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OBJECTIVE

The primary objective of my work in Fall 2009 was to simulate a muon tomography station (MTS) capable of being built and tested by early 2010. The GEANT4 simulations of the MTS are used to determine whether or not the station can detect a cube of tungsten of certain dimensions. The results of these simulations will be compared to actual data from the MTS prototype under construction, thus validating or invalidating our method of simulating muon tomography.
SCENARIOS TESTED

The following figure shows the general setup of and nomenclature for an MTS station.


We have at least four 30x30 cm2 triple GEM detectors—the minimum needed for using the POCA algorithm to reconstruct targets—at our disposal to construct our first MTS prototype. However, due to limited electronic readout equipment, we will not be able to employ the entire 30x30 cm2 area of each GEM detector for our tests. We will only be able to readout 5x5 cm2 or, at best, 10x10 cm2. See Lenny Grasso’s paper Designs for a Muon Tomography Station Prototype and Amilkar Quintero’s paper Assembly 30 cm x 30 cm Gem detectors for technical details related to the design and construction of the prototype MTS station.

Various configurations of the MTS station were simulated using the GEANT4 package. The following effective readout areas were simulated: 5x5 cm2, 10x10 cm2, and 30x30 cm2 . Cubes of tungsten of different sizes were placed in the MTS volumes near the center of the volume. Initially, lead was tested instead of tungsten; however, tungsten was decided upon as the primary material to test due to its higher density (versus the higher Z value of lead). The cubes were varied in size as shown in the following table.
	MTV [cm3]
	Side Length of Tungsten Cube [cm]

	5x5x5
	1, 1.5

	10x10x10
	1, 2, 3, 4

	30x30x30
	1, 2, 3, 4


The various sizes of targets tested allow us to determine the lower limits of an MTS’s ability to detect a small object. Targets smaller than 1x1x1 cm3 in the 5x5x5 cm3 detector were not simulated because testing smaller targets in reality will be impractical and unnecessary.

The targets rest on a 1 cm thick aluminum platform configured in the MTV such that the center of the target is as near the center of the MTV as possible, abiding the restrictions outlined in the papers cited earlier, particularly in Grasso’s paper.

Each scenario is exposed to a flux of natural muons created by the CRY package for an equivalent of 24 hours with a 1x1 m2 CRY plane (1.44x107 events) resting just above the MTS.
RESULTS AND DISCUSSION
Verification of small scale simulations


Before running any simulations of small scale detectors, the first step was to evaluate the ability of GEANT4 to accurately model these small situations. The proposed problem GEANT4 may have had with modeling small scale scenarios is the inherent minimum step length. If the minimum step length is larger than the voxel size for coverage plots, then a muon may not be evaluated in some voxels. See the diagram below for clarification of this concept.
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If this problem were, indeed, a concern, then one would expect to see a negative trend of total muons counted per MTV plotted against increasing maximum step length. In fact, we see no trend at all as shown in the following graph.
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The above graph clearly indicates that the trend anticipated for the problem with the GEANT4 utility is clearly not present. Hence, this muon counting method is not a problem with GEANT4 simulations on this scale.
5x5x5 cm3 MTV
POCA reconstruction (mean scattering angle [degrees]) with 5x5x5 mm3 voxels for a 1x1x1 cm3 tungsten target centered at (0,0,0). 10 ≤ z ≤ 15.
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As one can see, the target is clearly visible in the center of the reconstruction. However, there are a few voxels with high mean scattering angles—for instance, (-12.5, 12.5). This is due to the relatively low statistics available per voxel. Low statistics are due to the small size of the MTS. So, a single large mean scattering angle in any one voxel can have a large effect on the mean scattering angle for that voxel. This is a problem for all MTSs of this size order. Note that the mean scattering angle per voxel color code is suppressed to 10°. This will be the case for all plots presented in this paper. Suppressing the voxel size even smaller does not help this situation. The following is a graph of the same scenario above, but reconstructed with 2x2x2 mm3 voxels.
POCA reconstruction (mean scattering angle [degrees]) with 2x2x2 mm3 voxels for a 1x1x1 cm3 tungsten target centered at (0,0,0). 11 ≤ z ≤ 13.
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From the above plot, one can see that reconstruction with 2x2x2 mm3 voxels is not useful at these scales with these statistics. Therefore, the remaining POCA plots presented in this paper are reconstructed with 5x5x5 mm3 voxels. Also note that the POCA reconstructions presented are using the mean scattering anger per voxel in degrees, not the lambda value. All POCA plots in this paper will abide this convention.
POCA reconstruction for a 1.5x1.5x1.5 cm3 tungsten target centered at (0,0,0). 10 ≤ z ≤ 15.
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The above plot is a rational progression from the 1x1x1 cm3 target reconstruction:  the target appears larger. We still see, however, the erroneous voxels with unrealistic mean scattering angles. These artifacts, unfortunately, seem be a permanent fixture of POCA reconstructions for detectors on this scale.

Before the coverage plots are presented, the following diagram will provide a refresher (and possibly useful graphic) for the meaning of coverage in this context. The usefulness of plotting coverage is in its ability to indicate where in the MTV the most accurate reconstructions can be made. The more accurate reconstructions are due to the more useful muons which pass through any unit volume and therefore the more possible POCA points in that volume.
Coverage concept. This is the y-z plane of an MTS.
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Left: Coverage (scale is events per voxel) with 2x2x2 mm3 voxels and -1≤ z ≤ 1.
Right: Coverage (scale is events per voxel) with 5x5x5mm3 voxels and 0 ≤ z ≤ 5.
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The above coverage plots indicate exactly what we expect from any coverage plot: a concentrated, circular center. One can see that coverage plots have sufficient statistics after 24 hours exposure to display using 2x2x2 mm3 voxels. However, for consistency, the 5x5x5 mm3 voxels version is also presented. Note the change in the scale from 60 muons per voxel to 300.

For the remainder of the detector sizes, the results are presented with little comment. The results follow naturally from the data already seen and discussed.
10x10x10 cm3 MTV
Clockwise: POCA reconstructions for 1x1x1, 2x2x2, 3x3x3, and 4x4x4 cm3 tungsten targets roughly centered in the MTV.
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One can see that the larger the target, the easier it is to spot in the reconstruction, exactly as expected. We can tell that the 1x1x1 cm3 target is barely visible, but the 2x2x2 cm3 target is noticeably visible; the lower limit of the detector’s ability has been established. Furthermore, single, isolated voxels with abnormally high mean scattering angles are mitigated. This is due to the increased statistics thanks to the larger MTS.
Left: Coverage (scale is events per voxel) with 2x2x2 mm3 voxels and -1≤ z ≤ 1.
Right: Coverage (scale is events per voxel) with 5x5x5mm3 voxels and 0 ≤ z ≤ 5.
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The coverage plots are exactly what one would expect: well defined centers and more clear and complete than the coverage plots for the 5x5 cm2 detector.

30x30x10 cm3 MTV
Clockwise: POCA reconstructions for 1x1x1, 2x2x2, 3x3x3, and 4x4x4 cm3 tungsten targets roughly centered in the MTV.
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The results from this detector are logical progressions from the 10x10 cm2 detector. However, one will notice the appearance of much redder (higher mean scattering angle) voxels appearing within the targets.
Left: Coverage (scale is events per voxel) with 5x5x5 mm3 voxels and -1≤ z ≤ 1.
Right: Coverage (scale is events per voxel) with 10x10x10mm3 voxels and 0 ≤ z ≤ 5.
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One will notice that the coverage plots for this detector do not include a set with 

2x2x2 mm3 voxels. The reason such a set is not included is the large amount of time required for processing the data and producing plots thereof. Furthermore, coverage plots of comparatively small voxels to the MTV provide very little useful information.

FUTURE WORK
PVC scenario

A PVC platform is now available to take the place of the aluminum target platform. Simulations using this PVC platform will be run and the results compared to the aluminum platform results. Better resolution and less noise are expected.

Larger voxels

The small scale simulations currently use small voxel sizes: 2x2x2 mm3 and 5x5x5 mm3. However, the scenarios we traditionally simulate have much larger voxel sizes: 1x1x1 cm3 through 10x10x10 cm3. Analyzing a small scale simulation with 1x1x1 cm3 voxels will give a one to one comparison with larger simulations.
Compare real world data with simulations


This is the most exciting part of this research! Soon, actual data from the detectors being constructed will be available. This data will have to be analyzed and compared with simulation data. This analysis and comparison will be useful in planning future hardware construction and validating GEANT4 simulations of all current and future hardware. This task will be the primary one for the Spring 2010 semester.
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