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Over 120 million vehicles enter the United States each year. Many are capable of trans-

porting hidden nuclear weapons or nuclear material. Currently deployed X-ray radio-

graphy systems are limited because they cannot be used on occupied vehicles and the

energy and dose are too low to penetrate many cargos. We present a new technique

that overcomes these limitations by obtaining tomographic images using the multiple

scattering of cosmic radiation as it transits each vehicle. When coupled with passive

radiation detection, muon interrogation could contribute to safe and robust border pro-

tection against nuclear devices or material in occupied vehicles and containers.

INTRODUCTION

One of the strategies to make weapons of mass destruction (WMD) unavail-

able to terrorists is by controlling nuclear material at its source. An additional

reduction in risk can be obtained by increasing the likelihood of detection of
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illicit transport of these materials at transportation checkpoints, such as bor-

der crossings.1 Customs agencies around the world have begun using a set of

radiation detectors and X-ray scanners at border crossing for this purpose.2

However, passive counting does not provide robust detection of hidden special

nuclear material (SNM) because all of the signals can be obscured combining a

relatively small amount of material having high atomic number (Z), such as lead

tungsten, with hydrogenous (polyethylene) and neutron-absorbing (lithium or

boron) shielding. More sophisticated counting techniques, such as directional

gamma and neutron counting, and better energy resolution may improve the

sensitivity and limit some options for hiding SNM. However, because of practi-

cal counting time limits and natural background rates, well-shielded material

can be moved through the best possible passive systems.

Photon (X-ray or gamma-ray) radiography provides a method of examining

cargo and transport vehicles for the presence of hidden material. Penetration

and scatter background limit the utility of this technique.3 New scanning pho-

ton radiography machines in combination with neutron scatter and radiography

and X-ray back-scatter might provide an approach for detecting shielded, hid-

den SNM. The potential doses to vehicle occupants and to operators limit this

technology option to examining only a small fraction of cross-border traffic.

MUON TOMOGRAPHY

Here we present results from a study of a new technique that is capable of pas-

sively detecting shielded SNM in a short time by using the multiple scattering

of cosmic ray muons as a radiographic probe.4 This technique is selective to

high-Z materials, both SNM and high-Z shielding materials.

The trajectory of a charge particle through any material is the result of

the convolution of many small deflections due to Coulomb scattering from the

charge of the atomic nuclei in the medium. The net angular and position deflec-

tion of the trajectory are very sensitive to the charge (Z) of the atomic nuclei.

High-energy particles are more strongly affected by materials that make good

gamma-ray shielding and by SNM than by the materials that make up normal

cargo such as people, paper, aluminum, and steel.

The earth is continuously bombarded by energetic stable particles, mostly

protons. These interact in the upper atmosphere through the nuclear force, pro-

ducing showers of particles that include many short-lived particles called “pi-

ons.” The pions decay, producing muons. Muons interact with matter primarily

through the Coulomb force and have no nuclear interaction. The Coulomb force

removes energy from the muons more slowly than nuclear interactions. Conse-

quently, many of the muons arrive at the earth’s surface as penetrating, weakly

interacting charged radiation. The flux at sea level is about 1 muon/cm2/min in

an energy and angular range useful for tomography.5
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Conventional radiography takes advantage of the absorption of penetrat-

ing radiation. For X-ray radiography,6 the areal density of the object seen in

a pixel of the image is determined by the absorption or scattering of the inci-

dent beam: N = N0 e− L
L0 ,7 where L is the path length (areal density) through

an object, and L0 is the mean free path for scattering or absorption. The

precision of radiographic measurements is limited by the Poisson counting

statistics of the transmitted flux, �L
L0

= 1√
N

. The maximum mean free path for

photons in high-Z elements occurs at a few MeV. The mean free path is ap-

proximately 25 g/cm2 for all materials at this energy. This corresponds to less

than 2 cm of lead. Penetrating objects of tens of L0 requires very large incident

doses.

An alternative to the absorption signal is the multiple Coulomb scatter-

ing signal.8,9 The many small interactions add up to yield an angular de-

viation that follows a Gaussian distribution to a good approximation: dN
dθx

=
1√

2πθ0

e−θ2
x /2 θ2

0 .10 The width of the distribution is related to the scattering ma-

terial: θ0 = 14/pβ
√

L/X, where p is the particle momentum, β is the velocity

divided by the velocity of light, and X is the radiation length. Here we have

dropped logarithmic terms that are on the order of 10%. In a layer 10 cm thick,

a 3-GeV muon will scatter with a mean angle of 2.3 mrad in water (X = 36

cm), 11 mrad in iron (X = 1.76 cm), and 20 mrad in tungsten (X = 0.56 cm).

If the muon scattering angle in an object can be measured, and its momen-

tum is known, then the path length, �l/l can be determined to a precision

of�l
l = √

2/N, where N, the number of transmitted muons, is very nearly equal

to the number incident. Thus, each transmitted muon provides information

about the thickness of the object.

Muon momentum information can be obtained inexpensively by measur-

ing the multiple scattering resulting from several layers of scatterer of known

thickness. These scatterers can be the detectors themselves if multiple lay-

ers are used. The precision of momentum determination is approximately

given by �p
p = 1√

2NP
, where NP is the number of scattering layers (the factor

of two arises because x and y are measured independently). Even with just

two planes, one obtains �p
p = 0.5 which is adequate for a first-order momentum

correction.

The flux of muons through a 10-cm cube of material in 60 s is sufficient to

measure its thickness in radiation lengths to a precision of 14%. With these

statistics a cube of tungsten can be distinguished from a cube of steel at the six

standard deviation level.

We have demonstrated a suitable detector technology, drift tubes, and de-

veloped tracking algorithms in a medium-scale experiment. Here we report the

results of this work. Additionally, we have used the GEANT Monte Carlo Trans-

port program to validate reconstruction and detection algorithms for muon to-

mography for border security applications.
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EXPERIMENTAL DEMONSTRATION

We have constructed a large muon tracker (LMT) consisting of 12 planes of 0.05-

m-diameter, 3.65-m-long drift tubes configured with three crossed x − y sets of

detectors both above and below a sample volume. A photograph of the LMT is

shown in Figure 1. A complete description of the apparatus is given elsewhere.12

Signals from the detectors were amplified and discriminated with a com-

mercial comparator board and were digitized with Versa Module Europa (VME)

time to digital converters (CAEN
©R

767B) and read into a computer using PC

DAQ.13 The detectors measured position to a precision of about 400 μm full

width at half maximum (FWHM) and angles to about 2 mrad FWHM. These

include the instrumental contributions from multiple scattering in the detec-

tors, intrinsic detector resolution, and residual alignment errors.

The LMT has some limitations. A robust tracker that fits time zero and

eliminates the need for a fast trigger has recently been implemented, increasing

the solid angle significantly. However, the counting rates are a factor of four to

five below those that would be obtained in a four-sided scanner because the

detector has a limited solid angle of less than one steradian.

Despite limitations, the LMT has provided an important test bed that has

been used to develop our techniques and algorithms and that has been used to

Figure 1: The experimental apparatus.



Tomographic Imaging with Cosmic Ray Muons 41

validate the cosmic ray model used in Monte Carlo simulations. Two very impor-

tant accomplishments from the work with the LMT have been the development

and demonstration of automatic calibration of the drift tube positions and drift

time to position look up tubes using cosmic rays and a time zero fitter that

eliminates the need for a prompt trigger for obtaining tracking information.

The data were processed with a simple reconstruction technique. The 1.5 ×
1.5 × 1.0 m3 sample volume was segmented into 2 × 2 × 2 cm3 voxels. The

median scattering angle was calculated for all muons with entering and ex-

iting trajectories that intersect a voxel within an adjustable distance, d. This

distance was set to the size of a threat object (5 cm) for the receiver operator

characteristic (ROC) work presented below. For imaging, it was set to the voxel

size. Because of the limited solid angle of the LMT, tomographic reconstructions

suffer from considerable vertical blur, are noisy, and have not been used in this

study.

A study of how quickly a nuclear threat object can be identified has been

performed using a 10 × 10 × 10 cm3 cube of lead to represent the threat. This

was mounted in the LMT along with an automobile engine and transmission.

A photograph of the set up is shown in Figure 2.

Approximately 160 min of data have been analyzed to obtain the images

shown in Figure 3. The mean scattering angle for all trajectories that pass

Figure 2: Photographs of the engine in the LMT.
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Figure 3: Mean scattering angle for a slice through the scene 50 cm above the base
plate. The left panel shows the engine, the middle panel the engine plus the 10 × 10 × 10
cm3 lead sample, and the right panel the difference.

through each voxel is plotted. In spite of the simplicity of this analysis, the lead

stands out dramatically.

We have broken the data set into 1-, 2-, and 4-min intervals and analyzed

each independently. The average picture from the long run with only the engine

was subtracted from each of the individual short runs, and the maximum 10 ×
10 × 10 cm3 voxel value was histogramed for all of the runs with and without

the lead. These histograms (an example is shown in Figure 4) were used to

calculate the ROC curves, shown in Figure 5.

From the ROC curves shown above it is apparent that the lead objects can

be identified perfectly (given that 40 trials were used) with zero false identifica-

tions in 4 min. When scaled to sea level muon fluxes and full solid angle these

times can be divided by 5. Fifty percent knowledge of momentum, which mod-

eling shows can be obtained by analyzing position residuals from the tracking,

is expected to reduce counting times by another factor of 1.5–2.

It is important to point out that these data were obtained using position

calibrations for the tubes obtained using cosmic ray data and an automated

Figure 4: Histograms of the peak value of mean scattering angle, with a 10 × 10 × 10 cm3

average applied to the 2 × 2 × 2 cm3 voxels in a set of forty 4-min reconstructions with the
engine in the LMT.
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Figure 5: ROC curves for identifying the lead object mounted in the LMT with the engine.

calibration procedure that found the relative positions of each end of all of

the tubes, and prompt time for the drift tubes was determined by fitting it as a

parameter in the trajectory fits; i.e., there was no need for a timing scintillator.12

PASSIVE COUNTING

Currently, portal monitors and other radiation detectors are deployed at many

sites to detect the surreptitious transport of nuclear materials. Although these

detectors are quite effective at detecting radiation, innocuous alarms from a

variety of radioactive cargo make their use cumbersome and the potential for

shielding nuclear material allows for their defeat as a nuclear threat deterrent.

The absence of a radiation signal does not eliminate the possibility of a nuclear

threat. Muon tomography (MT) provides a method that is effective at detecting

high-Z (atomic number) material in liter-sized volumes. The same detectors

that are used to detect and track muons can be used to measure radiation from

a nuclear device as well as to identify the presence of enough shielding to hide

the nuclear signal.

Radiation dispersal devices (RDD) can be constructed using only grams of

active material. Such small quantities can be easily hidden from any radio-

graphic technique in an object the size of a passenger vehicle, truck, or cargo

container. However, nearly all of the candidate materials for an RDD are ei-

ther strong gamma ray or beta ray emitters. We have performed experiments

that show that the radiation signature from the quantity of material needed

to construct an effective RDD is enormous and is easily detectable even with

several inches of high-Z shielding (lead).
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The self-shielding produced by normal cargo tends to reduce the background

counting rates in portal monitors by up to 10% when the cargo is present. This

reduction can mask a radiation increase. This places a limit on how well excess

radiation from cargo can be measured. MT provides an integral measure of the

cargo measured in mass units weighted by radiation lengths. This may provide

a good estimate of the self-shielding of natural background so that small signals

can be detected.

There may be other signatures of nuclear weapons materials that are en-

abled by the large solid angle and high efficiency of the muon detectors. In

addition to the gamma and X-ray signal, 238U spontaneously fissions, produc-

ing neutrons. The large solid angle and high multiplicity of counters used for

MT should provide for efficient neutron counting, if 3He gas is added to the drift

tubes and some moderating material is added to the walls. Five Kilograms of

highly enriched uranium (HEU) emits about 5 neutrons per second from the

8% of 238U.14 A distinctive feature of these neutrons is that they are emitted in

correlated bursts with a mean multiplicity of 2.1.15 These neutrons can cause

further fissions in surrounding material increasing the multiplicity.

Fusing neutron, neutron multiplicity, gamma ray and tomographic data

from an MT scanner may provide a highly effective way to detect several kilo-

gram quantities of HEU, considered the most challenging of nuclear material

to find. Of course, larger quantities are distinctive in the tomography as well

as in their neutron and gamma signals.

MONTE CARLO SIMULATIONS

In order to examine how well this technique works for complex objects we have

used the Monte Carlo simulation package, GEANT11 to generate cosmic-ray

muons with the appropriate distribution of energies and angles, propagated

them through a test volume, and generated the positions and angles at which

they would be detected in a four-sided scanner. The muon spectrum, angular

distribution, and rate were appropriate for sea level. We have studied a set of

scenes for threat objects in a cargo van.

The cosmic-ray event generator used in the Monte Carlo studies was

validated using data taken with the LMT. The validation included adjustment

of the generator for the altitude of Los Alamos. In addition, the scattering

angle distributions were reproduced by GEANT simulations. We did not use

the 3-D reconstruction algorithm described below with the LMT data, because

its limited solid angle made it difficult to localize scattering centers in the

vertical coordinate.

We have modeled the following scenes:

1. An empty van.

2. A 4′× 8′× 3′ high stack of boron treated plywood with or without an object

of interest (OOI) inside. The total weight of the plywood is about 1800 kg.
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3. A welding machine. Two 0.75-in steel plates, top and bottom, are included

in order to try to spoof the reconstruction technique.

4. A box of clutter. Reduced-density concrete powder (0.5 g/cm3) is filled with

randomly placed objects of four different shapes: half of a sphere, rectangular

block of two different sizes, and a parallelepiped. Each individual piece of

clutter is randomly placed, rotated, and offset with respect to the center of

the given piece of clutter. The material for each of the pieces is randomly

assigned to be various clutter material such as plastic, glass, and steel. The

total weight of the scene is approximately 3200 kg.

A visualization of the model for each of these scenes is shown in Figure 6. Each

scene was modeled with and without a 10-cm cube of tungsten hidden in the

cargo. The empty van was modeled with the tungsten under the engine and

above the differential.

The borated plywood was chosen because it provides a considerable amount

of moderating material and the boron quickly absorbs the moderated neutrons

so it acts as a shield against active interrogation. Plywood alone increases the

fission signal from active interrogation because the fission cross sections are

much larger for moderated neutrons than for fast neutrons. The welding ma-

chine is clutter that radiographically looks like a common object. The box of

clutter is intended to look like a box of complex junk. The special three-layer

container is a composite shield in which nuclear material is hidden from passive

counting with medium mass materials.

For reconstruction of these scenes we used a maximum likelihood–based

tomographic algorithm. The foundations of this algorithm were developed in

a Ph.D. dissertation in 2003.16 We developed a fast, robust implementation of

this approach (MELM) with results described below.17

A composite of reconstructions of the three cargo scenes and two additional

scenes of the empty van with a threat object located over the differential and

under the engine, respectively, is shown in Figure 7. The nature of each of these

scenes is clearly visible from the reconstructions. Automatic identification of

Figure 6: The four scenes that have been modeled are depicted here: a) 3-foot-high stack
of 4 × 8 foot sheets of borated plywood; b) a box of clutter; c) a welding machine.
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Figure 7: Reconstructions made from 1-min cosmic ray exposures for each of the scenes
described above. The threat object is marked with an arrow in each of the reconstructions.

threat objects using a simple density threshold for 1000 cm3 volumes is possible

for all of these scenes.

Automatic identification of threat objects has been studied by calculating

the average reconstructed scattering density for all possible 10-cm cubes from

the 5-cm voxels. The maximum values of this quantity for 100 simulations and

reconstructions performed for each of the five scenes shown above plus their

empty counterpart for exposure times ranging from 15, 30, and 60 s are shown

in Figure 8. As the exposure time increases, the threat objects become better

separated from the innocuous cargo scenes.

The impact of momentum uncertainty has been estimated by adding Gaus-

sian distributed uncertainty to the perfect momentum and then performing

reconstructions and calculating ROC curves. The time needed to obtain similar

ROC curves is increased by ∼50% when 50% momentum knowledge (obtained

from four residual measurements in the tracking detectors) rather than perfect

knowledge is assumed. The robustness of the median reconstruction method re-

duced the statistical impact of imperfect momentum knowledge.

These reconstructions have been used to generate ROC curves. ROC curves

show the relationship between the false positive rate vs. the detection rate for

threat objects as the threshold is varied. The ROC curves indicate that innocent

vehicles can be identified with as little as 15 s of counting time. By 90 s the

identification is very good.

The analysis of the layered object and differences between the ROC curves

for an object under the engine and above the differential has led to an improved

technique for regularizing the reconstructions. We have found that heavily reg-

ularizing for longer exposures tends to reduce the signal from the threat ob-

jects when they are located near a feature such as the engine or inside of the

iron box of the layered object. For short exposures, regularization is important
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Figure 8: Histograms of the maximum value for the average reconstructed density in van
scenes shown in Figure 7.

for reducing the noise in innocuous scenes in order to reduce the number of

unresolved false positives. A technique that uses heavy regularization at short

exposures and little or no regularization at late times has been found to give bet-

ter results than fixed regularization. Using this method gives the ROC curves

shown in Figure 9.

The use of prior knowledge considerably speeds up identification of threat

objects. When prior knowledge was not assumed and 50% momentum knowl-

edge was used, 90% detection with zero false positives on the data set used for

these ROC curves requires ∼60-s counting times. When an average of many re-

constructions of an empty van for a given time is used and subtracted from the

cargo scenes the rate of false positives for short scanning times is significantly

reduced. A deployed device would have equivalent information about common

vehicle models in a data base. Histograms of the maximum reconstructed values

obtained using three sigma subtraction (the average empty van reconstruction

plus three times the standard deviation in a set of statistically independent re-

constructions for a given scanning time is subtracted voxel by voxel) are shown
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Figure 9: Eight voxel ROC curves for the set scenes shown above. These ROC curves have
been generated using 1000 independent simulations at each of the time shown in the
legend.

in Figure 10 and ROC curves are shown in Figure 11. With this procedure the

30-s ROC curve becomes nearly perfect. Plots of the required inspection times

are shown in Figure 12.

The dashed curve shows the results that are obtained when the average

of many empty van scenes is subtracted from each run before the ROC curve

is calculated. This reduces the average level of the signal from the innocuous

scenes and results in a factor of two reduction in average scanning time. Fi-

nally, the dot-dash curve has been obtained by subtracting the average signal

plus three standard deviations (three sigmas) from the reconstruction at each

time. This oversubtracts in regions of high density where statistical fluctua-

tions leading to false positives are most likely. This method reduces inspection

times by nearly an additional factor of two.

More work is needed to optimize inspection times for this latter method.

There is clearly important information that could be obtained by using recon-

structions at even shorter inspection times than the minimum 15 s studied

here.

IMPLEMENTATION

A drawing illustrating how this idea might be implemented at a border crossing

is shown in Figure 13. The walls of a scanning device are constructed from 12

layers of position-sensitive sealed drift tubes. Two layers offset by a tube radius

are used for each coordinate measurement, and three measurements are made

in each of two orthogonal planes for the incident trajectory and the same for the

exit trajectory. This provides considerable redundancy to ensure robust particle

tracking, as well as providing enough information so that the track residuals

can be used for momentum estimation.
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Figure 10: Same as Figure 9 but using prior knowledge as described in the text.

Singles rates in all of the tubes can be constantly monitored to provide

gamma ray monitoring. The inner tubes can be filled with a gas mixture contain-

ing 3He to provide neutron monitoring. In this case the neutron signals can be

separated from gamma ray signals by their distinctive pulse height and shape.

Figure 11: Same as Figure 8 except prior knowledge was used.
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Figure 12: Comparison of average inspection times using no prior knowledge (solid line),
straight subtraction (dash line), and three sigma subtraction (dot-dash line) for the mix of
scenes described above.

Cost Estimates
A rough order of magnitude estimate of the cost of such a station can be

obtained using estimates based on building large area detectors for high energy

physics. An element of the detector might consist of a 5-cm-diameter aluminum

tube with a small diameter (20 μm) wire running down its axis.

The dominant costs of such detectors are in the readout and the mechanics

at the end of the tubes. We estimate that the cost of a single coordinate measure-

ment will be about $200/cm, including both planes needed to fully reconstruct

the drift time information. The cost of the six planes needed to measure both

incoming and outgoing trajectories for an automobile-sized counting station,

4 × 4 × 5 m3, would be about $3.0 × 106.

There are several differences between this application and a physics experi-

ment. Cosmic ray counting rates are low when compared with most high-energy

physics experiments. Consequently, one can reasonably expect long (decades)

counter lifetimes. On the other hand, the large inexpensive skilled workforce

required to maintain a high-energy detector will not be available at border cross-

ings. Detectors will need to be low maintenance. We envision sealing the detec-

tors to eliminate the need for flowing gas and maintenance of a gas system. The
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Figure 13: A schematic view of how a counting station might look. Vehicles would be
stopped within the area covered by the counting station for a counting period ∼20 s.

electronics need to be simple and robust and use a readily available commercial

computer interface such as universal serial bus (USB). We have demonstrated

that sealed drift tubes can meet the detector needs.

This technique enables examination of every vehicle and shipping container

crossing the U.S. (or foreign) border. All that is needed is enough detectors at

border crossings to handle the traffic. Using statistics compiled by the U.S.

Department of Transportation for the year 2000,18 the total personal vehicle

traffic crossing U.S.-Mexico and U.S.-Canada border was 1.3 × 108. If a sin-

gle muon tomography machine can analyze a vehicle within 1 min or less of

counting/processing time, operating for 12 h per day, then only about 500 ma-

chines would be needed to handle the entire cross-border personal vehicle load.

The total cost $1.5 to 2 billion is negligible compared to the economic conse-

quence of the detonation of a nuclear device within the U.S. borders. Queuing

times and rate fluctuations may require quadrupling this estimate. A similar

size effort would be need to handle commercial cross-border truck and seaport

transportainers traffic.

The same technique can be used to examine cargo in trucks and trans-

portainers. The long storage time of transportainers in transit in ships at sea

suggests a possibility. Special transportainers containing position-sensitive de-

tectors could be interspersed with normal cargo. Radiography could be accom-

plished using coincidence between these monitor transportainers to sample the

cargo in the hold of the ship. Although this technique would not afford 100%

coverage, it could take advantage of the transport time to survey some of the

cargo in a ship.
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CONCLUSION

We have described a technique for radiographing large objects with

cosmic rays. This technique is particularly sensitive to high-Z dense materials.

We have performed a considerable amount of experimental (LMT) and theoret-

ical (GEANT/MLEM) analysis on automatically identifying 1000 cm3 nuclear

threat objects in complicated background scenes. We have demonstrated detec-

tion times of ∼4 min for data taken in an experiment. We expect on the order of

a factor of 10 reduction in scanning times when we implement full solid angle

scanning and momentum estimation, a factor of 2 from momentum estimation,

and 5 from solid angle.

We have also estimated the times needed in larger and more complicated

scenes using GEANT simulations and MLEM reconstructions. These assume

the full solid angle, 50% momentum knowledge, and take advantage of fully

three-dimensional density reconstructions, which reduce the noise levels. These

demonstrate that by using prior knowledge, 17 s time scans provide >90% con-

fidence identification of 1000-cm3 volumes of high Z material with less than

0.2% false-positive rates for the scenes studied.

It is possible that a perpetrator would seek to smuggle bomb components

across the border in smaller packages than the 1000 cm3 corresponding to a

mass of about 20 kilograms that has been considered here or in materials

of less density. And, naturally, they could try to avoid any monitored cross-

ing point altogether. Such possibilities would have to be considered in any

overall assessment of our muon imaging concept along with other detection

technologies.

In operation it is reasonable to expect 15-s scan times for occupied vehi-

cle traffic. We have not studied cargo containers with our new, more sensitive

techniques. Our previous work suggested that <60-s scanning times are fea-

sible for a difficult mix of cargo containers loaded to their weight limit. With

ML/EM there is every reason to expect these times to be shorter, but 60 s is a

conservative estimate for cargo container scanning times.

A rough order of magnitude cost estimate for the capability of searching ev-

ery incoming passenger vehicle of less than 1 billion dollars shows the technique

to be economically viable.

We have also presented results from some studies that have used sealed

drift tubes to study the potential for measuring gamma ray signals from nu-

clear threat objects. A full MT scanner should provide a gamma ray counting

efficiency of >10% across a wide rage of energies. Although not discussed above,

gamma ray and neutron sources in a cargo volume can be localized using the

position dependence of the signal. One conclusion is that RDD devices require

enough radioactive material so that shielding them makes them highly visible

in the MT images.
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