to receive data of nmeasured signals of the incom ng
charged particles fromthe first set of position sensitive detectors and
measured signals of the outgoing
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charged particles fromthe second set of position sensitive detectors, the
signal processing unit configured to anal yze behaviors of the charged
particl eswoao®adsiwy i nteractions with materials wthin Prha/uskyeoss2idl di ng
area based on the measured i ncom ng and out goi ngpositions and directions of
charged particles to obtain a tonogrdaphims profile or the spatial
distribution of materials within the object holding area, wherein the
signal processing unit is operable to neasure energy | oss of charged

par ti ¢l agnhatiBALEE JHIPis R ARG IRBRELEFhGulfipough the volume, and
charged particles that are stopped inside the volFunme w thout penetrating

t hrough the volune, determne a spatial distribution of the charged

particles that enter the valune and penetrate through the volune and

ohar ded par t 1 cPoBCHRd fOIFBSRE b BRBES REPtHd 1P KBTyG] RAFICISH CRBVEBEnet r at i ng
through the vgldiEng ardsPRIEE @ardciPaRRASURRLnRD8EDYccRER th&ISIRSe P Ere
spatial distribution to reconstruct the spatial distribution of naterials

Wi t hi n tsteppedspatstthomolumieurithoudpenatramdidougbrtheeelsinag a vol ume exposed to
charged partigcle Qnpri sing: usin first set of .position.sensitive
detector o1 odaron TRl G bEIGR Prbite feadl aBRR bt BLaF Y oo

di recti qnsidés thixenteahd pERHARAND Abluhiel @ ard ASipcReRedd Rt oluft Withalk set of
position sensitive detectors to enter the volume; using a second set of
posilOi orpesetringjthisuglethectobse:[4péat ed on a second side of the vol une
opposite to t fi S 0. i L.l I A oi ng
char ged partf@ﬁgghé§¢¥%%%§?%gngg J#é%g%@?k%k?g%ﬁ%P%gggg%%%%g?igﬁénéﬁﬁﬁ
nmeasur enkatiscardidenbipnilidsts B @ncbfettertdls pake tnspectivansluniere det ectors to
determ ne incident charged particles that enter the volune and penetrate

t hrough the volume and charged particles that do not penetrate through the
volune to re%?hh%ﬂ%ﬂﬁ?%%@ﬂcﬁ/ 1986 &ﬁ%on sensitive detectors; determ ning
energy | oss of charged particles that enter the volune and penetrate

t hr ddgh t he votasnengcithrgdigragedeshattdnedr@sd phattragr thrasigb piredblims hukthiobe vol une
wi t hout ﬁen trat%nglthrpgﬂh the volune; determining a spatial distribution
of the JRYAERIE%YY'UPEhat enter the vol une and are stopped inside the
vol ume wi t howonfdengg hidhéudSméds BRMGR chfigy Yk WiBharP&PRAiABs WhE the angular

deflection of charged particles to reconstruct the spatial distribution of one or more materials

in the volume.

20

3. A tomography inspection system, comprising:

a first set of position sensitive detectors located on a first side of an object holding
area to measure positions and directions of incident charged particles entering the object
holding area;

25 a second set of position sensitive detectors located on a second side of the object

holding area opposite to the first side to measure positions and directions of outgoing charged
particles exiting the object holding area, or the absence of charged particles that have stopped
in the volume; and
a signal processing unit to receive data of measured signals of the incoming charged
30 particles from the first set of position sensitive detectors and measured signals of the outgoing
charged particles from the second set of position sensitive detectors, the signal processing
unit configured to analyze behaviors of the charged particles caused by interactions with

materials within the object holding area based on the measured incoming and outgoing
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measured energy | oss; and using the spatial distribution of charged
particles that enter the volunme and are stopped inside to reconstruct the
spatial dwetwiomsioon of materials in the inspection vol BEE/US2009455268% hod f or
sensing a vol une exposed to charged particles, conprising: nmeasuring energy
| oss of pkiivgeanddirdctiohest dhbfled Paiticstid bl divtogRghiy ofilcappiedspatisli de t he
vol ume w.t hout penetrating, through the vol une; based on the neasured energy
| oss, detigrhytiangy matemds pathingne ppicsfiol§pg 85t he char ged particles that
enter the volung.ang g 12}&% ﬁlﬂtsi's%?ettaﬁ%_tg ﬁleHgFre ¥hdrBOWss BEAREEAL | N9

t hrough the volunme; and using thie spatial distribution™to detect” presence
of one qrrtnadesehitontal émesvdlymeatdpémmirstevthtongh 6w valwone, andehdrgedparbeleTthet net hod

as i claim5, conpri,sing: neasuring charged particles that enter and
Donett atee HRPLASGAER BevaRimE RO ar s FatRE ThPublbheaobico SN a B R gh
density J1Btignic ogtmé i @i el SRS e r I NS imE Bﬁ@péma{eqmo%?ﬁ) McCvonupber s of

one or nore low density materials; and conbi ni ng neasurenents of both the
one or raodehiigghpainksh that atstseappad ssaledhe elumgevithoutmenetrhiong herwghithe

material s;to ingpect content inside the volune. 7. A tonography inspection
systen1‘§gﬁ%?f?'ng: a first set of position sensitive detectors |ocated on

a first side makedsh GBInRGEurBOLALrEE 1035, RIngahIHAGIHN dstiBEidd RNScaBtudithect | ons
of incident charged particles towards the object holding area; a second set
of pP8si tspatial sesdbutiopef gt ovshingeamspecsan oheond si de of the object
hol di ng area opposite to the first side to nmeasure positions and directions
of outgoing charged particles exiting the object holding area; and a signal
processi ng uni.tA mothpe c@i seasitigh aolincnastadad chirgehpatiolks, tchmprisi@agm ng char ged
particles fromthe_ first set of pasition sensitive detectors and neasured

signal's of tHEMS st ¥ OLPRY I CPHHYT drteom efnadn shibHde sethcaPIymesia i on
senst {1 cARIaRLRIRs ald\@RUBRAT REAGRIALAGI PRtibIC AR bahER horRDALEe

scattering iors of t arged particles caused by scattering of the
charlged ponitivheemsaierdesdcsornia duiter théreolotmeect hol di ng area based on the
measur ed using a second set of position sensitive detectors located on a second side of the
volume opposite to the first side to measure positions and directions of outgoing charged
particles exiting the volume or the lack thereof;
using measurements made by the second set of position sensitive detectors to
20  determine incident charged particles that enter the volume and penetrate through the volume
and charged particles that do not penetrate through the volume to reach the second set of
position sensitive detectors;
determining energy loss of charged particles that enter the volume and penetrate
through the volume and charged particles that are stopped inside the volume without
25  penetrating through the volume;
determining a spatial distribution of the charged particles that enter the volume and
are stopped inside the volume without penetrating through the volume, based on the
measured energy loss; and

using the spatial distribution of charged particles that enter the volume and are

30  stopped inside to reconstruct the spatial distribution of materials in the inspection volume.

5. A method for sensing a volume exposed to charged particles, comprising:
measuring energy loss of charged particles that enter the volume and are stopped

inside the volume without penetrating through the volume;

30



i ncom ng and outgoing positions and directions of charged particles to
obtain a tonographic profile or the spatial distribution of scattering
cent ers WORDr/@h®oobj ect hol di ng area, wherein the sigral/yse@ossshg unit
is operable to nmeasure energy |oss of charged particles that enter the

vol ume and artasst @pthe tndanstcd endrie 1046 dereemwiihdh o spatipbdietribatiomof thbchargld t he
vol unme, determne a spatial distribution of the charged particles that

enter tHBHAFSUAR Y t%@lgmﬁﬁ%ereism%iqswg thorelHme withestrensrEte thiquay

thr Othtﬁ@@ol‘dﬁJe“%ﬁt based on the neasured energy |oss, and use the spati al
distribution to detect presence of one or nore |low density materials with
| ow at om ¢ nurshertbe 8patidl drstribotorf rdesenpicsenca of ohaioemencdoweldnsity mhtarigled
particles, conprising: using a first set of position sensitive detectors

| ocated WE’WNBPQC% ¥t the vol ume to measure positions and directions
of incident charged particles that penetrate the first set of position
sensitive detectors to enter the volune; using a second set of position
sensitive dettedhomzthascatiedlagn Sacawepenei:si de of the vol une opposite to the
first side to_measur osi tions and directions, of outgoing charged .

par t1 ot es exiPTRg SRR AR PG BT bbb OB B L e o
posi ti onpreRA&d éf 3R ol @id2€ hiphHchQtydah@rial Rethi AchReRimbehatibes tRarthe @wes t hat
enter the volune and do not penetrate through the volune to reach the
secdfd seemistupdstsafeme 96 meore loyedasttearatrigls; ged er ni ni ng energy | oss of

char ged: par Ui gl Dea SALALL BESHBLTE 0% AL & S RARORALARL A e el urre

W t hout penet I ng roug termmng a’spatia ution
of the ahaigetbwdedsitgneseridiato iasiicer cdnbemt sldenke esidmar e st opped i nsi de the
vol une w thout penetrating through the vol une, based on the nmeasured energy
| oss; and using the spatial distribution to detect presence of one or nore

| ow density @%qohﬂgﬁpﬁfg%})kw&nas&%% ﬁﬁgﬁ%hi nside the volunme. 9. The

met hod as in clarm I SI ng: neasur arged particles that enter
and Igenet r at ex filst @tighpasiteonvsehsitrec dgcderts doqaiadeonpr isesideobdn anectdoldmg e hi gh

densi ty rmtt%r | alsS NS ﬁlt Org'e 1 enﬁnbsegrf r}idecllhg%flart Qc?nar%ig'l%s Jtocx))vvgr Stt%giog.egtunber s of
one or rbFEOIBIHHERS g kHITTILnS ofipe gedp j
holding area;
a second set of position sensitive detectors located on a second side of the object
holding area opposite to the first side to measure positions and directions of outgoing charged
20  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 detectors and measured signals of the outgoing
charged particles from the second set of position sensitive detectors, the signal processing
unit configured to analyze scattering behaviors of the charged particles caused by scattering
25  ofthe charged 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,
wherein the signal processing unit is operable to measure energy loss of charged
particles that enter the volume and are stopped inside the volume without penetrating through
30  the volume, determine a spatial distribution of the charged particles that enter the volume and
are stopped inside the volume without penetrating through the volume, based on the
measured energy loss, and use the spatial distribution to detect presence of one or more low

density materials with low atomic numbers.
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conbi ni ng neasurenents of both the one or nore high density materials and
the one or nore low density materials to i nspect content inside the vol une.
10. A t orwQrapmesionspecti on system conprising: a first PEEUSRH090653 i on
sensitive charged particle detectors |located on a first side of an object
hol di ng ar ea 8 @ fiethsd i@ poshi b Gokin@Gpodiddac chapsd pdrticles; @oimpgisiapar ged
particles entering.the object holding area; a second_set of position

sensi tive chaSged Hat 1ot of oIy HEC fgiedpe dowtrdrnskliphede phide yplumfe tybj ect
hol di ng ALRARRBIKE Snd Brdchibnd dffiAtidsidfarbld PRASIK fraPRSichRNAe ARE sdligrect | ons
of out goI?éng ceﬁ)g)rggeh partfcl elé exllﬁtlldng tﬁg ogf%gct hgl g?dneg ar e%; a?fg a signal
pr ocessimgitionistnst tovecdeiartons adneervhd¢ voltime; f i rst and second set of position
sensi_tive charged partjcle.detectors .toreceive data of neasured.signals of
Che Pncon ng Y GEEORLIE PRSI SR HEITFRs TRGfodsn 455pe] Bic SRS t | ve
char ged \pafhd §pposHEIAGE Gk srIRdo FRASME ?&iﬁé&%ﬁ%ﬁ{éétﬁn@ @f B8R NYaGhar ged
particles fromthe second set of position sensitive charged particle

det ect ormrtidhesswatingrihe welumscei ved data, detect an incomi ng nomentum of each
i ncom ng charged particle and an outgoin ment.um of . each out goi ng charged
particl e and geiaatdeds B R g e BT o uf R 68 H8ontng and
out goi ngicrRami iaeiddik.chdi@l Sirélednhef crédrahdVdiGme\Whe e inBt pdhetrste galgipthecessi ng
unit is configured to analyze scattering characteristics of the 1ncom ng
charl§ed yoiioe t ieachthaseenpyetpdpesitian sensipiveetesiofect hol ding area. 12. A

Comri si ng: _derant e LATBILEELN Gk TRMERITs AR BRERR \HHFnd BRBRRRLS"™

parti cl eéssidehceotunngwiho pegarangg tiooegi thewvofuneach out goi ng char ged
particle; calculating an energy |l.oss based on the detected i ncom ng and
out goi ng nmonelFtAMIHRE2 amtﬁb&ﬁ%uew em%atca%rg@%%rayleﬁ et enter thy gpkunye,angd),

obj ect upd ?cf)plgéalsiﬁﬁﬁé {RAolume without penetrating through the volume, based on the

15  measured energy loss; and

using the spatial distribution to detect presence of one or more low density materials

with low atomic numbers inside the volume.

9. The method as in claim 8, comprising:

20 measuring charged particles that enter and penetrate through the volume to determine
presence of one or more high density materials with atomic numbers higher than the low
atomic numbers of one or more low density materials; and

combining measurements of both the one or more high density materials and the one

or more low density materials to inspect content inside the volume.

25
10. A tomography inspection system, comprising:

a first set of position sensitive charged particle detectors located on a first side
of an object holding areca to measure positions and directions of incoming charged particles
entering the object holding area;

30 a second set of position sensitive charged particle detectors located on a

second side of the object holding area opposite to the first side to measure positions and
directions of outgoing charged particles exiting the object holding area; and
a signal processing unit to communicate with the first and second set of

position sensitive charged particle detectors to
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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;

based on the received data, detect an incoming momentum of each
incoming charged particle and an outgoing momentum of each outgoing charged particle; and

calculate an energy loss based on the detected incoming and outgoing

momenta.

11.  The system of claim 10, wherein the signal processing unit is configured to
analyze scattering characteristics of the incoming charged particles caused by materials in the

object holding area.

12. A method for obtaining tomographic images of an object under inspection,
comprising:
detecting an incoming momentum of each incoming charged particles;
detecting an outgoing momentum of each outgoing charged particle;
calculating an energy loss based on the detected incoming and outgoing
momenta; and

using the calculated energy loss to identify an object under inspection.
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