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Due to the high penetrating power of cosmic-ray muons, they can be used to probe very thick and dense
objects. As muons are charged particles, they can be tracked by ionization detectors, determining the posi-
tion and direction of the muons. With detectors on either side of an object to measure particle direction
change, scattering information within the object can be found. This can be used to produce a scattering-
intensity image within the object related to density and atomic number. Such imaging is typically
performed with a single detector-object orientation, taking advantage of the more intense downward flux
of muons, producing planar imaging with some depth-of-field information in the third dimension. Several
simulation studies were published with multiorientation tomography, which can form a three-dimensional
representation faster than a single-orientation view. In this study, experimental muon-scatter-based tomog-
raphy was performed using a concrete filled steel drum with several different metal wedges inside, with the
drum between detector planes. Data were collected from different detector-object orientations by rotating
the steel drum. The data collected from each orientation were combined using two different tomographic
methods. A traditional inverse Radon transform approach used for computed tomography and a combina-
tion of multiple depth-of-field reconstructions were applied to the data. As cosmic-ray muon flux imaging
is rate limited, the imaging techniques were compared for sparse data. Using the combined depth-of-field
reconstruction technique, fewer detector-object orientations were needed to reconstruct images that could
be used to differentiate the metal wedges.

DOI: 10.1103/tl8q-lw81

I. INTRODUCTION

Cosmic-ray muons provide a very highly penetrating
source of radiation that can be used for imaging large and
dense objects. Ionization detectors can be used to deter-
mine the position and direction of each charged muon
particle. Small angle scattering, and occasionally attenu-
ation, measurements give information on the materials and
thicknesses that the muons interact with. Muons have been
used for overburden imaging from boreholes [1,2], pyra-
mid imaging [3,4], and even volcano imaging [5,6] by
comparing flux rates at different angles due to attenuation.

With detectors placed on either side of an object, particle
direction changes can be used to extract scattering infor-
mation within an object. This can be used to produce a
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scattering intensity image within the object, where inten-
sity differences are caused by density and atomic num-
ber differences. Studies were published by Los Alamos
National Laboratory’s (LANL) Threat Reduction Team
over the evaluation of cosmic-ray muons for this scatter
imaging, enabling more sensitive imaging [7–9], begin-
ning a flurry of activity in applications of the technol-
ogy. Such imaging is typically performed with a single
detector-object orientation, taking advantage of the higher
downward flux of cosmic-ray muons created in the upper
atmosphere. These have been used in three-dimensional
imaging with some depth-of-field information in the ver-
tical direction using the small range of incident zenith
angles, producing single-orientation tomography. Muon-
based single-orientation tomography has been applied to
cargo inspection [10–12], high atomic number material
detection [13], and even reactor imaging [14,15].

Proof-of-concept experiments on large objects were
performed. The LANL Threat Reduction Team applied the
scatter tomography technique to image inside a Westing-
house MC-10 spent nuclear fuel (SNF) storage cask in
2017 [16,17]. With the large cask size, 2.7-m outer diam-
eter and 4.8-m height [16,18], the detector panels were on
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opposite sides of the cask with a large spacing between
them. There was a 1.2-m vertical offset between the detec-
tors, which were separated by a distance of 2.7 m. This
allowed imaging from several different detector-object
orientations with the same incident muon flux, multior-
ientation tomography. However, the large zenith angle
limited the observed muon flux to nearly horizontal muons
that passed through both detectors, resulting in very low
statistics [17]. With only approximately 164 000 muons
recorded over 200 h, only a one-dimensional reconstruc-
tion could be created. This one-dimensional reconstruction
still proved useful in determining whether or not spent fuel
bundles had been removed from the cask but limited the
ability to determine the exact location of missing spent fuel
bundles. With the ultimate goal to identify and verify the
location of all spent fuel in a cask, it is pivotal to be able
to perform this multidimensional imaging with sparse data
to avoid severely long measurement times. This study was
motivated by improving tomographic imaging techniques
with such sparse data.

Several groups performed simulations on muon tomog-
raphy of objects from multiple detector-object orientations,
up to a full 360° around the object, including used fuel stor-
age casks [19–21]. These produced very clear tomographic
images, but they all used many different detector-object
orientations with very high muon statistics, and perfect
detectors.

Our goal in this experimental work was to use multiple
muon-scatter datasets, from different detector-object ori-
entations, to create tomographic images that enable faster,
useable nuclear fuel cask measurements in the field. This is
an experimental study of the muon tomography of objects
from multiple detector-object orientations. Longer, higher
statistics measurements are much easier to perform in a
controlled environment, so laboratory-sited measurements
were performed by the LANL authors, in 2017. A steel
drum was filled with concrete, with metal wedges of dif-
ferent sizes and compositions placed inside, as described
in Sec. III A. The steel drum was placed between the
muon detector planes and imaged with different detector-
object orientations by rotating the steel drum for different
datasets. The recent image reconstruction of the steel drum
and metal wedges forms the basis of the analysis per-
formed by the UNM authors. These datasets were used
to compare the performance of backprojection tomogra-
phy and an alternative technique, combined depth-of-field
imaging. Data quality was varied by reducing the number
of orientations and the number of muons used to analyze
the effects of data restrictions on each technique.

II. MUON INTERACTIONS

Muons are created in the upper atmosphere by high-
energy charged particles interacting with air. The muon
shower intensity approximately follows a cosine-squared

function with the zenith angle [22]. Muons at larger zenith
angles also travel through greater lengths of air from
the interaction point to the detector, preferentially reduc-
ing lower-energy muons and changing the spectrum as a
function of angle [23].

When passing through matter, muons experience multi-
ple Coulomb interactions, resulting in many scatters, and it
is the total scattering angle between detectors that we use
for analysis. For a single energy muon, total scatter closely
follows a Gaussian distribution with a mean of zero radi-
ans. The width of the scatter distribution in radians is given
by [7]

σ = 13.6 MeV
pc

z
β

√
X
X0

[
1 + 0.088 ln

(
X z2

X0β2

)]
. (1)

This width decreases at higher energies following the
muon momentum (p). In this equation, z is the charge of
the muon, +1 or −1. Cosmic-ray muons have a velocity
close to v = c, the speed of light, resulting in β = v/c ∼ 1,
so |z|/β ∼ 1 for cosmic-ray muons. X is the mass thickness
of the scattering material − the length L × the density ρ.
The radiation length, X 0, is material dependent. The con-
stant terms, 13.6 MeV/c and 0.088, are correction factors
provided to adjust the Gaussian approximation goodness
of fit.

Tsai [24] gives a functional dependence of X 0 going
as A/(Z(Z + 1)), with minor modifications for screening,
where A is the mass number and Z is the atomic number
of the material. With X in terms of mass thickness Lρ,
X/X 0 goes as Lρ(Z(Z + 1))/A. It is noted that Z/A varies
little over a wide range of elements [25], giving X /X 0 an
Lρ(Z + 1) functionality.

The muons interact with all materials along their paths,
so the measured scatter is an integral of the scattering
along the entire path. In our data, the muons that pass
through a metal wedge also pass through the surrounding
concrete, so the scatters in a particular material cannot be
individually isolated.

For distributions of energies, the scatter distribution
width is a sum of the distributions from different ener-
gies, and the trend remains: scattering angles are higher for
higher atomic numbers and denser materials. Since the test
object was rotated in relation to the imaging system, rather
than moving the detectors, the muon spectrum remained
constant throughout the entire measurement campaign, and
the specific energies did not have to be accounted for when
comparing observed scattering.

III. MULTIVIEW MUON TOMOGRAPHY STUDY

A. Experiment

Muon-track data were collected by the LANL authors in
2017, while analysis was performed by the UNM authors
beginning in 2022. These data were unpublished, and some
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of the experimental details were not preserved. The delay
between data collection and analysis also prevented feed-
back into the experiment for image improvement, such as
recalibration of the detector gas tube response.

The experiment measured muon deflection through
a single-walled steel drum filled with concrete using
Quikrete concrete mix, with tungsten and brass wedges
within the steel drum. LANL authors filled the steel drum
and performed subsequent measurements. The steel drum
had a 0.9-mm-thick steel wall, and the concrete filled
volume was approximately 42 cm long and 34 cm in
diameter, consistent with a 10-gallon steel drum. The
metal wedges were triangular, each with uniform thick-
ness. The brass wedge had a 9-cm base, a height of
7 cm, and a thickness of 5 cm. The tungsten wedge
had a 15-cm base, a height of 10 cm, and a thickness
of 4 cm. The brass and tungsten wedges were coplanar
and centered 10 cm from one end. The wedge sizes and
placements were determined by comparing experimental
and simulated data reconstruction images and iterating
the simulations until a good match was found. As voxel
sizes are 1 cm, all wedge measurements and positions
have a best uncertainty of ±0.5 cm. A schematic of the
steel-drum interior with the brass and tungsten wedges is
presented in Fig. 1 (bottom). For comparison, the image
made with the simulated data is presented later in Fig.
6 near the images from the measured data. Defining the
x direction as the direction along the steel-drum sym-
metry axis, all wedges had their short edges in the x
direction, with the wider sides seen in the tomographic
views. As muon scatter is atomic number (Z) and density
dependent, this range of high-Z wedges with varying den-
sities was chosen to test the ability to differentiate these
objects from the low-Z and low-density concrete surround-
ing the wedges. Both the Z and density are noted here
for tungsten (Z = 74, ρ = 19.3 g/cm3), brass (Z = 29 and
30, ρ = 8.5 g/cm3), Quikrete concrete (mix, with principal
components Z = 8 and 14, ρ = 2.3 g/cm3), and air (Z = 7
and 8, ρ = 0.96 mg/cm3 at LANL).

The detector array used in this experiment, the Mini
Muon Tracker (MMT), Fig. 1(top), is described in Refs.
[16,17,19,27]. The MMT was designed by LANL and con-
structed in collaboration with Decision Sciences Interna-
tional Corporation. As the measurements were performed
by the LANL collaborators several years before analysis
by the UNM collaborators, we do not have information on
the size of the steel-drum cradle and positioning, so we
show the extracted steel-drum schematic separate from the
detector.

The tracking system consists of two modules, each with
12 layers of sealed gas-ionization tubes. Tubes contain
47.5% Ar, 42.5% CF4, 7.5% C2H6, and 2.5% He, all %
by weight, at 1 atm. They measure 5 cm in diameter
with a central anode wire held at +2550 V relative to
the grounded Al tube wall. Muon interactions within each

FIG. 1. (Top) MMT detectors used for measurements, from
Ref. [26], (bottom) schematic of the steel-drum interior with
tungsten and brass wedges surrounded by concrete.

tube will result in ionization of the gas and subsequent
acceleration of the electrons to the anode wire, resulting
in a voltage pulse. Each plane consists of parallel tubes,
with the layers stacked in perpendicular orientations to
gather both x and y information on muon tracks. Inter-
actions in several detector layers were used to determine
the trajectory of each muon. Each of the modules was
120 cm × 120 cm in area by 60 cm thick. Two detec-
tor modules were used to total 24 layers, with one placed
above the other to use the high near-vertical muon fluence
rates. A 60-cm spacing between the detector near faces
was used, with the drum placed between the detectors.
The detectors were configured to have an active imaging
volume of 100 × 100 × 60 cm3 [26].

The read-out electronics, designed by Decision Sci-
ences, utilized voltage pulses from the tubes to determine
muon position and reconstruct trajectories through each
module. Pulse shapes in each tube were used in the recon-
struction software to determine the muon-track position
at the millimeter level. For muon signals firing in several
tubes, in both modules, within the 100-ns coincidence win-
dow, the muon position and angle in the top and bottom
modules were reconstructed and recorded, along with a
time stamp. The on-board FPGAs, with Decision Sciences
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proprietary programming, handled all pulse processing,
and only the positions and angles in each array could be
accessed by the user. The 13-column dataset comprised a
time stamp; x, y, and z positions for each module; and the
cosine of the angles from each axis for each module. The
x and y axes were in the horizontal plane, with x along the
drum symmetry axis, and the z axis was vertical.

The scattering angle, θ s, extracted in this work was cal-
culated using the overall change in the muon trajectory
through the upper (1) and lower (2) detector arrays, �v1 and
�v2, respectively, by

cos θs =
−→v1 · −→v2

|−→v1 | · |−→v2 | . (2)

The components of each vector along the x, y, and z
axes are given by the cosine values in the dataset. With
no deflection, the vectors would be parallel and give cos
θ s = 1, or θ s = 0. Small deflections in the muon trajectory
would correspond to scattering angle values, θ s, close to
0 mrad.

Each scatter angle was used along each corresponding
muon track to populate the image space using two dif-
ferent imaging methods. Since scatters are typically small
[muons through the strongest scatterer, tungsten, experi-
enced a 55 milliradian (3°) average scatter] and we wanted
to compare the imaging methods directly without com-
plications from spline fitting or point of closest approach
scatter position determination from incoming and outgo-
ing vectors, a simple straight-line projection from the top
detector was used for the muon track through the imaging
space.

The steel drum was held in an aluminum cradle that
allowed rotation and was manually rotated in 15° (π /12
radian) steps to better than 1°. A new dataset was recorded
for each orientation. This process was repeated for a full
360° rotation, resulting in 24 total measurement datasets
around the drum. The chosen 15° steps provide an abun-
dance of detector-object views that allow for incremental
reductions in the amount of data utilized for reconstruc-
tions. We refer to drum-detector orientations in degrees for
conceptual clarity, but muon-scattering calculations were
performed in radians.

The average recorded muon event rate was 33
muons/sec, and most orientations were measured for just
under 1 day. This is lower than the rate of muons pass-
ing through the active region since the array was set to
veto background gammas and neutrons for prior spent fuel
cask measurements by requiring neighboring tubes to fire
in coincidence. This is in addition to requiring tracks to be
established in both the upper and lower modules within the
100-ns coincidence window by the tubes that did fire. The
minimum number of recorded muon tracks was 2.4 million
for one of the shorter runs over 20 h, and the maximum
was 5 million tracks over 2 days at a single orientation to

allow for better single-orientation analysis, which was des-
ignated as the 0° orientation. For consistency and to not
overemphasize any single orientation, the first 2.4 million
recorded muon tracks in each dataset were used from each
orientation when performing multiple-orientation imaging.

A key feature of this approach to imaging is that,
since the steel drum was rotated but the detector did not
move, every detector-object orientation has the same muon
fluence rate and energy spectrum. This is actually simi-
lar to fuel cask data using detectors to the sides of the
cask [16,28], where the different views are from different
azimuthal angles though the zenith angle of acceptance
did not change. It is noted again that the muon energy
spectrum and intensity change with zenith angle, so this
consistency in measurements allows different orientations
to be compared directly. As such, a traditional tomographic
approach can be studied, as in prior simulation studies
[19,21]. Simulations in the presented work used a real-
istic energy spectrum and angular dependence for direct
comparison.

Beyond that, in muon tomographic imaging using a sin-
gle orientation, a depth-of-field image may be constructed
with the three-dimensional information from a set of muon
trajectories. The multiple-orientation approach with no
preferred orientation allows an alternative method of com-
bining depth-of-field information with equal weight from
the different orientations, explained below. Both traditional
multiple-orientation backprojection tomography and the
combined depth-of-field imaging were examined.

B. Simulations

Muon-scattering simulations were performed using
Geant4 [29,30] version 11.2. The EcoMug cosmic muon
generator [31] was used to generate incident source muons
using the natural cosmic-ray muon energy distribution and
angular dependence. As the experimental measurements
were performed in Los Alamos, New Mexico, latitude and
altitude settings were chosen accordingly. The detectors
were modeled as 1.2 × 1.2 m2 planes with 60-cm sepa-
ration. The muon source was distributed uniformly over
the top plane. The drum, concrete, air, and wedges were
modeled as described in the experimental section using
Geant4 material definitions. The simulated detectors had
perfect efficiency and angular resolution. The goal of these
simulations was not to match experimental results but
rather to evaluate reconstruction performance under ideal
conditions.

For muons passing through both detector planes, the
positions and trajectories through each detector were
recorded to match the 13-column position and angle data
format of the Decision Sciences software output. Image-
reconstruction analysis was performed exactly as with the
experimental data.
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To determine wedge sizes, simulations were repeated,
and the wedge sizes were modified until image reconstruc-
tions from simulation matched experimental reconstruc-
tions. For comparison with experiment, 24 orientations
were used at 15-degree steps, with the first 10 million
tracked muons (tracked in both top and bottom detectors)
used in image reconstructions.

IV. MULTIORIENTATION ANALYSIS METHODS

A. Sinogram and inverse Radon transform
reconstruction

Following methods from medical imaging, the first tech-
nique utilized for tomographic reconstruction involved
the population of a sinogram and subsequent backprojec-
tion via inverse Radon transform [32,33]. This follows
the backprojection method applied in previous muon-
tomography simulation studies [20].

The centerline of the drum was used for the image-
reconstruction rotational axis. Using the muon trajectory
and position recorded from the top detector, the distance
of the closest approach to the centerline, r, was found, and
the angle between the projected trajectory and the normal
line that r lies on, θ , was extracted, Fig. 2. Both r and
θ were used to determine the sinogram bin in which the
muon-scattering angle was tallied. After all muons were
projected and tallied, the average muon-scattering angle in
each r, θ position of the sinogram was found. A unique
sinogram was produced for each 1-cm step in x, along the
drum symmetry axis, with θ in 1° steps. As mentioned, for
a more direct comparison between image-reconstruction
techniques, a straight-line trajectory from the top detector
was used.

FIG. 2. Sinogram population diagram demonstrating the dis-
tance of the closest approach of muon to drum centerline, r, and
angle of the line normal to the muon vector, θ , with a wedge and
the drum boundary.

Populated sinograms were backprojected using the
iradon function in MATLAB [34] to construct the image,
populating 1 cm3 voxels in the imaging space. Note that
the default filter, the Ram-Lak filter, introduces a 2/π term.
A π /2 correction is included elsewhere in the iradon func-
tion, expecting the Ram-Lak filter to be used. We used no
filtering, so we removed this inappropriate correction for
the backprojection analysis presented here.

B. Combined depth-of-field reconstruction

In x-ray-based tomography based on photon attenuation,
the initial x rays travel in a straight line and the spatial
intensity on the detector may be traced back to a single-
source point through the object to determine the line along
which attenuation occurred, with several orientations used
to find the position of attenuation within the object. In
muon-scatter imaging, even from a single detector-object
orientation, there is a range of source points, and the tra-
jectory of the muon is determined, which is a significant
difference that aids image reconstruction.

As muon trajectories are followed in the image space,
the paths with high scatter converge, which for muon
imaging corresponds with the position of denser materials
and/or higher atomic numbers. By tallying the scattering
angle of each muon along its path through a voxelated
imaging volume, a three-dimensional image of the scat-
tering centers was produced. The resulting image, from
a single detector-object orientation, provides depth infor-
mation. A diagram of this tally structure is shown in Fig.
3. Black tracks represent muons that slightly scatter via
interactions only with air. Orange tracks represent muons
that only interact with the steel drum and concrete within,
resulting in larger scattering angles than muons that only
interact with air. Red tracks represent muons that experi-
ence relatively large scattering events during interactions
with a high-Z and density wedge. These red tracks con-
verge on the wedge. Due to the small angular spread in
muon trajectories, there is depth information (z), along
with the lateral information (x, y) of projection imaging.
To keep data consistent between the imaging methods,
a straight trajectory from the top detector was used for
reconstruction.

In our implementation of depth-of-field image recon-
struction, the three-dimensional imaging volume consisted
of 1 cm3 voxels. The scattering angle for each muon pass-
ing through a voxel was tallied for that voxel and weighted
by the path length through the voxel. As scattering is an
integral of muon interactions in the material over the full
path of travel, muons with a longer path within a voxel will
sample the material in the voxel more than muons that pass
through a smaller section of the voxel. This enabled calcu-
lation of a path-length-weighted average-scattering angle
in each voxel, in units of milliradians.
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FIG. 3. Muon tracks projected from the top detector, with red
having a high scattering angle, orange medium, and black low.
The high scatter muon paths converge on a metal wedge, produc-
ing depth information from the muon paths. The scattering angle
of each muon that passes through any voxel was recorded, and
a path-length-weighted average was tallied for each voxel. We
used straight tracks from the top detector to keep data consistent
between imaging techniques.

The range of muon angles was limited to those that
passed through both detectors, which ignored more hori-
zontal muons and thus reduced image resolution along the
depth (z) direction between detectors when using a single
detector-object orientation. As the steel drum was rotated,
the range of observed muon angles relative to the steel
drum increased and improved position resolution along
what was previously the z axis of the steel drum. As the
detector-object orientation is relative, the steel-drum posi-
tion was fixed in the imaging voxel space in the analysis,
and the trajectories of the muons were rotated around the
steel drum accordingly. This allowed for a single voxelated
tally volume to be populated where the muon vectors were
mapped onto the fixed imaging space voxel grid.

The depth-of-field images acquired at several differ-
ent detector-object orientations were combined [35] and
expected to converge to a three-dimensional image more
quickly than traditional tomography, which is key with
sparse data scenarios.

The essential differences between imaging using the
backprojection and combined depth-of-field imaging tech-
niques may be summarized. For backprojection, prior to
the inverse Radon transform, the average scattering angle
was found for each projection axis position r and axis
angle θ , and then projected to map onto the volume voxels.
For depth-of-field imaging, this was averaged per voxel
directly in the imaging volume. In reconstructions, these
differences manifested as differences in the observed image
intensities and expected image streaking for backprojec-
tion with sparse data.

V. MULTIPLE-ORIENTATION IMAGING
RESULTS AND DISCUSSION

A. Images

Three-dimensional images based on the combined
depth-of-field technique using all 24 available detector-
object orientations are shown in Fig. 4. Image intensity
directly relates to the average scattering angle within each
voxel. In Fig. 4(a), a minimum average scatter intensity
threshold of 42 milliradians was selected by visual inspec-
tion to omit voxels outside of the steel drum that consist
of air. In Fig. 4(b), a minimum threshold of 47.5 milli-
radians was selected by visual inspection to highlight the
metal wedges. A slight deformation is seen in the side of
the steel-drum image due to muon shadowing effects from
the high-Z, high-density tungsten wedge. Expected aver-
age scattering values for different materials are discussed
below.

Figure 5 shows a coronal slice, perpendicular to the
steel-drum symmetry axis along a single value of x through
the tungsten and brass wedges, which are coplanar. This

(a)

(b)

FIG. 4. (a) 3D reconstruction of the steel-drum exterior with a
voxel threshold at 42 mrad and (b) of metal wedges with a voxel
threshold at 47.5 mrad. The left wedge is tungsten, and the right
wedge is brass.
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FIG. 5. 3D reconstruction of the steel drum with coronal slice
along a single x through tungsten and brass wedges.

two-dimensional slice was used for the tungsten- and
brass-imaging analysis in this work. There is also a lead
wedge in the steel drum at a different x position. Discussion
of this wedge is omitted for brevity but can be found in the
thesis work of author J. Valencia [36]. As mentioned, the
muon scatters along the entire path, so concrete scattering
includes effects from air and the thin steel-drum wall, and
the wedges include these along with the wedge materials.

Tomographic images that correspond to the coronal
slice in Fig. 5 were created using combined depth-of-
field and backprojection for image-quality comparisons,
and the image from simulated data using combined depth
of field is presented in Fig. 6. As a best-case simulation
reconstruction scenario, 10 million muons were utilized
for each simulated detector-object view. In the best-case
experimental reconstruction scenario based on available

FIG. 6. Simulation with combined depth of field with 24 ori-
entation views and 10 million simulated muons per orientation.
Intensity is the average scatter angle (rad) in each voxel.

(a)

(b)

FIG. 7. Image reconstructions using combined depth of field
(a) and backprojection (b) using 24 orientation views and 2.4 mil-
lion muons per orientation. Intensity is the average scatter angle
(rad) in each voxel.

data, 2.4 million muons were utilized for each experimen-
tal detector-object view, with 15° steps through 360° for
24 views, Fig. 7. In both tomographic images, the round
concrete can be seen, the tungsten wedge is very clear in
the bottom left, and the brass wedge can also be seen in
the upper right. The outer bounds of the concrete can be
discerned more clearly from the surrounding air for the
backprojection image. However, the tungsten and brass
wedges are more greatly contrasted from the surrounding
concrete in the combined depth-of-field reconstruction. For
examining metals, the combined depth-of-field results are
more favorable. Image-quality metrics were found and are
presented following the comparison images.

To study the reconstruction performance in less ideal
scenarios with sparse data, additional reconstructions were
performed on a small subset of the data.

The reconstructions in Fig. 8 were performed with two
different steel-drum rotation datasets at 0° and 90° orien-
tations and only 1 million muons per orientation, a total
of 2 million muons vs 57.6 million for Fig. 7. In the
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(a)

(b)

FIG. 8. Image reconstructions using combined depth of field
(a) and backprojection (b) using two different detector-object ori-
entations views and 1 million muons per orientation. Intensity is
the average scatter angle (rad) in each voxel.

combined depth-of-field image, the limits of the tungsten
wedge towards the bottom left are visible, and the brass
wedge still appears. For the backprojection technique,
the streaking broadens the wedges, making localization
more difficult, and the poor contrast from the surrounding
concrete makes the materials more difficult to distinguish.

In order to evaluate the quality of reconstructed images
and compare the performance between similar techniques
quantitatively, techniques common to computed tomog-
raphy (CT) image analysis were applied: quantifying the
contrast resolution and the spatial resolution. For contrast
resolution, the contrast-to-noise ratio (CNR) was used, and
for spatial resolution the image sharpness was examined
using the edge-rise distance.

B. Contrast resolution

For a particular reconstruction image, the observed
intensity distribution of each material was extracted by
isolating the relevant region in the image. Using these dis-
tributions, the average material intensity value (μ) and the
standard deviation (σ ) were extracted for each material in

TABLE I. Average intensity and standard deviation values
from experimental reconstructions created with all 24 unique
detector-object orientations, 2.4 million muons per view, as in
Fig. 7.

Backprojection Depth of field
Intensity (mrad) Intensity (mrad)

Tungsten 51.9 ± 1.7 54.8 ± 2.5
Brass 47.3 ± 0.5 48.2 ± 0.6
Concrete 46.0 ± 1.8 44.5 ± 2.4
Air 39.4 ± 0.9 38.3 ± 0.7

an image. The CNR can be calculated using

CNR = (μ1 − μ2)

σ2
, (3)

following the American College of Radiology QC guide-
lines for CT [37]. Here, μ1 is the average intensity of the
foreground material, for example, a wedge, and μ2 and
σ2 are the average intensity value and standard deviation
of the background material, for example, the surrounding
concrete. For concrete CNR evaluations, concrete was the
foreground material and air was the background material.
The μ and σ for reconstructions shown in Fig. 7 are pre-
sented below in Table I. The values shown in Table II were
extracted from Geant4 simulations of an identical slice,
Fig. 6. The values in Tables I and II are displayed graphi-
cally in Figs. 9 and 10, respectively. The uncertainty bars
shown in Fig. 9 and the following figures correspond to the
extracted standard deviation values for each material.

Masks were used to measure the voxel values only
within the wedges, and the complement mask was used
to measure the values in the concrete without the wedges.
The intensity falls off within the wedge boundaries, lead-
ing to a larger spread than solely from statistical variation.
The concrete voxels have higher values near the wedges,
leading to a larger variation for the concrete. The brass is
closer in value to the concrete than the tungsten is, so there
is less broadening and a smaller standard deviation. This
represents the width of the voxel value distribution in each
of the different regions. As an example, for 10 million sim-
ulated muons per view, over 24 views using CDOF, the

TABLE II. Average intensity and standard deviation val-
ues from simulated reconstructions created with all 24 unique
detector-object orientations, 10 million muons per view, equiva-
lent to Fig. 7.

Backprojection Depth of field
Intensity (mrad) Intensity (mrad)

Tungsten 36.4 ± 1.9 41.9 ± 3.4
Brass 30.1 ± 0.6 32.0 ± 0.9
Concrete 27.5 ± 2.8 25.3 ± 3.3
Air 14.3 ± 1.4 12.1 ± 1.2
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FIG. 9. Experimental average intensity values, uncertainties
represent the standard deviation of intensity values for a mate-
rial. Values were extracted from reconstructions using 24 unique
detector-object orientations, with 2.4 million muons per view.

scattering intensity for concrete was 25.3, with σ = 3.3.
For 100 000 simulated muons, over 24 views using CDOF,
the scattering intensity was 25.2, with σ 3.7. This shows
that even with a 100 times increased counting statistics, σ

is relatively unchanged.
The muon scatter is an integral of scatters along the

entire path, and those scatter values are noted in the voxels
along the entire muon path, leading to this edge-shadowing
effect near the boundaries between different materials. This
is not unusual; a similar smoothing is seen in raw x-ray CT

FIG. 10. Simulated average intensity values, uncertainties rep-
resent the standard deviation of intensity values for a material.
Values were extracted from reconstructions using 24 unique
detector-object orientations, with 10 million muons per view.

(a)

(b)

FIG. 11. (a) Experimental scattering distribution for muons
only traversing the air region between detectors in a single
detector-object dataset. (b) Simulated scattering distribution for
muons only traversing the air region between detectors in a single
detector-object dataset.

images. Edge filtering can be applied to reduce the shad-
owing in the image, which we avoided in the current work
to more directly compare imaging techniques.

While the trends of the intensity values shown in Tables
I and II are similar, the experimental values all have a
higher average scattering value than simulation. To under-
stand the offset in average scattering values, caused by
detector resolution limitations, we studied the differences
between simulated and experimental scattering distribu-
tions for muons traversing only air. For the plots shown
in Fig. 11, the scattering angle of muons interacting with
only air—well away from the barrel—were calculated and
plotted in a histogram. A single detector-object orienta-
tion was used to avoid increases in the average scattering
intensity, caused by muons that interact with the barrel.
The average scattering angle of muons in the experi-
mental measurement, 36.8 mrad, is significantly greater
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TABLE III. Experimental and simulated CNR values from reconstructions created with all 24 orientations, calculated using values
in Tables I and II. Experimental results used 2.4 × 106 muons per view, simulated results used 1 × 107 muons per view.

Foreground-background Expt. backprojection Sim. backprojection Expt. depth of field Sim. depth of field

Tungsten-concrete 3.3 ± 1.4 3.2 ± 1.2 4.3 ± 1.4 5.0 ± 1.4
Brass-concrete 0.7 ± 1.0 0.9 ± 1.0 1.5 ± 1.0 2.0 ± 1.0
Concrete-air 7.3 ± 2.2 9.4 ± 2.2 8.9 ± 3.6 11.0 ± 2.9

than the simulated equivalent, 5.4 mrad. This difference
can be directly attributed to the angular resolution of
the MMT system, which was reduced following several
months of exposure to the high radiation field near a loaded
spent nuclear-fuel dry-storage cask [16]. In the Decision
Sciences proprietary FPGA level signal processing, the
voltage pulse shape from the detector tubes is used to deter-
mine the position in each tube at the mm scale. Gas damage
can affect this pulse shape and the reconstructed track angle
and position assembled from several tube signals, and thus
the subsequent imaging resolution. The steel-drum mea-
surements were performed by the LANL collaborators in
2017, several years before the UNM collaborators ana-
lyzed the data, and new measurements were not possible.
With a newly gassed system, intensity and CNR values
should approach the ideal scenario that is shown in the
presented simulations.

In summary, the scattering intensity recorded in a voxel
is an average of the integrated scattering through each
muon’s entire path that intersects with that voxel. This
leads to a shadowing effect similar to what is seen in x-
ray CT. This is corrected in x-ray CT with edge filtering
in backprojection imaging, which was avoided here for
a clearer comparison between imaging techniques. The
shadowing effect leads to a range of voxel values within
a region associated with a single material that is near other
materials, which gives a bigger standard deviation of val-
ues than if we were imaging a large, single material. The
variation in each voxel due to statistics contributes only a
small amount to this standard deviation. Finally, the res-
olution of the detector broadens the recorded scattering
distribution values, raising the average scattering intensity
reported for every material. Simulations show results from
a more perfect detector, close to the possible experimental
results with new gas and updated pulse-shape calibrations
for the detector tubes.

Using the values in Tables I and II, CNR values were
calculated using Eq. (3), and the resulting values are shown
in Table III. Larger CNR values are desirable and repre-
sent a greater distinction of a particular object or material
from its surroundings. In both experimental and simu-
lated reconstructions, the combined depth-of-field tech-
nique shows greater contrast for each of the two wedges
from the concrete.

The same analysis was repeated for the sparse data
reconstructions, shown in Fig. 8, based on only two view

orientations and only one million muons per view, to see
how the performance of these techniques changes with
weaker data. The results are shown below in Table IV and
Fig. 12.

The backprojection iradon function adds values in each
voxel projected from each sinogram angle and is normal-
ized by default in that function by dividing by 180, the
number of projections for the 1°steps used in the sinogram.
For the two-orientation view, the sinogram is sparsely pop-
ulated, with only a 65.4% filling ratio between r =−17
and +17 cm, to cover the 34-cm-diameter steel drum,
so dividing by 180 over divides the voxel values. This
was corrected for by dividing backprojection voxel val-
ues by 0.654. Since 180 and 0.654 are constant divisors
applied uniformly to the two orientation backprojection
results, everything scales uniformly, and the CNR ratios
were unaffected.

CNR values from this two-view reconstruction are
shown in Table V. Visually, tungsten is still very clearly
distinguishable from surroundings using the combined
depth-of-field technique, and the difference between tung-
sten and concrete is larger than in the backprojection tech-
nique. The CNR values quantify this, with a tungsten-to-
concrete CNR of 2.9 for combined depth of field compared
with 1.3 for backprojection. This is worthwhile to note for
applications where the goal is to identify and distinguish
materials with high density and high atomic numbers from
materials with lower density and lower atomic numbers,
such as in verifying SNF cask contents. Simulated results
show a larger performance gap between the two tech-
niques. As angular resolution in the system is restored by
replacing drift tube gas, we expect performance to improve
toward the simulated results.

TABLE IV. Average intensity and standard deviation values
from experimental reconstructions created with only twp unique
detector-object orientations, and only 1 million muons per view,
as in Fig. 8.

Backprojection Depth of field
Intensity (mrad) Intensity (mrad)

Tungsten 52.3 ± 2.9 54.7 ± 3.9
Brass 51.8 ± 2.6 48.1 ± 2.7
Concrete 47.0 ± 4.1 44.5 ± 3.5
Air 34.7 ± 3.5 37.3 ± 2.5
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FIG. 12. Average intensity values, with error bars representing
the standard deviation of intensity values for a particular mate-
rial. Values were extracted from reconstructions using only two
unique detector-object orientations, with only 1 million muons
per view.

C. Spatial resolution

In x-ray-based computed tomography applications, line-
pair phantoms or gratings with different spacings are
imaged to find the spatial resolution of the system [38].
Without a grating, as in this study, the edge rise distance
can be used. This distance is found between a neighboring
low- and high-intensity region, examining the pixel dis-
tance between 10% and 90% intensity levels in the image
(e.g., Refs. [39–41]). Since the muon scatter is due to all
materials along its path, voxel intensities near high-Z and
high-density materials may be higher due to a shadowing
effect in those voxels. Within the high-Z and high-density
materials the opposite effect is seen, and the intensity drops
off near the edges. In order to compare spatial resolu-
tion, one-dimensional intensity slices were taken from the
reconstructed images and image sharpness was compared.
An example slice is taken through tungsten, but also con-
taining concrete and air, from the 24-orientation data used
in Fig. 7. Figure 13 shows the slice line in images from
both imaging modalities.

(a)

(b)

FIG. 13. Line shows the slice region used to create contrast
plots. An identical slice was selected from each analysis method.
Images used combined depth of field (a), and backprojection (b),
from Fig. 7. Intensity is average scatter angle (rad) in each voxel.

The intensity profiles are presented in Fig. 14, where
position refers to the pixel position in the z direction along
the line marked in Fig. 13. The average tungsten and
concrete values from Table I are chosen to be 1 and 0,
respectively, for easier comparison between images. As
seen in Fig. 14, there is little difference in the spatial resolu-
tion between the two reconstruction techniques. The edge
rise distance for both techniques is approximately 7 pixels
(cm) for the left boundary between concrete and the tung-
sten wedge in both techniques. On the right-side boundary

TABLE V. Experimental and simulated CNR values from reconstructions, both created with only two unique detector-object
orientations, and only 1 million muons per view, calculated using values in Table IV.

Foreground-background Expt. backprojection Sim. backprojection Expt. depth of field Sim. depth of field

Tungsten-concrete 1.3 ± 1.2 1.9 ± 1.3 2.9 ± 1.5 4.3 ± 1.4
Brass-concrete 1.2 ± 1.2 0.7 ± 1.2 1.0 ± 1.3 1.8 ± 1.1
Concrete-air 3.5 ± 1.5 5.8 ± 1.8 2.9 ± 1.7 6.9 ± 2.3
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FIG. 14. Intensity profiles for combined depth-of-field imag-
ing, and for backprojection imaging, through the line in Fig. 12.
The top of Fig. 13 is a negative position and the bottom a positive
position in this intensity profile.

between the wedge and concrete, the edge rise distance is
approximately 3 pixels (cm) for both techniques. Sparse
data-profile line values were too varied for clear analysis.

VI. CONCLUSION

Multiple-orientation experimental muon-tomography
studies were performed using a concrete filled steel drum
with tungsten, lead, and brass wedges. Data were taken at
24 different orientations in 15-degree steps, with 2.4 mil-
lion muon tracks from each orientation. The data were
agnostic as to view orientation; there is no difference in
incident muon flux or spectrum for the different views. In
this work, the steel drum was rotated while the detector
faces were kept horizontal, and the near-vertical cosmic-
ray muon flux was used. This can be applied to other view-
agnostic imaging, such as spent fuel storage casks in which
views are taken from different azimuthal angles and a
constant zenith angle, as was demonstrated in prior simula-
tion studies. This approach allowed the use of tomography
techniques that use many different angles; backprojection
using inverse Radon transform and an alternative com-
bined depth-of-field approach were investigated to pro-
duce tomography images. While simulated reconstructions
had been performed before on multiple-orientation muon
tomography, this experimental study applied a combined
depth-of-field approach.

The backprojection and combined depth-of-field
approaches showed similar spatial resolution performance
while there were ample data, 24 orientations, and 2.4
million muons per orientation. However, the combined

depth-of-field technique showed significantly better con-
trast resolution. Sparse data using fewer orientations and
muons were examined to understand the effect on image
quality with more realistic field-measurement limitations.
The combined depth-of-field technique showed a great
advantage over the backprojection technique in contrast
resolution, more easily distinguishing high-density mate-
rials from concrete.
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