d scaled
paribollc ity etrics such ae iency, and
maximum voxel resolution are taken into account.

SImumlo»s were cn.ur-d in various pmgmns (ma/n/y MATLAB and Java) to generate
imple output graphic icacy

Description of Methods

Landau Vavilov Distribution Six-stage stochastic model for generating muon

+ Describes charged particie energy s

Ioss exhibited as those particles 1. Muon trajectory generation

traverse mid to high thickness 2. Muon propagation

materia 3. interaction
+ Used to approximate energy 4. Photon propagation and microcell interaction

losses exhibited by muons as they 5, Microcell behavior and preliminary signal generation

intersected the volumefric scintilalor g Triiateration algorithm and scan volume reconstruction

assembly

ot o Relativistic physics
: == Posion, veloiy, and momeniur-rergy vector
syster
Galsser's '0"'""5 + Uoronts ransformation

+ Empirical relation that « Time dilation for muon decay

e rate of muonic ux vaaton wih

respect o the energy spectra and SiPM st and behvors
zenith angle

+ Specifications of SIPM array from pro
- Used to generate random
muon events in con o ntho + Noise modelling with thermal, aﬂerpu\s\ng, ‘and optical-
proportion of the muon angular flux crosstalk tri
%o the funcion cos'(6) + Poisson distribution for thermal noise

Trilateration and tomographic imaging
Map file constructed with localized material z-values
Two-sample t-tests with variable significance
+ Describes the light emission as a thresholding

function of energy deposition 3D scan volume construction by accumulating
* Usedto approximate scintilation confidence intervals for standard deviations of all muon

ight yleld scattering exhibited per voxel
2 s,y POWer P of 0ach muon scater Gatapointis scaled wih
G UEED-F1 muon momentum

Prototype and scaled-model comparison

+° + Differences in photon behavior interior (o scintillator
and dielectric medium boundar

fumber 2, and electron density n * Algorithm to summate total photon retention

S— PDEVAYN,
— N2
M

Microcel irng Rate
SiPM beh: modeled using an
empircal formuaion o photodods
output current as a function of time
i an il phololecton nduced
valan

gl e e et s ‘Simulation of 65mm diameter Fe
disc situated on polystyrene base.
The red annotation shows the
e outline of the disc as it appears in
= the scan field. Successful muon
. tracking is more frequent towards
the center of the disc because the
likelinood of the signal coincidence
between all four sensor modules
is maximized at that position
. due to net zenith and azimuth
angle contributions from the
< empirical sea-level muon angular
distribution. The simulated time
exposure is 10,000 seconds, which

Vol 1. 0e Ao oSt 5 Dot Fo O 4 Expones

of data acquisition attributed to the
scintilator spacing.

[ Te——

¢

Single (4Ge\V] muon instance; zero zenith, zero azmuth, start

position is maximized in x, y position
‘Thermal Noise and Scintillation Signal
Comparison (without increased PDE)

2-Sample t-Test for 325MeV: 04140454519
2-Sample t-Test for 4GeV': 0000089309481

« P-value of 0.414 is sufficiently high
‘enough to fail to reject the assumption that
the signal and noise current discharge. e
distributions are equivalent at the minimally S—
fonizing level. This merits the use of a et g e s
peak-detection circuit instead of a raw ADC o
read-out setu

* Low p-value of 0.0000893 displays
evidence that we would be able to discern
between thermal noise and the muon signal
atthe mean energy level.

=

Weighing both cost and reflectiveness of the Bragg reflector surface with dielactric
dielectic coaing, it was determined that there coating on PVT scintillator substrate
would be four total layers of the dielectric coafing. * R(%) = (1-

With four layers, 83.4% of the light given off from + ne = (nh)2p+2(nsnl)2p.
the scintilator would be received by the SiPM =01

compared to <1% of the light which would have  + (Delta)
been received without incorporating a parabolic + TIO2: nh
mirtor. This miror would reflect back 90.6% of + MgF. i

the Ight iven of o the snilator, here woul - PV s
be a siight loss in light due to its attenuation
through the scintilator. . Rq%; =906%

190aresin(nh-nLnh+nL)
24

We have Soght 1o patent our novel approach Lo muon scallrng lomography wih e method
of tilateration for locating incident are cuently patent pending with a_provisional
pete, and we. pan on taking Rrther acion ‘"t ‘mear o 1o bocure’a T utity patent.

According to the Monte Carlo simulation described above which models the time effiiency of the
prototype design, a cubic milmeter level of voxel resolution (which corresponds to 79,375 z data
points) we can achieve at least 95% certainty of the mean muon scattering angle and 9% of the scan
ours 43 minutes and 31 seconds. This estimate takes into account that 6.23% of the.
available angular distribution of muons will intersect all 4 scintlators. For the parabolic optical cavity
design addendum, it is estimated that the analogous time  efficiency of an equivalent scan volume
and voxel resolution would be 29 minutes and 21 seconds, due to the increase in photon retention
as observed by the SIPM array to 83.4% versus a mere 0.58% in the unciadded scintilator concept

Compared to typical muon-scattering tomography devices that utiize drift chambers in a six-planar
formation, our design only requires three scintilting prismatic planes o measure muon rajectory. In
addition, the cost of large plastic scintilators is significantl less than the cost of drit tubes. For instance,
the cost of our novel design (uncladded) would be approximately 96.2% less expensive than the recent
drift tube implementation outined in Tomographic Imaging with Cosmic Ray Muons (Morris, 2008)
Specifically, for an automobile counting station sized 4m x 4m x 5m (also described in Morris, 2008),
the traditional cost of 3 milion dollars for the six drift tube planes would fall to an estimated $115,000
using solid state volumetric scintlators coupled with SIPM arrays (with uncladded scintilator design).

Parabolic_oplical cavty priing estimate resuli: For the parabolic optical cavity scintiltor cladded
with a dielectic_ coating to increase overall PDE, the pricing estimate for tho miling of the PVT is
$345, and the anticipated pricing for the appication of a MgFTIO, dielectrc coating Is $1310 for
the surface area of 28.18 cublc centimaters. The ratio of pricing between tho parabolic optical cavity
design and the uncladded cubic. design is 16.07, however the ratio of time eficiencies Is 42.53.
Therefore, the time_eficiency o cost ratio of the design addondum is 265, meaning that in any
application, 265 times as many scan volumes may be processed al an equivalent pricing base.

Applications of Muon Tomography
N nitoring
- nvy cask storage

fro
: Gapable of dotecing raoacive sources e icen under high density metal

sites

~ Woniorrock donsiysurounding CO,
-+ Scan the inside of cargo to detect possible nuclear threats
jcal surveying

+ Welding inspection



