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Abstract

Lingacom Ltd. develops detectors for muography — imaging us-
ing cosmic-ray muons, together with imaging algorithms and tools.
We present selected simulation results from muon imaging of cargo
containers, from a joint muon and X-ray imaging algorithm, and for
ground surveys using borehole detectors. This follows a presentation
in the “Cosmic-ray muography” meeting of the Royal Society.

1 Lingacom Ltd.

Lingacom Ltd. specializes in imaging using cosmic-ray muons. We aim to
commercialize a patented, state-of-the-art suite of detection solutions built
on our proprietary muon-based detectors, algorithms, and imaging technol-
ogy. We seek to provide our customers with unprecedented 3D imaging
capabilities for homeland security and underground mapping and to improve
the detection coverage, false-positive rates and form factors of detection sys-
tems for civil engineering, mineral exploration and homeland security. Lin-
gacom Ltd. is a privately-held Israeli company, founded in 2012 by experi-
enced information-technology executives and entrepreneurs D. Yaish and Y.
Kolkovich.

The target markets are inspection of cargo and vehicles, and underground
mapping. Cargo and vehicle inspection is geared [1] towards the detection of
special nuclear material (SNM). The inspection can occur at sea ports, border
crossings, air ports, or at sensitive sites such as nuclear power plants. Some of
the potential usages of underground mapping are in the mining industry [2],
specifically in mineral exploration, and in the field of civil engineering (see

Fig. 1).



Figure 1: Usage scenario for a bore hole detector in mapping a mineral
deposit.

Our products are gaseous-amplification ionizing-particle detectors and
imaging tools. Our detector technology can be implemented in various form
factors and spatial resolution, to fit various usage scenarios. This includes
optimizations for the rate of cosmic-ray muons (CRMs), which is much lower
than the rates encountered in particle accelerators, the environment for which
most gaseous-amplification ionizing-particle detectors were developed. Our
detector technology addresses several design and production challenges to
allow us to operate our gas detectors in sealed mode, which greatly simpli-
fies the overall system and reduces the operational costs for our customers.
Figure 2 shows the setup of a test for long-term stability of a simple detector
prototype, with some results shown in Fig. 3.

Figure 2: A simple gas detector prototype used in the stability test. Ad-
ditional fast ionizing-particle “trigger” detectors used to confirm well-timed
signals from the gas detector are located below the desk and are not visible
in this photo.

We implement our detector technology in flat detectors, as suitable for
hodoscopes, cargo imaging systems, and some mining scenarios, and in bore-
hole detectors for civil engineering applications. Prototypes of both types of
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Figure 3: The rate of confirmed triggers from the sealed gas detector of Fig. 2
as a function of time. The sudden jumps in rates are due to changes in the
location of the stability test setup and to changes in the location of the gas
detector relative to the trigger detectors.

detectors are shown in Fig. 4.

Figure 4: Lingacom detectors.

2 Detection of Shielded Nuclear Materials in
Dense Containers

Current scanning tools available at border crossing, and in particular in sea
ports where vast quantities of container pass through, are unable to detect
SNM in dense cargo. Sufficient shielding of the nuclear material, for example
by a lead sheathing or by placement within a large iron structure, lowers the
rate of emitted radiation so that simpler counting detectors do not identify
the presence of nuclear materials. Another powerful scanning tool used at
border crossing is X-ray scanning, using high-energy (e.g. 5MeV to 10 MeV)
X rays. The SNM shows up in the X-ray images as a dark impenetrable
block. However such blocks appear in a sizable fraction of containers due
to ordinary dense cargo. Lingacom Ltd.’s inspection solutions focus on such
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dense containers. Here are below we discuss containers, however the discus-
sion also holds for vehicles scanned at border crossing, entrances and exits
from sensitive sites, etc.

The basic concept of operation of the Lingacom solutions is to use an
X-ray imaging system as a primary detection system and a CRM imaging
system as a secondary detection system. Naturally other detection techniques
in current use, such as radiation portal monitors (RPMs), still have their
roles. The primary X-ray system can clear most containers, allowing for a
high throughput of the combined system. When the X-ray system encounters
a dense area in a container it passes the container to the muon system. The
container is then placed so that the dense area is in the middle of the volume
scanned by the muon system (see Fig. 5), and this part of the container is
imaged. The muon system can clear most dense containers, reducing the need
for the labor-intensive task of unpacking the container, manually inspecting
its content, and repacking it.

PRIMARY INSPECTION SECONDARY INSPECTION

Figure 5: Concept of operations — an X-ray scan serves as a primary system
and dense cargo is passed to a muon scanner serving as a secondary system.

The main components of the muon system are flat CRM detectors, which
are arranged in layers. There are two layers above the scanned cargo, which
measure the direction and location of the incoming muons, and two more
layers below the scanned cargo, which measure the exit direction and loca-
tion of the muon. From these observables, each muon’s angular and spatial
deflections are calculated. With the usual approximation [3, 4], the width of
the distribution of deflections (o) through a segment of length L is roughly
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where p is the muon’s momentum and S is the muon’s velocity in natu-
ral units!. This implies that the muon’s momentum determines the scale
with which we should interpret a muon’s scattering as “big” or “small”. As
demonstrated in Table 1, the differences in ¢ due to realistic variations in
the muon’s momentum are far larger than the differences due to the mate-
rial being traversed. The muon system includes a spectrometer, located just
below the four layers detailed above (see Fig. 6). This design is tailored to
the spatial resolution of our detectors. In particular, in the use of scattering
layers and in the optimization of the spacing between the layers. Lingacom
uses proprietary algorithms to reconstruct the muon’s momentum and for
the 3D muon imaging of the scanned volume.

Table 1: Muon scattering with (in milliradians) for selected muon momenta
— adapted from Ref. [4]

Material p=0.3GeV p=3GeV p=30GeV

Water 26.3 2.6 0.3
Concrete 48.3 4.8 0.5
Iron 119.2 11.9 1.2
Lead 211.3 21.1 2.1
Uranium 279.5 28.0 2.8

Lingacom developed a unique, proprietary imaging algorithm that uses
both the X-ray image from the primary system and the muon data from the
secondary system to reconstruct the 3D scattering density map of the scanned
volume. The algorithm is based on a physical model that captures the main
features of the correlation between muon scattering and X-ray absorption.
The potential of this algorithm is demonstrated in Fig. 7. In this test bench,
adding the X-ray data improved the signal-over-noise ratio by a factor of
~ 3, from 2.2 to 6.7.

3 Case Studies for Underground Mapping

In underground usage, muon absorption is used rather than muon scattering.
For muons of the relevant energies (0.3 GeV to ~50 GeV for civil engineering),

LOften this is further approximated by dropping the 3 term.
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Figure 6: Main components of the muon inspection system below the scanned
volume. The spectrometer comprises the scattering layers and detection
layers 5 and 6.
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Figure 7: Reconstruction results for a simulated test scenario. The image
from muon-only data is on the left; the image from the joint reconstruction
is on the right. The scanned volume containing a (40 cm)® aluminum block
in which two (5cm)® blocks of Uranium are embedded.



the small dependence of muon energy loss on the chemical composition of
the traversed material and the limited variety in chemical compositions of
rocks and soils combine so that the rate of muon absorption depends almost
entirely on the integrated mass-density (or “opacity” [5]) of the ground along
its path. As the muons slow down gradually in their passage through the
ground?, any muon that reaches the detector had a large energy earlier in
its path, and thus little scatter (as discussed above). Thus most of the
angular scatter of each muon occurs in the last few meters before reaching
the detectors (see further discussions in Ref. [5]), and results in a uniform
smearing of any image. This smearing is sufficiently small and uniform that
the angular scattering can be ignored during the imaging, and we will do so
in what follows. Thus a measurement of the CRM flux in some angular area
(e.g. an elevation angle v of 40° to 45° and an azimuthal angle ¢ of 0° to 5°)
can be translated to a measurement of the opacity in that direction.

The active area of borehole detectors is severely limited by the available
space. Thus long exposure times might be necessary to detect an irregularity
or to image the underground densities. We report here two case studies of the
required exposure times to detect ground-density anomalies using the bore-
hole detectors described above. In these case studies we use only simple per-
detector 2D images. The image for each detector is constructed by binning
the muons detected at the detector by their incoming direction. Furthermore,
some knowledge of the expected muon counts is assumed, with systematic
uncertainties equal to the statistical uncertainties in the measurement itself.

In practice, a 3D image will be formed by combining the data from sev-
eral detectors in several boreholes. Though this imaging problem is super-
ficially similar to the text book “inverse problem” for X-ray absorption in
tomography, in muography the statistical uncertainties due to the limited
CRM flux dominate, and somewhat different algorithms are useful (see Ref-
erences [6], [7], and [8] for various approaches).

The first use case is to locate a large sewer pipe. This arises when a
building site is prepared for a dig and the pipe is not found in the expected
location. We take the pipe diameter to be 1.5m, its depth to be 2m, and
allow it to be a third full with water. We take the ground density to be
1.7gem 3. The coverage provided by a pair of detectors, located 7m apart
at a depth of 5m is shows in Fig. 8.

2We use the term “ground” to refer to rocks, soils, and man-made objects present in
the underground volume being imaged.
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Figure 8: Calculated coverage areas for various exposures for the sewer pipe
use case. The shading at each location indicates the required exposure time
to detect the sewer pipe if it is centered on that location.

The second use case is to locate a large karst cavity in rock. We take
the cavity dimensions to be (25m)” and its depth to be 32.5m. We take the
rock density to be 2.3 gecm™3. The coverage provided by a borehole detector
located at a depth of 60m is shows in Fig. 9.
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Figure 9: Calculated coverage areas for various exposures for the karst use
case. The shading at each location indicates the required exposure time to
detect the cavity if it is centered on that location.
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