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Soft Cosmic Ray Tomography for Detection of 
Explosives 

Leticia Cuella r(*), Konstantin Borozdin , L arry Schultz, Andrew Green and Nick Hengartner 
Los Alamos! ational Lll;oralory 

Los Al amos. New Mexico, 87544 

Abstract- Charged particle tomography has been gamlllg 
ground due to its unique probing cllaracteristics, and Ule ability 
01' cosmic ray muons to deeply penetrate maUer, allowing sen­
sitivity to atomic number, radiation length and material density 
via detection of the probing particles before and after tat'get 
traversal. But not all particles completely traverse the target 
volume. This paper explores the usefulness and information 
content in the stopped parHcles, referred to as soft particles. We 
show, in simulations, that the stopped particles are sensitive to low 
Z material and therefore provides complementary information to 
the scattering data. 

I INTRODUCT ION 

High-energy cosmI c rays come from sources oll tside our 
olar system . Th ey are s reams of subatomic part icles, ma in ly 

protons and gamma rays. W hen they collide ith the upper 
atmosphere , they produce unstable pions which very qu ickly 
decay to muons. T hese are ideal probes for tomographic 

imaging of solid objects : ( I ) being charged, they are ea ily 
localized in space and ti me using Gas Proportion al C hambers ; 
and (2) th y penetrate deeply into matter ! wi th wh ich they 

interact electromagnetically via m ultiple C oulom b scattering. 

The amount of scattering is a function of the ato m ic 
nU In ber, radiation length and material de nsity al ong the path 
of the m uon. By meas uring the path of ind ividual muons 
into, and out of < volume of interest, one can measure the 
tot al scattering along each path and use this data to calculate 
3-dimensional recons tructions of the scatteri ng dem; ity of a 
volu m 01 interest. Because the mu ltiple-scattering s ignal from 
high-Z, h igh -density material is very strong, the tech nol ogy is 

well ~ujted t Ihe d iscovery of the iJlI cit transport of high-Z 
materi als, such as special nuclear and rad iol ogical materi als 
and rad iati on sh ielding materials [1] , [2], l3]. 

The algori thm deve lopme nt i:; based on estimating the 

slopping densi ty of different material s lIsing maximum likel i­
hood est im ati on , an d it is tested on vari ous M onte Carlo and 
(jEANT simula tion s 

Il . SOFT PEC f RUM JivlAG 1N G 

Nut all inc ident charged cosmic rays particles traverse the 
vol um e of interests , w it h the lower enerc y (soft) particles 
being more Ir ke ly to be stopped than their higher energy 
(hard) counterparts . Previ ous imaging efforts s imply cliscarcled 
the stopped part icles. But by understanding the information 
content of tl1 c<,e ;,lopptd part iCles, we have an opportunity 

I We expect "bllU [ ha lf uf typi cal :lGcY to t(;t \ er,e one meter of iron 

to exploit an additi onal , and possibly compli men tary, ~ourc e 
of information th at does not require additional equ ipment 
nor longer exposure times. Because lower en rgy part icles 
are more impacted by low and medium Z materia ls than 

then higher energy counte'1>arts, the stopped particles provide 
infom lation about low and medium Z materials in the scene . 

T he presented work was motivated by the desire or usi ng 

cosmic radi ation to fi nd and identify explos ive materi als 
brought onto light rail mass transit . To achieve this objecti ve, 
we develop a new detection technique based of the use of 

stopping (range radiography ) in addition to multiple scatter ing 
T his paper presents encouraging results on expl oi ti ng soil 
cosm ic ray stopping to im age low to medium Z materials. 
We have developed algorithms to make 3-dimensional image 

reconstructions from the measured incoming pc til o f each 
panicle and knowledge of the particle having stopped or not . 

Th at is, we Lise single parti cle statistics related to stoppi ng, and 
not the more diffuse infonnat ion contained in the "shadow". 

The chall en ge is to device an algorithm whose computational 

complexi ty scales w ell w ith the si ze of the reconstructed sce /l e . 
Th resu lting Irclnsrnission- tomography provides a useful com­
plement to scatrering-toJ ography. 
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III. MODE LI NG 
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Fig I. [ (IC( SY Spcc tfll fll of ch al'gN I cosm IC r;!l tic:ies 

A charged particles with incident encr,!! y F en tcrin,2 ,1 



volume of ll"lt ~ rcst along a pa th }' is stopped if th energy 
loss along the pdth j' exee ds th e incide nt energy, that is 

IL, - / () (~I' (s ) ) de; > E , 

where p(.) IS the stoppi ng de nsity. While the energy of an 
Il1dividua l part ic le is not kn ow n, we assume tha t we kll 0W the 

cumulat ive probabi I ity dI stri bution H of the energy. It follows 
lh · t the probab il ity th at a parti cle stops is 1 - H (R,,). 

Empirical study of the energy spectrum of charged cos­
mic parti cles, a mixture of muons and lec trons, is well 
approx imated by a mix ture of two log-Normal distributions 
shown in Figure I. For our ana lysis is nO[ impacted by the 
knowledg that there se era! types of charged particles because 
our instruments can not distinguish between them , 

Cons ider voxi lizing the volume under study and denote by 
o = (g j, ... , Om) the stopping density in each of the m voxels. 
Given an incident path I through the volume under study, let 
L = ( /'1 , t 2, ... , em) denote the length of the path through 
each of the m voxels . If the path does not pass through voxel 
i, then £; = O. Finally, let Z denote the random variable that 
ta es values zero or one, depending if the particle stops or 
t.r"verses the volume, respective ly. The log- likelihood of the 
observed data (,1, Z1), ... , ("11 ' Zn) is 

J11 

£(p) = L Z?log(l - H(L~ p)) + (1 - Zi) log H (L~ p). (1 ) 
f = l 

Conceptually, we reconstruct the stopping density by maxi­
mizing ( I ). The diffi ulty lies in developing algorithms that 
( I) scale well with the number of voxels m, and (2) allow the 
maximum to be achieved on the border of the parameter set, 
i.e ., [} , = 0, 

IV. PRELlMIN ARY RE SU LTS 

Meall R econstruction fidelity' 

H~D Ai Hn FOol 

EXP"'Cli:;d ;: G'] 3.2,1 :5.4D -5,7::' 

E~; tWIlJ(cC :3 013 5.35 9A6 39.91 

>::stimated I); ~.B . g' 

5,35 
9.4£ 
3 ,06 

,' .. rl ber c ' ~:;Ir··lc:dcr ::;0 

Fi g. 2. Reconstllictilll1 of four solid cubes of Iron. Aluminu m. T NT and 
wilt t'r fwm recurded ch:lrged pmticles onsel CU over 16.;) seconds 

We have tested our algOrithm by applY Ing th m to recon­
struc t simple landscapes US Il1g syntheti C 16..1. seconds exposure 

data from GEANT 4 ~illl ulatiolls. Of particular interest was to 
evaluate the poten tial vdlue of usin g SlOpp d charged parti cles 
for identifying lu \\ -Z lllatcriJls 

The results Jre enco ul aging. Figure 2 shows a typi cal 
reconstruct Ion of (l i:.mdscnp containi ng fouT boxes , one 
contain in g Irun (med ium Z), one containing Al uminum (l ow 
Z), one c ntaini ng TNT (low Z of interest) anel ne conta ining 
water (lowest Zj. Figures 3 b"}o\v shows boxplots for the es­

timated parameters over repeated simulations for j 64 seconds 
exposures . Notice how 'vV 11 the infonnation from the stopped 
charged part icl es differe ntiate between the various materials . 

80;.:~at5 tor StoppIng Den6tries 
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Fig. 3 Box plot of parameter estimates for 50 synthelic data sets . 

V. CONCLllSIO N 

Anal ysis of stopped charged particles provide a compli­
mentary view to scatteri ng tomography and helps resol ve 
medium and low Z materials. Combining scattered and stopped 
particles has the potential of increasing the dynamic range in 
the reconstruction at li tt le or no costs in terms of exp sure 
times and complex ity of the measurement apparatus. This 
opens the door for a broader range of application for pas­
sive tomography, with possible applications ranging from the 
detection of xplosjves to passjve imaging of buildings and 
dams. 
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