
LA-UR-
AppM',ed (or plIbll,: reia'l S!]; 

distribution is tJll lirniloo. 

~.., 
los Alamos 
NATIONA L LABORATO RY 

Title: Tomographic imaging witl) cosmic ray muons 

Author(s): Christopher Morris, Jeffrey Bacon, Konstantin Borozdin, 
Deborah J. Clark, Rick Chartrand, Gamilo Espinoza, Andrew 
Fraser, Mark Galassi, Jotm Gomez, Andrew Green, Nick 
Hengartner, Gary Hogan, Alexei Kilmenko, Mark Makela, 
Jason Medina, Fawn Pazuchanics, Wil liam Priedhorskyi, 
Alexander Saunders, Richard Schirato, Lany Schultz, and 
Michael Sossong 

Intended for: Science and Global Security 

Los AICIrnos National Laboratory. an aflirmative action/equal opportunity employer, is operated by the L.os Alamos Naliot1Z,l Secllrity, LL.G 
(urttle National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-00NA25396. By acceptance 
of this flrt: Ie, the publisher recognizes that tile U.S. Government r~taji1s a nonO)\clUEoIVe, roy ally-fme Iiconse to publish or reproduce the 
pubUshod form of this contribution, or to allow ollwrs to do so, for U.S. Government purposes. L.os A!amos National Laboratory r">quests 
that the publisher identity this artide as worK performed under the auspicos of the U.S. Department of Energy. Los A lamos National 
L.MOt£)tory strongly supports academio freedom ancl a researcher's right 10 publish; as an insti tu{ion, however, the Laboratory does 110t 

endOrse the viowpoint of 3 publ'ication or guarantee its technical correctness. 

FOIl!) 836 (7l0(; ) 
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Abstract Over ] :!.O mdJiun vehIcles drive into the U.S eve ry YC'lr. Many would be 
capable of transporting hidden nuclear weapons, and aU are capable of carrying enough 
nuclear material to make a nuclear weapon, In most cases, the chances of intercepting 
,'uGh a threat d pend largely on the observation powers of the immigmtion ofticers who 
briefly question hundreds of driversipassengers every day. "rhe chanc (;s of detect ion 
wou ld be great. ly irnproved if each officer had a scan availabl.e showing any dense objects 
i(J each veh icle CIS it reached the checkpoint. The DHS plans to use x-ray radiography at 
many locations, but the present capabilities of these systems are li.!11lted by the fac t that 
they cannot be used on occupied vehicles and that the energy of the interrogating bemn is 
toi ) low to penetrate the vehicle and contents in many scenarios . \Ve present a new . 
technique that overcomes these limitations. Specifically, tomographic density scans can 
be jeveloped passively and unobtrusively as the car stops at the checkpoint by observing 
lile pathv/ays (3k ' l1 by natural cosmic radiation as it enters and leaves each vehicle . The 
aJvantages nfthis te chnique are that it: is passive; docs not require rad iation above 
natural backgruund and thus can be used for occupied vehicles; wi ll not trigger sa!vc1 ge 
fi.!::.!:s; i~. tmnspottablc; and is se lective to high-z dense materiab . When coupled wit h 
pass iv l: radiation delection, muon interrogation can prov ide safe and robust border 
protecti on aga inst nuclear devices or material in occupied vehic les and contn incrs. 

tntroduction 

Of the threats posed by tcnoris1 actions, the most frigh tening is the detonation of a 
Iluclear devi ce in a major city, The toll of the dea ths. destruct ion .. (l ll d economic loss 
nu sed by Stich an action would be enormous. Recent events, along ,vi th scholarl y 
~ya i llalions of the probability of a terrorist group producing a nuclear \.vcapon suggest the 
likelihood of such an event is significant (USDOT, 20(H ). The size of the rt :;k and the 
enormoll s CUHst:.qucnce of such an even! have moved the United States in the di rec tion of 
trying to !evelop strategies to prevent it. 

Om.~ of the :;trategics is to make nuclear material unavailable to tCHorists by contr oll ing 
the mate rial at irs source. Considerable resources are bemg devoted to programs 
worldwide to reduce the inventories of both highly enriched uran i'lJ11 and weapons grade 
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plutonium (SNM , and to improve controls over these materials. -nfortullate] ', 
invent,)ri\! ' and ac 'ounting of SNM is not complete enough to exc1l1d~ the possibil ity tha t 
sufficient material to construct a nuclear device is already on the black market or in the 
hands oftt!ITorist groups. Since it is unlikely that these efforts will be absolutely 
·fTect iv.:', parlicu l3l'ly in view ofthe recent breakdmvns of the nOfl-proli feration egimc, 
ther controls need to be implemented to achieve an adequate de f'e ns agai n.st terrorist 

nuclear tie v iscs 

An 'ldditional reduction in ri k can be obtained by increas ing the like lihood f detection 
of illIcit transpurt of these materials at transportation checkpoints, such as order 
cross ll1gs. Jus tom agencies around the world have begun using a set of raditltion 
detectors find x-ray scanners at border crossing for this purpose (Siciliano, 2000 ). 
However, passive counting does not provide robust detection of hidden SN~ because ali 
oflhe igna ls can be obscured lIsing a relatively small amount of high atomic oumbcr(Z) , 
uch as lead tungsten, hydrogenous (polyethylene). and neutron absorbiJlg (l ithi um or 

boron) shielding_ More sophisticated counting techniques, such as directional gamma and 
neutron c .unting, and better energy resolution improve tbe sensitivity and li mit orne 
options fur hiJing SNl'v1. However, because of practical counting time limi ls and natural 
background rates, small well shielded quantities can be moved through the b st of pass ive 
system.;; . 

Photon (X-ray or gamma-ray) radiography providt:s a method of exmnini ng cargo and 
transport vehicl es for the presence of hidden material. Penetrat ion anJ , calle r background 
limit the utility of this tec\l11iqu.c (KatL 2007). New scanning photon adioh'Taphy 
machine ' tn combination with neutron scatter and radiography and x-ray back scatter 
might provide a ll approach for ddccling shielded, hidden SNM. The potential doses to 
vehicle ol.:clIpants and to operators limit this technology option to examining only a small 
fraction cross border traffic. 

Muon Tomography 

/--len~ IA (' present res ults from a study of a new technique that is capable of passive ly 
detec ting sh ieJded weapons grade uranium or plutonium, SNM, in a sh rl time by usi ng 
the mul Llple scattering: of cosmic ray muons as a radiographic probe Borozd in , et aI , 
2003). Thi s technique i ' ' elective to high~Z materials, both the Sl M and shielding 
ma/eriC:1 ls 

When an energ tic charged particle moves through material, its trajectory is the result of 
lhl! con" Jutian of ll1'tny small deflections due to Coulomb scattering from (he charge of 
tnt: atomic nuclei in the medium. The net angular and posilion deOection o t' the traj ectory 
ar~ !cry sens itive to the charge (Z) of the atomic nucl i . High energy part icles are more 
·trongl ' affec ted by materials that make good gamma ray shielding 'md by Sf M than by 
the mat rials that make up normal cargo such as people, paper, alum inum and stee l. 

The earth is conI inllotlsly bombarded by energetic stable particies, mostly protons. These 
interact in the upper atmosphere because of the nuclear Coree, producing showers of 



particles that i ncl lld~ many ShOll lived particles called pions. The pioo.' decay pr due ing 
mllons. Muons interact with matter primarily through the Coulomb fore, and have n 
nuclear interac tion. ·1'he Coulomb force remov es energy from the muons m()fe slowly 
than nuckar interac tions. Consequently many ofihe muons arrive at th e etui h's surface, 
as pene1rating, weakly interacting charged radiation . The flux at the cmth 's surface at sea 
level lS abou t J tnuon/cm2/min ofmuolls in a ll energy an angula r range useful t("\[ 

tornography (Eldelman, 2004). 

Conventional radiography takes advantage of the absorption of penet rati ng radia tion . For 
X-m y fJdiography (Roentgen, 1 R96), tb e areal density of a pixel in the image IS 

determinc-d by its absorpt ion or scattering of the incidenr bearn: N = Nil e-·t; (Beer. 

I X52), \v!lcrc L is the pat h length (areed density) through an objec l, and Lo i<; the mean 
free path for scattering or absorption. The precisi on of radiographic measurements is 

, . d b tl p . ..., I ' i 1 iJ.L I Th JOllte .. y 1e olsso n coun tlng sta t lst lcs ot t l e transtmttc( t ux , - =.:- r : . e 
L\) -V;\ 

ma-,:ul1U111 mean fre e path for photons in high-z el ements occurs at a f~w J\ileV. The mean 
t'ree p3 lh is approximately 25 t'1l1/cm2 for all materials at this energy. This cc rresponds to 
less than 2 em of lead. Penetrating obj eets of tens 0 f Lo requires vcry large in ' ident dose. 

[\.n a[ternaLi!c is provided by a new kind oftomogTaphy (King, 1999, Harto llni & Morris , 
2000). Ch rged particles, such as protons or muons , interact w ith matter b i mult iple 
Coulomb scattering. The many small interactions add up to yield an angular deviation 

h ' ll G . j' ·b ' i .. dN l .~ t ai to ows a aussJaI1 (15tn utJOn tu a gOOl approxllnatJOn: ---. - = J~-e 2f).~ 
dO,. 2 Jr.()1, 

(Rossi, 1952) . The width of the di stribution is related to the scattering material: 

14 iL I . J ·1 /J ' I l' d· 'd dl ·h I ' B .. =".-::.....-. li- , W ,e re p IS t le l)mi lC e momentum, IS t.c \ e oCl lv IV1 e ."Jy t eve oeltv 
i . pfJ ~ X - . -

of hght, and ·\' is the radiati Dn length. Here we have dropped logarirh mic temr that are 
on the urder of 10(;;, In a layer 10 em thick, a 3 Cc V mnon wi 11 scatter \vi t.h a mc~m 

angle of 2.3 rnrad in water (X= 36 em). j I rnrad in iron (X= 1.76 em) , ~ nel 20 mrad in 
tungsten ( X = 0.56 em) . lfthe muon scattering angJe in l t1 object call be measured, and 
It ' S momentum is known, then the path length, ,1//1 can he determIned te> 11 prec is. n of 

r--
!1/ I 2 I 'I b' . j . I I h - = d- , W 1crc I • tIe num er o t lransfmttec. rnuons, IS very l1ear y eq ua 10 t t' 
I VA' • 

number mcident. Thus each transmitted mllon provides infi:m:nation abou t the thickness 
of the obj'd 

Muon momentum mfonnation can be obtained inexpensively b measuring !he l11 ultlple 
s(:allering res ulting from several layers of scattercr of kno wn th ickness , These scalterers 
can b.:: tl1C detectors themselves if multiple layers are used. The preci!:ll ou of m,ornenturr\ 

d · · . I' biJ.P I. e temllnat lOll 1S approxll1late y given' Y _. = ~, where tvp is the number of 
p ~2Np 



scatt~ring layers (the factor of two ari ses because x and. y are measur d independenrly) . 

Even with just two plt!nes, one obtains f..p = 0.5 , which is adequate f()r a tirs t-order 
jl 

momentum correction. 

The flux of11luons througb a 10 em cube of materia l in 60 seconds is sufficil:!nt to 
meaSll re ie thickness in radiation lengths to a precision of 14%. With these statistics a 
cube of tungsten can be distinguished from a cube of stee l at the six standard deviation 
leveL 

We hav'.:: demonstrated a suitable detector rechnology, driil tubes, de veloped tracking 
algorithms in a medium scale experiment. Here we report the results of this work. 
AJdltillnEdly, we have used the GEANT Monte Carto Trallsport program to aJidalc 
n'conslructioll and detection algorithms for muon tomography for border secLU-ity 
apr lications. 

Experim~ntal demonstratioll 

We hav const ruc ted a set of planes 12 planes ofO.OS m diameter 3.65 rn long drift tubes 
contigured with three crossed x-y sets of detectors both above iU1d below a sample 
v lu me, the large muon tracker (LMT). A photograph of the LMT is shown in Fit'1.lre L 
A complcl' description of t111;: apparalus is given, elsewhere (Green , 2006). 

Signals from the detectors were amplified and discriminated \v ith a commercial 
c rnpara tor board and were digitized with VM E time to digital corrvcrters (CA EN'·· 
767 8) , and read in10 a computer using PCDAC. The detectors meastl red posit ion to a 
prec isi( n of abo ut 400 pm flJ!1 width at half maximum (FWHM), and angles to about 2 
mrad FW HM. bese include the instrumental contributions fhml multiple scattering in 
the: ddectoL , rcs .idllal alignment errors 

The data were pro ~essed with a simple reconstruction technique_1l1c sample vo lume was 
st!gmented into 2x2x2 cm}.The l1l1dtai attering angle was calculated tor all mU()n~" ith 
entering: and exi ting lraj ~clori:s tnat inscctJie~ voxcl within a~ a~ijustable distance . Tis./ 
dl:-.tance was set to the Slze of a thr akl-b1ect () em) for the ROC. work pn:~'c!1ted be bw:" 

4(! ,/ . 

For imaging it \-\la.s set to thc voxel sizc. Because of the limited solid angle of this device, 
tomographic reconstructions suffer t}om considerable vertica.l blur are noisy and h< ve not j-,E'( '1 
lIscd n this study. ) 

Th;::, experiment has some limitations. A robust iracker that fi ts tim\.: zero and eliminates 
the need for a Cast trigger has recently been impicmented. increasing the sold angle 
signiLicant ty. The experimental data cover a limited soliel angle of less than one steradian . 
The counti ng rates are a. factor of 4-5 below those that would be obtaiJ1fd in four sided 
!>can er. 

De::.pite [imitations, the LMT has provided an important test bed vv'hich has been u'\ed to 
develop our techniques and algoritbms and \vhich has beell used to validate the cosmic 



my generdtor used in Monte Carlo simulation". Two V<::l)' important accomplishments 
lrom the \ivork witb the LMT have been the development and demonstration of auromatic 
calibration o f the drift tube positions and drift tirnc to position look up tubes using cosmic 
wys, and a time zero fitter that eliminates the need for a prompt t rigger for obrajning 
tracking information, 

Fir,;ure I) Tltt: experirnenral apparatus, 

Data h m the LMT have been processed with a s irnp k reconstruct i m technique. Because 
ot'the llmited solid (mgle of this device, tomographic reconstructi on:;; are nOIsy and are 
nOl ll ~ l'd here , The lack of larger angle .muons adversely impacts th e tomographic resu lts, 
for th is ana lysis the sample volume was segmented into 2x2x2 em'. The mean ~cattenng 
angle wat; ca!cllldted for all muons with entering and exi1ing traj (4ctor ics that inte rscCl 
wilhm [1 , Qx(:L 

F'(am plcs ofrecnnstructions are shmvn in Figure 3-Figu rc 4, One obj ect is the letters 
LANL rnachi ned from 25 iTHYl thick lead, and the other !~; a 12 kg righ l circuiar cylinder 
of tu ngsten , The objects in the reconstruction shown in Figure 2 are s itt ing on top of!.9 
em thick a lumin um table and in the reconstruction shown in 'igure 3 they hay _ bee!! 
placed at different elevations in a 40 gallon barrel of sand. This demollbtrates the abil ity 
of muons to detec t objecls in a dense medi um atomic number (Z) matli x Both the 
tungsten object and the lead letters arc visible in this simple rccGns~ru c t i on 

A feconstruc llon of a human with a 1.8 kg lead ob.iect in his pocket is ' ho\vn in Figure 4. 
Th IS illustrates the relative "ensitivitics of mUltiple scattering to low-Z and high-Z 
mater ials 



FigllfC 2) Reconstruction of objects on the LMT table. The pict ure on the left shows a set of x~y 
recunstruct ion s f(wmed at different vertical elevations. The pict ure on tilt' rigbt is liD rxp aRlled iew 
w r tica l slice w here the objects arc most clear. The letters LA, l arc form ed fn llTl T inch thick lead. 
The ohject ncar thl~ bottom of the rc(:ollstruction in picture 011 the right h 1I 12 I g d gh t circula r" 
f ylindcr of lungsten 

Ilgure 3) Thr<.'at object and LANL letters in a SOO Ib barrel or s;) nd. 



Fiv;urc 4) One ho ur long t~J(posure of human with 1 kg oflead ill his pocket. 

The expo ures shown hert' vary between 60 and 90 minlltel:l . These exposures are (oJlger 
than would be useful fel[ homeland security applications . 

A study of how quickly a nuclear threat object can be identified has been performed 
using a 10: lOx ! 0 cm3 cube of lead to represent the l!m:at. This were mounted in the 
LMT along witl an autornobile engine and transmission. Photographs of the sd up arc 
sho vn in Fi re 5 . 

.CIII' l~~iiif ~ 

Figure :;) Photographs of the engine in the LMT. The location of the ) e~ld is shown in Ihe fi gure on 
the right. 

Approximately 160 minutes of data have been analyzed to obtain the irnagc shown in 
Figure 6). W hat is plotted is simply the mean scattering aogle for all trajectories that pas. 
throug.h each voxeL In s ptte of the simp licity of this analysis, the lead stands out 
dramatically. 



Figllr~ 6) m an sca ttering !lnglc for a slite through thl' scene 50 e rn a hove th e hase pllltc. The It'ft 
panel sho\V~ the engine, till' m iddle panel the engine plus the lllx III d O curl Irad sample. an(1 file rigbt 
PJJ nel tht' diffe rence. 

We hove broken tht: data set into smaller I, 2. and 4 minute interv ~1 1s, and ana lyzed each 
mdcpendt'ntly. The average picture from the long run with only the engine "vas 
:-O:lIolractcd from each urthe individual short runs, and the resulting maximw11 lOx [Ox 10 

111' voxcl value was histogramed for alJ of Lhc fll llS \VJth and without the lead. 'f bese 
his\ogrnms, an eXJmpk is shown in Figure 7, weft: used to ca.lculate tbe ROC cu rves, 
sho\\ n in F Igur 8. 
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Figure 7) H istogra m."; nf (he peak val ue of mean scattering angle, w ith a IOx10,, 10 rmJ averllge 
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Figure S) ROC curves fur identifying the lead object mounted in the U\ IT with the l'ngine 

From the R)C curves shown above if. is apparent that the kad objc:cts can be identified 
peftectl)' (given only 40 tri als were used) with zero false identificat ions in 4 minutes. 
When scaLed to sea level muon fluxes and full solid angle these times can b<.: div ided by 
5. f lny percent knowledge of momentum, which models suggest can be obtained by 
I:lna lyzi ng position residuals from the tracking, is expected to redu ce cOll nting times by 
another b ctor of l,5 -2. 

It i important to poin t out thc this data \Ov erc obtained us i!lg pos it ion calibration" for the 
tubes that were obta inCl! using cosmic ray data and an automated catibratlDn procedllIc 
that fiHllld the rd at iv positi ons of each end of all of the tubes, and pwmpt \ Ime lur the 
do lt tubes was detem lineJ by fitting it as a parameter in the trajectory fit:;, i.c., there wa.s 
no need fur a tim ing scintillator (Circen, 2006), 

Dt'tecting Nuclear Threats with Muon Tomography 

"' urrently, portal monitors and other radiation detectors are deployed at mallY sites to 

detect the s\lm~p t i tio u s transport of nuclear materials. Al though theE">e d tertors are quite 
eFfed ive at detect ing radiation, innocuous alarms from a variety o f radioac tive cargo 
make lhe ir use cumbersome and the potential for shielding nuclear material all ows for 
their defeat CIS a nuclear threat deterrent. The absence of a radiation signal docs not 



eliminate the possib ility of a nuclear treat. Muon tomography (tvlT) provides a mdhod 
tha t is effective at detecting high,·Z (atomic number) rnatcrial in liter sized volumes. The 
same det 'c at's thai (Irc uscd to detect and track muons can be used to m<!asure radiation 
from a nuclear device, as well as to identify the presence of enough shieiding 10 hide Ih' 
nuclear signal. 

Radia l ion disp rsa l devices (RDD) can be constructed using only gran s or active 
materia l. Such ,mall quantities can be easily hidden from any radiographic technique in 
an object th' ,' ize of a passenger vehicle, truck, or cargo containeL However, ne[lrly all of 
the candidate materi'ills for a RDD arc either strong gamma ray or beta my em itters. The 
radiation sit;.'natu e from the quantity of material needed to C Jnstru '1 an effedlYe RDD is 
cnonnOU5 and is eas ily detectab le. However, several inches of high-Z shi ' lding (lead) can 
al.t nuatc the radia tion signa 1 and make it difficult to detec t. 

Iler.: we report n measurements we have made using an array of seal 'd dri ft tubes tha t 
has been assemhkd for a neutron beta decay experiment in Los Alamos to demonstrate 
the sens itivi ty of these tubes to ionizing radiation. These tubes do not inc lude 3H t:: in their 
gu:> mixture so they could not be used to demonstrate neutron sensitivity, We wd l do thi s 
as a part of a different experiment that is currently under construction, 

Gamma ray effi ciency 

WI:. h:J vt; lIsed a set of t -10 /-lei sources to rneasure the efficiency of it single layer 0 f drift 
tu es, lind a " 100 %" high purity germanium cuunter. The efficiency was ktined to be the 
numbcr r detccLed gamma rays divided by the total number emitted from the source, Th\:! 
en ~rgy spcctt:l, measured with the germanium dele t f , are shown in Figure 9, Til " 
L:ncrgie "' ranged flom 60 keY to 1330 keY. 
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Fiou,.e 9) Gamma-ray energy spectTum from check soun::Cf; , 

The efficienc resu lts are plotted versus energy in Figure 10, For these measurements the 
gamma sources wa,,' located I m from the germanium detector, and it was placed inside a 
tbree side I array of 12 foot long drift lube modules. In J fuJI scale MT scanner there will 
be 12 layers of elri n tu bes. The gamma ray efficiency will be about 12 times higher than 
measured hete, ~ 10%, 
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Figure 10) Comparison of high purity germanium detector and drift tube counti ng ga mma ray 
l' rriC iC DC) , 

The rat io o f lhe cOllnting rates to the background is similar j~)r the Lw,) uctC'c lors, 

Recent ar ticles in the popular litcratul\~ have pomted to rad ioactive sources that were used 
as beat and electri~ ity geJ:crators, i '~,the FSU as soufI:e iYla t rial for em ROD. A,~p,ar ' nL1y a 
COllllt lOn m aten :l l lll the deVICes IS 'Sr. rhere are no gam ma ra ys em it ted by - Sr. It beta 
decays with a 2.65 MeV endpoint ene rgy, Since this endpoint is greater dUUl twice the 
dCl'lrO n mass ( 1.022 MeV), there are Bremsstrahlung x-ra ys gcncn ted In in teract ions 
betw een the Slopping electrons and surrounding material. In Fi.gur.;; 11 w e show the 
spectrum of x ra ys from a small source (2 mCi) o (){)Sr measured with :1 hi gh purity 
gaman iUrTl counter. 

The spectrum can be ob 'Trved io have no discrete li nes. This makes it impl,ssibk to 
idl!nt iCy the iso tope using spectroscopy. 'The x-rays extend up to 1, 5 MeV, a high enough 
energy to [ txju lrc moderately thick shielding to attenuate the fl ux, 
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BlIckgr()tllld ~uhtractcd ~()Sr Bremsstrahlung spec.trum. 

There art typically scveral (8) grams O()iiSr in the Russian sources . We have madt! some 
measurements in order to establish the amount of shielding needed to hide sllch a source 
'rum deiection in .MT. We measured the counting rate ,vilh a 2 rnCi sour..:c in an 
aluminum ho lder and it a steel pipe, the rate with the source in a one inch thick lead cast, 
3m] the rate with the source behind two inches of steel. From these measur ~ n ent:; we 
calculate rhat 4 Inches oflead or 10 inches of steei would be required to shi eld the sif,rnal 
from a 1 kCi somce C·7 gm) to the level observed from the 2 mel source lI sed here , 
assum i ng: exponenli al at renuation. These are underes ti mates of the requ ired 5h ielding, 
because the spectrum "'hardens" as shielding is added because the high energy x-rays 



have longer mean Cree paths. and the shielding is less etleclivc [or the rem' in ing high 
.nergy x-rays 

Counting ratcs from tbe 90Sr source ift the drift tube assembly IC3ds to the counting [(ltes 
shown in Figure 12. 
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Figure 12)l>rift lube coullting r:ltes from the 2 mCi 'i°Sr source. 

. . . . l~h . '.' . 
Th(; sIgnal to nOlSC rallO,r =(-'", where/Is the countll1g rate wilh the source lfistnlled 

'vb 
and h is the background counting rate, exceeds 100 for i 0 second count ing intervals. ne 
conclusion is that 6 inch thick lead shielding wou ld be required to obscure the . i gn~il for 
tl~e larg<.:: amoLl nb oi' Juaterial required for effecti ! RD D's. Although the V\eight of;:! 12" 
cube of lead is only about 700 Ibs and is easi ly within the weight llm it of most cars or 
1igill trucks . such a srueJc\ \vould he immediately d tee/cd w ith MT. 

We have also pert()rmed tests with depleted uranium (D(1). Weapon grade uranium 
(I-! FU) contain ' al out ,/Y.~ Of

218 U and 92% 235 U A terrorist weapon rnight vary anywhere 
jt~)f11 1)0-92% I!nriched in m U. 2.1 " U emits only easily shielded JO\.v energy gamma rays. 
!.'-' Ba is often considered to e a good surrogate ror the energy spectmrn from BEU, The 
1 MeV .ramlll' , trom the m U are much more penetrating. !VIlIeh Russian and US HEU is 
ontamed from material that has been irradiated in a reactor. This material genemlly 



contains signifit:ant contamination of L'~U and has a mll~h stronger gamma ray signa(~lre 
thaIl uranium direct ly separated from natura I sources. The gamma ray spectrum from _1

g
U 

is shown in t· igurL' 1:3 . 
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Hgure 13) Energy sp t·r tr um taken with a germanium detl:'ctor from a 5 ko 13Hl ~ampll:' . 

The spectrum shows discre te lines as \vell as a continuum. The continuum ari ses from 
Bremsstrahlung, -rays produced by beta decay of the xxx daughter Of21 !:1U decay. The x
rays increase the coull lincr. rale from the material by a factor of nearly 20 . T his eXU'a 
counting r'-lle leads to a highly significant signal when the DU is placed in the drift tubi;: 
assernbiy Th i ~; is Sh ()W fl in Figure 14. 
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Tile <;i gnal tn noise is 70 after the beta shield is pu t in place. A 20 kg sample would be 
h j ~h l y detectable, especia1ly with the expected order ofrnagn itu Je increase In gamma ray 
efficiency provide by a full MT scanner. A 5 kg sample of lIEl] would produce a SiP131 
(Jbo ut 12 llrnes smaller. Detecting a signal of this size may be challenging 

The se lf :5 hie lding produced by normal cargo tends to reduce the b8ckground c( unt ing 
fd tes in portal monitors by up to 10l% when the cargo is present. T his reduct ion um mdsk 
a rad Iat ion increase . This places a limit on how well excess radiation from cargo can be 
rne3sured. MT provides an integral measure of the cargo measured in mass lIl11ts 
weighred by radiation lengths. This may provide a good estimate of the self shield ing of 
natural background so that small signals can be detected 

In add it ion to the gamma and x-ray signal 23R U spontaneously fi ssions, producing 
ne ulrons. The la rge soJ id <Ingle and high multipJicity of cOllnk r used for MT shou ld 
proVide for e m cicnt neutron counting, if "He gas is added lO the cl tift lubes and some 
moderaLing mal rial is added to the walls. 5 kg of II ED emil:; aboLlt 5 neutrons per 
\ccond fmm the 81/;, of 238 U. A distinctive feat.ure of these neutrons is that they are 
emitted in eorrelakd bursts with a mean mult iplicity on. I (Shult is & r aw, 2002 ). These 
neutron ' can cause fllrthcr Hssions in surrounding mater ial increasing the mult iplicil Y. 

Fus il1 b nelirroD, neutron multiplicity, gamma ray and tomographic da ta fronl an r ... 1T 
s..:anni: r ITlay prov ide a high] y effective way to detect s(~ veral kg quantiti es of HE U, 
con 'idered the most challenging of nuclear material to find. Of CO \lrse larg~r quanti ties 
are distinctive in the tomography as well as in their neti tron and gamma signals. 



Monte C arlo simulations 
III urdcr to examine how well this technique works for complex objects we have used 
UEAN , to generate cosmic-ray muons with the appropriate distr ibution uf energies and 
:mgks, propagated them through a tes t volume, and gcncf8l e the posi tions and angles at 
which they would be detected in a tCJur sided scanner. The H1Uon spe ~ trum, angular 
di 'tnbution, and rate were appropriate tor sea level. We have studied a set of scenes for 
th rtat object s III a Cal'go van. 

WI: h;)Vl~ modeled the following scenes: 
1. An empty v;w. 
2 A 4", 8',>( 3' higb stack of boron treated plywood w ith or witho ut an Objccr of 

Inkrcst (OOt) inside, The total weight of the plywood is about 1800 kg. ; 
], .A:I. \V elding nlflchinc. 'I\vo eL7S inch steel plates , top and botton1, are included in 

order to try to spoofthc reconstruction technique. 
4. A blY, of cl uttec Reduced densi ty concrete powdt r (O.5g1cm3 ) i~ filled with 

randoml y placed objects of 4 different shapes: half or a sphere , rectangu lar block 
of .2 di fferent sizes and a paraJlelepiped. E8ch individual piece of cl utter is 
fOlldomly placed, rotated and offset with respect to the center of th e given piece or 
clutter. The material for each of the pieces is randomly ass igned to be plastic, 
glass. steel (1.25g!cm3) or AlBeMet (2.54g/em3), The total ''>'e ight of thl: scene is 
<:,pprox imately 3200kg. 

5. A la, ered contai.ner with an outer layer of 1 () em thick steel and an inner layer of 
boreated p lyethyfene" 

A vlsual i7<lti oll '.>f the model for each of these scenes is shown in Figure J 5 Each scene 
was modeled with and without;) 10 em cube of tungsten hidden in the cargo . The emp1y 
van was modeled with the tungst.en under the engine and above ih l;.: cli fCercrll iaL 

r-Iutt·:-'~ed ":N~. \tn("1 S l~ . CJ iW! rniSn , 
~;leS'l. 'w In tl rrlillfl> ., j , . .::\r (! . "".1'; 

tt;iCk : ;.::1 1, :;1.~€1 t~ 

'- I!~ d 101 t;t!'.)) -:;-tt i . <t ,.;.. r,~ 

S~~;Jt tJ. ·~ ~)O tb~ 

pol',""ln.I~I\~ 4n 110: 



liigun' 15) 1'11<' fo ur' ,cenes tb at}lave been nwdeled are depicted here a) J t<w t high sta k o f4 by ~ {'uot 
sheets of har -ateu plywood ; b) a box of clutter: c) a welding ma chi ne; d) (j 4 in thick sleel box filled w ilh 
neu tron shield mg. 

The plywood is d ifficult for active interrogation. The hydrocarbons ' 0 the p lywood 
provide <I considerable amount of moderating material and the b ron quickly nbs rbs the 
mode 'alec! neutrons. (P lywood alone increases the fi ss ion ~igna l from aClive interrogatIOn 
because the tis. ion c ross sections are much large fo r modera ted neu trons than for fast 
neutrons). The w·..:; ld ing machine is clutter, but radiographically lLmks like a common 
ohjc 'i.. The box of clutter is intended to look like a box of complex 'tmk, The s ec ial 
tl1ft~e layer conLa iner is a composite shield in which nuclear material is hidden from 
ras~ive '~oulltingwith mediuJnrnass materials. 

For r(,construction ofthese scenes we used a maximum likcltl lOod based tomographic 
algorithm, elll.e foundations of this algorithm \'lcre dev'loped 111 a Ph.D. d is.:icrtation in 
2003 (Schultz. 2003). We developed a fast, robust implementation of this approach with 
resu lts desc rihed below (Schultz, 20(7). 

A 4.:ompositc of rc onstructiollS of the four cargo cenes is shown in Figure 1 G) The 
llature of each of tbese scenes is clearly visible from th" reconstruc tions. None of the 
scenes except it) r the layered box is difficult for automatic identification of th rea t obj eet . 
u~in).! a Si ll'lpJe density threshold for 1000 ern3 volumes. 
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FigLlr~ 1(1 ) Rcconstrucliol1 ~ made from I minute cosmic ray exposures for each of Ihe scc;nes dl!s..: ribed 
all I'e . rhe color scale i~ adjusted to show high dcnsity materials as reci, lIledi l1m dells ity materials (sted ) 
IlS hlue flllJ Illw den;i ly matcrials (hydroc(lrbolls, water and aluminum ) as gn.:en . The Ihrclil objeci j . I.'":\s ily 
dislil1btli~I\,'d in scenes a-c. Scene d is proving to be difficult Thi~ is dis(; lIss cci in thl' te:, t, 

ThreaL obJ cts in side layered container are not det cted usi ng the regularized med ian 
reconstruct ions we have studi ed all of the scenes with so far. This is becau~c th e 
legulari zalion tends to rob signal from the object and pu t it in to the st 'ei wal l. 

The layered ubJect has been interesting: fi rstly, because it is a difficu lt and challenging 
pmbl -m; and secondly, because it illustrates the danger of detect ion becom ing t )0 highly 
tuned. Tbe ouler fou r inch thic k: steel wall providt~S (l considerable amount of gamma ray 
shield ing. Since material dispersed inside of the steel container in a radiograpically 
invisible fash ion wo uld not be detected passively, the steel container hf: - to be considered 
a threat object. 

Automatic identi Ication of threat objects has been studied by calcu lat ing the average 
r-:conslntcled St:. Hering density for aJl possible lOem cuoes from the 5 em v xel . The 

--. 



ma.>': irnun val ues u f this quantity for 1000 simutat i lOS and reconstructions perfom1ed fo r 
exposure times ranging: from 15 to 120 seconds arc shown in F i gl~rc 17). 
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Figure 17) r I i ~ l()gr fT)'; of tbe maximum value fix the avu·ag..: [' con 'lnrel .:-d dellsity in va ll scenes with 
Ihn.':lt ('b.il'cL~ bt.!ow the eng ine (gTtTIl), abo ve the Ji f erent wJ (red) aml no threat object (blue) . 

. ... 

These reconstruc lions have been used to generate ROC curves Crorn the.' c ne. shown in 
Figure J 6) . RO C curves show the relationship between the fab e pos itIve rale (from the 
empty van slmu13Tlons) VS. the detect ion rate 10 1' th reat objects :IS thl: thre hold is vari ed . 
T il t:: R C curves ind icate that distinL:tive innocent vehicles can begil to be id nlified with 
as little 3S 15 seconds of coullting time. By 9(} seconds thc idcnlification is "cry good . 
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Figurl' 3) ROC curves g<: m: ralc:d from J 000 indcpcndcni simuJaliuns. The top il) \\, lIses <) re m' I' ll t is and 
lh ~ hu!t,)rn 10 ern' v(l xe ls The ClI l V<: S arc labe led in sec()nd, of coun ting time . 

The analysis of the layered object and ditIerences between the ROC CUlves for an obiect 
under thl: enginl; and above the differential has led to an improved techn ique for 
rl!g:u iari 7ing the reconstructions. We have found that heavily regularizing tot' longer 
e:v.pos urcs tend s to reduce signal from the threat objccl~; when the y are loc,Jtcd near a 
featu re such as the engine or ins ide of the Iron box of the layered obj ect. Fe)!' IlOlt 

~' xposures , regularization is important for reducing the noise III innocuous scene ' in order 
to reduce the number of unresolved f~tlse-positjvl's. A tec hnique w hich us es heavy 
rl·gu larization at short exposures and little or no regulaflzalion at late times has been 
found to gw e beiter results than fixed regularization. Using this melh od give~ the ROC 
curves ;,hown in Figure J8. 



Boreated plywood stack Cluttered cargo with steel 
!U aluminum ~, ,glass, AJBeMet I 
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folgurc 18) Eight voxrl ROC curves for the scenes de~cribcd in Figu res 2 .111d 3. These RO cu r 'cs 
hoH' hccn generated using 100 independent simulations. 

The impact ofnl0mentum uncertainty has been evaluated b_' add ing (Jaussi an distribured 
uncerta inty to the perfect momentum. and then per fo ml ing reconstrucriolls and 
calculating ROC curves, The time needed to obtain s imi lar ROC cu rves is increased by 
~50% when 50% m omentum knowledge lobtaineci fr m f i)Ll f r(;:-; idu al measurments in 
til lrac~ i ng detectors) rather then perfect knowledge is assum "d, Lack of momentum 
knowledge ha: les., e ffec t than originally e,\pected because of Lhe. robustness of the 
median rcc ol1~truction method. 
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Figure 19) ROC cu r"~s using prior knowledge. Left) an ROC tur"e for th e (hrcal l)bjcct nv r the 
differen tial. Right) ROC curve for the wddcl' scene. 
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Figun' 20, An ROC curve for the ,nix of cargo scenes describe in the tc.\:t. Here we h:1\'C used prior 
!.no,\-, ledge or the Van. The background subtracted was a 95%. confidence level hl\c\.;urouDd, not the 
simple hackground used in the LMT analysis. 

The use of prior knowledge considerably speeds llP identificati on of thrcat object::; . In 
prt:\ iou:::, \vork. where prior knowledge was not assumed and 50% m omen tum k110wledge 
wac; l IS d, 9()% detect ion \vith zero elIse posit ives on thr data set used for lhest ROC 



cunes rtquired ··60 second coullting liml:'s. The llSc of prior knowledg.e redtlcc~ this 
consici [ably. Some ROC curves obtained usin g 3 s igma subtracti oll arc shown below in 
f7igurc ] 9 and F igure 20. With this procedure the 15 sec nd ROC cut 'c b~come$ !l .arly 
perfect for the l ightly loaded scenes and the ROC curves fc) r the heavil y IOi;\ueu scents are 
dramatically improved. Plots of the required in 'pec li on tim s ar e shown in Figure 21 . 

Th~ gre 11 curve 'hows the results that are obtained when the average of many empt ' van 
'\cenes is subtra ted from each run before rhe ROC curv ' is calculated. This r duces t c 
average level f the ' ignaJ from the innocuous scenes and resu lts in a fael r of two 
reduction in , wrage sc;:mning time. Finally, the fed curve has been obtai ned by 
subtracting th average :iignal plus three standard deviations ~th ree : igma) thm the 
[cCOl1slrul'lion at each time. This over subtracts in regions of high den ity where 
'itatistical fluctuations leading to fal se positives are most likely. Thi - method reduce' 
lHSPl:ctiot) times hy nearly an additional fact or of two. 

More " 'ork 's needed t optimize insp etion ti me for th is latter mdhod. Therei clearly 
imp rtant infom1ation lhat could he nhlained by us ing reeonstructi ns at ewn shorter 
inspect ion time: the minimum 15 seconds studied here. 
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Figl.!re 21) Comparbon of a\cragc inspection times IIsing no prior kn owledge bl ul'), straight 
~ubtril non (green) all tl 3 sigma subtraction (nd) for the mix of sceneli described aoon-. 

Implementation 

A. (haw illg, illus lrating how this icku might be implemented at a border cro:-.s ing, IS 

shown in Fig\lfl: 22 . Two large posit ion sensitive detector.:; mounted above a cowlting 
ar'a wOllld measure incoming trajectories and two below would meas ure tTansmitted 
tr:~icctorjes . High-Z, high density compact objects would be detected by looking for 
localized regions reSUl ting in large scattering angle using a combination of the 
reconstruction technique illustrated above along wi th more conventiona l tomograph", 
Add ition lu. ers of :steel cU1d detect 1's belm\! the counting vo lume wou ld b~ u cd 10 
mca~ure the ~nergy of the muons. 

Momentum 
measurement 

fiigu.·c 22 A ,..:hcmat ic " i~w of how D coun ting still ion mi gh tiook. Vc hick' , WJldJ be stopped \-\-Ithin the 
area covcr~d by tht: cOli llting station for n cOllnting period -:W sec. 



Cost l'limlnates 

A rough idea of the 'ost of such a station can be obtained using estimates based on 
building large tlrea detectors for high energy physics. I\n cIerne t of the detecto might 
consist of 5 em Jiarnete r aluminum tube with a small diarneter (20 11m) ire running 
down its a.\. is. 

The dor11lmu1t costs of such detectors are In the readout and the mechanics ac the end of 
the- tubes . We estimate the cost of a single coordinate measurement viti be about 
S I OO/cm , includ ing both planes needed to fully reconstruct the drift time intc)[1uation. 
n1C cost of the six . lanes needed to measure both il1coming and outgoing trajecturies fo r 
an 3utomobile sized counting station, S m by 5 rn , would be abo ut $ 1.5 x l 0" . 

Th':le an: sl:vtlal differences between this application and a physics ex pcrjl11 ~111. Cosmic 
r~ly (ounting rate~; are low when compared with most high energy physics e. periment. 
Consequently, conn IeI' lifetimes can reasonable expected to he long (decad~s) . On the 
other huml, the large inexpensive skilled workforce required to ma intain a high energy 
detec tor wi ll not be available at border crossings. Detectors wi IJ need to be low 
maintenance. The detectors are envis ioned to be sealed to eliminate the need for flow ing 
gas and maintenance of a gas system. The electronics need to be simple and robust a.nd 
usc a read ily available commerci.al computer interface such as USB. \Ve have 
dernon~:tra led thit ! seal d dri ft tubes can meet the detector need". 

ThiS technique provides the potential to examine every chicle and shipping cont3 iner 
crossing the US (or foreign) border. AU that is needed is enough detectors at bord'r 
crot,s ing to handle the traffic. Using stalistics compiled by the US department of 
transportation (USDOT, 20(1) the tolal personal vehicle traffic cros.,ing US-Mexi..: and 
liS-Canada border was 1.3 x 1 O~ fo r the year 2000. If a si ngle muon tomograpby machine 
lan analyze:it veh icle within 40 seconds of Collllting/p roccssing time, operaring for 12 
l!oufs per day, than on ly about 250 machines wo uld be needed tu hand1 ~ the entlJc em s 
border personal vehicle load. (In order to accompli sh th.is goal, one will presumabl y necd 
jn (Ukc advantage of t he time that vehicles are entering and exiti ng the machine, and 
rroc.ssing will need to occur within the same time IVi lldow. The total cost o f $375 >( 10(> i.s 
clearly negl igible: when compared with the economic cimsequcnce of the delonation ora 
nuclear device wit hin tbe US border:;. Quelling tim~s and rate t1uxuations may requi re 
quadrnpling lhi:" es timate. A similar size effort wo uld be n.::ed t I handle cornmcn;ial eros' 
border lruck £md ~ea pon transportainers trame. 

The same technique can be used to examine car60 in trucks and trans Jortainers . The long 
srorage time of transportainers in transit in ships at sea suggesrs a possibility. Spec ial 
transportailler. containing position sensitive detectors could be illterspersed wi th normal 
cargo. R3.diography could be accomplished lIs ing coincidence between these monitor 
transportainers, to sample the cargo in the hold of the sh ip. Although this technique might 
not afford 100"1{) COy rage, it cl)uld take ad va nla.ge of the iransport lime !O survey sornc of 
thl: cmgo ill ;1 ship . 



Conclusiun 

A techJ1lqu~ lor radiographing large objects with co. mic muons bu. been de~cflbed. Thi 
ll!cJl11 iquc is part icularly sensitive to high-Z dense ffiuterials. We have perC nn ed a 
cOlls i der~\bJc amount of experiment (LMT) and themet ical (GEANT/MLE M) analysis on 
automatically identifying 1000 em' nuclear threa t objects in complicated ba. kground 
scenes . We CUll confi dently say that we have demonstrated detection times 0[,--4 minut !) 

t()f data taken 'l-vith the LMT. We expect gains on the order of a tactor of 10 reduc tion in . 
scmning times when we implement tllll solid angle scan ni ng and mom 'ntum 'stimatiun. 
a factor 01'2 from momentum estimation and 5 from solid angle. 

We have also estimated the times needed in Ii1rger and more complicared s 'encs us ing 
GFANT simulat ions and MLEM reconstmclions. These assume the fu ll solid angle. 50% 
momentum kn wledge, and take advantage of fully rhree dimensional density 
r,:coDslru lions, which reduce the nose levels. The~e demonstrate that by using prior 
knowledge, 17 second time scans provide >90%) confidence identifi.calion of 100 em' 
voluml~s of highZ material with less than 0.2% false positive rates for the s 'encs studies. 

In operatIon it is reasonable to expect 15 second scan ti mes for occupied veh icle traffic . 
We have not studied cargo containers with our new more sensiti vt' techniqu s. Our 
previous work suggested that <60 scanning times arc feasible for a difficult mix of cargo 
conwiners loaded to their weight limit. With MLiEM there is every reason to . pect 
these times to be sholter, but 60 seconds is a conservative estimate Jor argo container 
~canning times . 

An order of magnitude cost estimate for the capabilily of searcbing every incoming 
passenger vchicle ($375 x l 06

) shows the technique to economically viable. 

'Ve hav~ also presented results n'om some studies that have used sealed drift tu bt::-> to 
STUdy the porcntial ofMT for measuring gamma ray signals from nuclear rhreat objects. 
A full MT "canner should provide a gamma ray counting ctJicicncy of> 1 0% across a 
\\ ide rage of ~IH;rgies . A Ilhough not discussed above, gamma ray and neutron some s in 
a cargo vo lume can be localized using tbe position depend !lec ofthe Signal. One 
conc lusion is that RDD devices require enough radioactive material ${ that ' hielding 
rhem makes them highly vi sible in the MT images. Also, we have Shl)Wn lha t Lhen~ is <I 

significant and de tectable signal form the 1380 component of HELl. The large:;t frac tion of 
lhb comes from Bremsstrahlung x-rays produced by b ta decay of a duughter oy i.'HU 
alpha part icle decay. The radiation signal from 20 kg sample of H EU sh uld be: 
dl:tt::cwble. Small er un 'hielded samples may also be detectable when information frol1l 
MT, gamma.. and neutron counting is fused. Twenty kg samples arc also highly vis ible ll1 

the tv1T images. 

This work has been partially supported by LDRD, NA-22 of the DO " DARPA, DNDO, 
and De(,.~i.) io !l Scienc es Corporation. 
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