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Abstract:

This project aims to utilize Monte Carlo simulation as a tool to study the transport of gamma radiation in
complex media. The simulation will model the behaviour of gamma photons as they propagate through a
medium and interact with its atomic and molecular constituents, considering only Compton scattering
and photoelectric effect of 1 MeV gamma photons. The Monte Carlo approach will give a thorough
knowledge of the intricate physical processes involved in gamma radiation transport by randomly
selecting a large number of particle trajectories.

1. Monte Carlo for Random Sampling
The gamma radiation interactions are inherently random, in the sense that the mechanism of
which the photon is undergoing is subject to different distributions. For example, the distance to the

next interaction, s, is subject to this distribution:
1
p(s)ds = XZe_S/}‘ds
And the scattering angle, 0, follows this complicated distribution:
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Where ok is the Klein-Nishina cross section, which has the following form:
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The problem is that we do now know how to randomly sample random points for 8, so in order to
do that, we will rely on Acceptance / Rejection method in Monte Carlo.

Suppose we want to randomly sample points according to the distribution p(x) which we do not
know how to sample from. We will use a distribution which we know how to sample from, U(x),
which is typically a uniform distribution scaled to the maximum of p(x). We will randomly sample a
point, (x;,y;), we will check whether y; falls inside the distribution, i.e., we will compute y; < p(x;),
if it is true, then we will accept the point in our random sampling, if not, we will reject it and sample a

new point (x;,1, ¥;+1)- An illustration is shown in the next figure:

Visualizing Accepted/Rejected Samples

Visualization of the Acceptance/Rejection sampling



Now, we will discuss the procedure to apply this method to radiation transport.

i.  Define the experiment setup: Specify the dimensions of the target’s geometry, material
composition, and the position and energy of the gamma source.

ii.  Obtain cross sections: From the material composition and the energy of the gamma ray, obtain
Compton and photoelectric cross sections. This can be obtained by approximating formulas or
from experiments.

iii.  Randomly sample the distance to the next interaction: Sample the distance to next interaction
according to p(s). See Figure 12.

iv.  Determine the interaction: Randomly choose the interaction by uniformly sampling a point
between (0,1) where the intervals are split in two subintervals with a length proportional to the
corresponding cross sections.

v.  If photoelectric: The photon will deposit all of its energy and disappear. Go back to (iii).

vi.  If Compton: randomly sample the scattering angle according to p(8). See Figure 12.
vii.  Update the energy: By conservation of energy and momentum, compute the new energy of the
photon. Go back to (iii).
viii.  Repeat the process: Repeat the simulation for a large number of photons to obtain statistically

significant results. By simulating a sufficient number of gamma ray photons, we can obtain
reliable statistical data on the overall behavior of gamma rays’ interactions.

2. Our Simulation Setup
2.1. Geometry to model

The Geometry of the medium that the gamma rays will originate from the axis of a cylinder
made out of water(border and within) with Constituents (Atomic Number : Fraction by Weight)
Z=1:0.111898
Z = 8:0.888102
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Overview of the cylindrical medium which the photons will travel in

Photon trajectories inside the cylinder are to be visualized.

2.2. Code and Input Parameters

Our simulation code for modeling gamma rays inside a medium is implemented in Python (see
Appendix). Python is a well-liked programming language with a reputation for clarity and simplicity,
making it the perfect option for scientific simulations. We have access to robust tools for data
analysis, visualization, and mathematical computations thanks to its broad library ecosystem. By
leveraging Python's flexibility, we can efficiently handle the simulation processes, particle tracking,



energy deposition calculations, and analyzing the results. The use of Python allows us to develop a
robust and user-friendly codebase for our gamma ray simulation project.

The photoelectric effect and Compton scattering are the dominant interactions for most practical
applications involving gamma rays. Thus, in the Python code that was used for the simulation, we
have chosen to focus on the two primary interactions: photoelectric effect and Compton scattering.

The cross sections for photoelectric effect and Compton scattering at various photon energies
were obtained from tables provided by the X-Ray Cross Sections Database (XCOM) website, and
linearly interpolated them.
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The simulation results exhibit a characteristic pattern of energy deposition within the cylindrical
medium. This behavior is in line with our expectations and aligns with the physical processes
involved. One notable observation is the presence of the "skin sparing effect” in the energy deposition
profile. This phenomenon refers to a reduced energy deposition in the outer layers of the medium,
particularly near the surface. The skin sparing effect holds significance in radiation therapy
applications, and this effect allows for more precise targeting of deeper tissues while preserving the
health of the surrounding skin.

2.3. Top View
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This observation suggests that the majority of gamma rays undergo interactions and scatter
within the medium before reaching the surface. As a result, only a limited fraction of the initial
gamma rays effectively penetrates through the entire depth of the cylinder and interact with the
surface.

2.4. Side View
Side view of material, showing photon paths
20 A
15 A
10
5 -
0 .
_5 <
_10 -
_15 -
—— Material boundaries
204 —— Gamma source

0 10 20 30 40 50 60 70 80
Side view of the cylinder showing the paths of 1000 photon.

Similarly, the side view reinforces the understanding that gamma rays undergo significant
attenuation and scattering as they travel through the medium.

2.5. Three-Dimensional View

Three-Dimensional view of the cylinder showing the path of 1000 photon.

2.6. p(s) and p(0) Distributions
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Straight distance traveled(left) and Compton scattering angle(right) distributions.

The p(s) distribution reveals that a significant number of gamma rays traveled very short
distances, typically less than 1 cm, in a straight path without undergoing significant scattering or
interaction. On the other hand, the p(0) distribution represents the probability of scattering angles
resulting from Compton scattering. The distribution shows a fair probability throughout the range of
scattering angles, indicating that gamma rays interact with the atoms or electrons of the medium at

various angles.

3. Verification

In this section, we will examine the paths of photons as they traverse through different materials and
explore the implications of material density on photon transport. Dense materials play a critical role in

determining the behavior of photons, particularly in terms of their ability to penetrate and interact with matter.
Due to the higher probability of photoelectric absorption, dense materials present a major obstacle for photons
to pass through. In contrast, photons may travel farther on their routes before substantial interactions happen
when they contact with less dense substances like air or water. The same amount of photons and energy will

be used to evaluate six different materials.: H, Li, Os, W, Pb, Ti.
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The results of our simulation align with our expectations, demonstrating the influence of material density on
photon interactions. As anticipated, denser materials exhibited a higher cross section for photoelectric absorption,
particularly at higher photon energies. This leads to a rapid loss of energy and a reduced penetration depth. Conversely, our
simulation revealed a contrasting pattern for materials with lower density, such as H gas. In H gas, photons exhibited
longer paths and traveled more freely through the material before experiencing significant interactions. This behavior is
attributed to the reduced probability of photon-electron interactions due to the sparse arrangement of atoms in less dense
materials.
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Code:

import numpy as np, matplotlib.pyplot as plt
from functools import partial
from scipy.optimize import curve_fit
from scipy.special import factorial

# Cross-sections for water (better collapsed)
Photon_Energy = []

Incoher_Scatter = []

Photoel_Absorb = []

Tot_wo_Coherent = []

data = ''"1

.000E-03
.000E-03
.000E-03
.000E-03
.000E-03
.000E-03
.000E-03
.000E-03
.000E-02
.100E-02
.200E-02
.300E-02
.400E-02
.500E-02
.600E-02
.700E-02
.800E-02
.900E-02
.000E-02
.100E-02
.200E-02
.300E-02
.400E-02
.500E-02
.600E-02
.700E-02
.800E-02
.900E-02
.000E-02
.100E-02
.200E-02
.300E-02
.400E-02
.500E-02
.600E-02
.700E-02
.800E-02
.900E-02
.000E-02
.100E-02
.200E-02
.300E-02
.400E-02
.500E-02
.600E-02
.700E-02
.800E-02
.900E-02
.000E-02
.100E-02
.200E-02
.300E-02
.400E-02
.500E-02
.600E-02
.700E-02
.800E-02
.900E-02
.000E-02
.100E-02
.200E-02
.300E-02
.400E-02

OO OOV UVNTUVTUVTUVTUVTUVTUVTUVUDRNRDRNDNDREMDNDRNDNDRADRNPPRNWWWWWWWWWWNNNNNNNNNNRRPRPRPRRPRPREPRPRPRPRPROONOUVUDNWN

.000E-03
4.184E-02
7.075E-02
9.430E-02
1.123E-01
1.259E-01
1.361E-01
1.440E-01
1.501E-01
1.550E-01
1.591E-01
1.624E-01
1.653E-01
1.678E-01
1.699E-01
1.718E-01
1.735E-01
1.749E-01
1.762E-01
1.774E-01
1.783E-01
1.792E-01
1.800E-01
1.806E-01
1.812E-01
1.817E-01
1.821E-01
1.824E-01
1.827E-01
1.829E-01
1.830E-01
1.831E-01
1.
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

832E-01

.832E-01
.832E-01
.832E-01
.831E-01
.830E-01
.829E-01
.827E-01
.826E-01
.824E-01
.822E-01
.819E-01
.817E-01
.814E-01
.812E-01
.809E-01
.806E-01
.803E-01
.800E-01
.797E-01
.794E-01
.791E-01
.787E-01
.784E-01
.781E-01
.777E-01
.774E-01
.770E-01
.767E-01
.763E-01
.760E-01
.756E-01

.319E-02
.162E+02
.919E+02
.197E+01
.192E+01
.407E+01
.499E+01
.919E+00
.875E+00
.944E+00
.664E+00
.783E+00
.160E+00
.706E+00
.369E+00
.114E+00
.174E-01
.636E-01
.417E-01
.439E-01
.646E-01
.997E-01
.461E-01
.015E-01
.640E-01
.324E-01
.055E-01
.826E-01
.628E-01
.458E-01
.309E-01
.180E-01
.067E-01
.679E-02
.802E-02
.026E-02
.336E-02
.722E-02
.172E-02
.680E-02
.237E-02
.838E-02
.478E-02
.152E-02
.856E-02
.587E-02
.341E-02
.117E-02
.913E-02
.725E-02
.553E-02
.394E-02
.248E-02
.114E-02
.990E-02
.875E-02
.768E-02
.669E-02
.578E-02
.493E-02
.413E-02
.339E-02
.270E-02
.206E-02

P RPRPRPERPREPRPREPREPENMNMNMMNNNNMNNMNNMNNNNMNMNMNNMNNMNNNMNNMNNMNNNNMNNWOVDWOWWODWOWWOWWRAEDMNDMNUDUVONOORERPREPRERPNNWUNRRENDOROD

.076E+03 4.076E+03
.162E+02
.919E+02
.207E+01
.203E+01
.419E+01
.513E+01
.006E+01
.025E+00
.099E+00
.823E+00
.946E+00
.325E+00
.874E+00
.539E+00
.286E+00
.091E+00
.385E-01
.179E-01
.213E-01
.430E-01
.789E-01
.261E-01
.821E-01
.452E-01
.141E-01
.876E-01
.650E-01
.455E-01
.286E-01
.140E-01
.012E-01
.899E-01
.800E-01
.713E-01
.635E-01
.565E-01
.502E-01
.446E-01
.395E-01
.349E-01
.308E-01
.269E-01
.235E-01
.203E-01
.173E-01
.146E-01
.121E-01
.097E-01
.076E-01
.055E-01
.037E-01
.019E-01
.002E-01
.986E-01
.972E-01
.957E-01
.944E-01
.932E-01
.920E-01
.908E-01
.897E-01
.887E-01
.877E-01



APADPMPAPDPPPPUWWWWWWWWWWWNNNNNNNNNNNRPRPRPRPRPRPRPRPRPRPRPREPRL,OOLOLOWLWOLWLWIWLOONDODOEWOO0O0 0O0WOWOWNNNNNNNNNNOTGOOOOOO

.500E-02
.600E-02
.700E-02
.800E-02
.900E-02
.000E-02
.100E-02
.200E-02
.300E-02
.400E-02
.500E-02
.600E-02
.700E-02
.800E-02
.900E-02
.000E-02
.100E-02
.200E-02
.300E-02
.400E-02
.500E-02
.600E-02
.700E-02
.800E-02
.900E-02
.00OE-02
.100E-02
.200E-02
.300E-02
.400E-02
.500E-02
.600E-02
.700E-02
.800E-02
.900E-02
.000E-01
.090E-01
.180E-01
.270E-01
.360E-01
.450E-01
.540E-01
.630E-01
.720E-01
.810E-01
.900E-01
.990E-01
.080E-01
.170E-01
.260E-01
.350E-01
.440E-01
.530E-01
.620E-01
.710E-01
.800E-01
.890E-01
.980E-01
.070E-01
.160E-01
.250E-01
.340E-01
.430E-01
.520E-01
.610E-01
.700E-01
.790E-01
.880E-01
.970E-01
.060E-01
.150E-01
.240E-01
.330E-01
.420E-01
.510E-01
.600E-01

.752E-01
.749E-01
.745E-01
.741E-01
.738E-01
.734E-01
.730E-01
.727E-01
.723E-01
.719E-01
.716E-01
.712E-01
.708E-01
.705E-01
.701E-01
.697E-01
.694E-01
.690E-01
.686E-01
.683E-01
.679E-01
.675E-01
.672E-01
.668E-01
.665E-01
.661E-01
.658E-01
.654E-01
.650E-01
.647E-01
.643E-01
.640E-01
.636E-01
.633E-01
.630E-01
.626E-01
.596E-01
.567E-01
.539E-01
.513E-01
.487E-01
.463E-01
.439E-01
.417E-01
.396E-01
.375E-01
.356E-01
.337E-01
.319E-01
.301E-01
.284E-01
.268E-01
.253E-01
.238E-01
.223E-01
.209E-01
.195E-01
.182E-01
.169E-01
.157E-01
.145E-01
.133E-01
.122E-01
.111E-01
.101E-01
.090E-01
.080E-01
.070E-01
.061E-01
.051E-01
.042E-01
.033E-01
.025E-01
.016E-01
.008E-01
.000E-01

NNMNMNNMNNMNMNNWWWWAEADMNPUUVUVOONOOUOURRRPRERRERERENNMNNWWRARAUVUOOCORERENNMNNNWWWWWWWWAEREREPEPAIUUVUVIUITOO OO ONONNNOWOWOOWWOWORRR

.146E-02
.089E-02
.037E-02
.871E-03
.406E-03
.969E-03
.559E-03
.172E-03
.808E-03
.465E-03
.141E-03
.835E-03
.546E-03
.273E-03
.015E-03
.770E-03
.538E-03
.318E-03
.109E-03
.911E-03
.723E-03
.544E-03
.374E-03
.212E-03
.058E-03
.911E-03
.771E-03
.637E-03
.510E-03
.388E-03
.272E-03
.161E-03
.054E-03
.953E-03
.856E-03
.763E-03
.080E-03
.602E-03
.259E-03
.006E-03
.161E-04
.708E-04
.578E-04
.687E-04
.976E-04
.402E-04
.934E-04
.548E-04
.228E-04
.959E-04
.733E-04
.541E-04
.377E-04
.235E-04
.113E-04
.007E-04
.141E-05
.327E-05
.611E-05
.977E-05
.414E-05
.913E-05
.465E-05
.063E-05
.701E-05
.375E-05
.080E-05
.813E-05
.569E-05
.348E-05
.146E-05
.960E-05
.791E-05
.635E-05
.491E-05
.359E-05

PRRrRRRRPRRPRRPRRPRRPRRPRRPRRPRRPRRPRRRRPRPRPRRPRPRRPRRPRRPRPRPRRPRRPRPRPRRPRPRPRRPIPRPRRREPRPRRPRPRPRPRREPRPRPRRPRPRPRPRRPRPRRPRPRRPRRPRPRRPRREPRPRRPRRPRPRPRREPRPRRRRERR

.867E-01
.858E-01
.849E-01
.840E-01
.832E-01
.824E-01
.816E-01
.808E-01
.801E-01
.794E-01
.787E-01
.780E-01
.774E-01
.767E-01
.761E-01
.755E-01
.749E-01
.743E-01
.737E-01
.732E-01
.726E-01
.721E-01
.716E-01
.710E-01
.705E-01
.700E-01
.695E-01
.690E-01
.686E-01
.681E-01
.676E-01
.672E-01
.667E-01
.663E-01
.658E-01
.654E-01
.617E-01
.583E-01
.552E-01
.523E-01
.495E-01
.470E-01
.445E-01
.422E-01
.400E-01
.379E-01
.358E-01
.339E-01
.321E-01
.303E-01
.286E-01
.270E-01
.254E-01
.239E-01
.224E-01
.210E-01
.196E-01
.183E-01
.170E-01
.158E-01
.146E-01
.134E-01
.123E-01
.112E-01
.101E-01
.091E-01
.080E-01
.071E-01
.061E-01
.052E-01
.043E-01
.034E-01
.025E-01
.017E-01
.008E-01
.000E-01



4.690E-01 9.922E-02 2.238E-05 9.924E-02
4.780E-01 9.844E-02 2.125E-05 9.847E-02
4.870E-01 9.769E-02 2.021E-05 9.771E-02
4.960E-01 9.695E-02 1.924E-05 9.697E-02
5.050E-01 9.623E-02 1.834E-05 9.624E-02
5.140E-01 9.552E-02 1.751E-05 9.553E-02
5.230E-01 9.482E-02 1.673E-05 9.484E-02
5.320E-01 9.414E-02 1.600E-05 9.416E-02
5.410E-01 9.347E-02 1.532E-05 9.349E-02
5.500E-01 9.281E-02 1.468E-05 9.283E-02
5.590E-01 9.217E-02 1.408E-05 9.219E-02
5.680E-01 9.154E-02 1.351E-05 9.155E-02
5.770E-01 9.092E-02 1.298E-05 9.094E-02
5.860E-01 9.032E-02 1.247E-05 9.033E-02
5.950E-01 8.972E-02 1.199E-05 8.973E-02
6.040E-01 8.913E-02 1.153E-05 8.915E-02
6.130E-01 8.856E-02 1.110E-05 8.857E-02
6.220E-01 8.800E-02 1.069E-05 8.801E-02
6.310E-01 8.744E-02 1.030E-05 8.745E-02
6.400E-01 8.690E-02 9.926E-06 8.691E-02
6.490E-01 8.636E-02 9.576E-06 8.637E-02
6.580E-01 8.584E-02 9.246E-06 8.585E-02
6.670E-01 8.532E-02 8.933E-06 8.533E-02
6.760E-01 8.481E-02 8.637E-06 8.482E-02
6.850E-01 8.431E-02 8.358E-06 8.432E-02
6.940E-01 8.382E-02 8.094E-06 8.383E-02
7.030E-01 8.334E-02 7.845E-06 8.334E-02
7.120E-01 8.286E-02 7.610E-06 8.287E-02
7.210E-01 8.239E-02 7.389E-06 8.240E-02
7.300E-01 8.193E-02 7.180E-06 8.194E-02
7.390E-01 8.147E-02 6.983E-06 8.148E-02
7.480E-01 8.103E-02 6.797E-06 8.103E-02
7.570E-01 8.058E-02 6.622E-06 8.059E-02
7.660E-01 8.015E-02 6.458E-06 8.016E-02
7.750E-01 7.972E-02 6.303E-06 7.973E-02
7.840E-01 7.930E-02 6.158E-06 7.930E-02
7.930E-01 7.888E-02 6.021E-06 7.889E-02
8.020E-01 7.847E-02 5.892E-06 7.848E-02
8.110E-01 7.807E-02 5.772E-06 7.807E-02
8.200E-01 7.767E-02 5.658E-06 7.767E-02
8.290E-01 7.727E-02 5.549E-06 7.728E-02
8.380E-01 7.688E-02 5.444E-06 7.689E-02
8.470E-01 7.650E-02 5.343E-06 7.651E-02
8.560E-01 7.612E-02 5.245E-06 7.613E-02
8.650E-01 7.575E-02 5.149E-06 7.575E-02
8.740E-01 7.538E-02 5.054E-06 7.538E-02
8.830E-01 7.501E-02 4.959E-06 7.502E-02
8.920E-01 7.466E-02 4.866E-06 7.466E-02
9.010E-01 7.430E-02 4.772E-06 7.430E-02
9.100E-01 7.395E-02 4.678E-06 7.395E-02
9.190E-01 7.360E-02 4.583E-06 7.361E-02
9.280E-01 7.326E-02 4.488E-06 7.326E-02
9.370E-01 7.292E-02 4.391E-06 7.293E-02
9.460E-01 7.259E-02 4.293E-06 7.259E-02
9.550E-01 7.226E-02 4.194E-06 7.226E-02
9.640E-01 7.193E-02 4.094E-06 7.193E-02
9.730E-01 7.161E-02 3.993E-06 7.161E-02
9.820E-01 7.129E-02 3.890E-06 7.129E-02
9.910E-01 7.097E-02 3.786E-06 7.098E-02
1.000E+00 7.066E-02 3.681E-06 7.066E-02 "'’

Photon_Energy = np.array([item.split()[@] for item in data.splitlines()]).astype('floate4")

Incoher_Scatter = np.array([item.split()[1] for item in data.splitlines()]).astype('float64")
Photoel_Absorb = np.array([item.split()[2] for item in data.splitlines()]).astype('float64")
Tot_wo_Coherent = np.array([item.split()[3] for item in data.splitlines()]).astype('float64")

sigma_pe = lambda x: np.interp(x, Photon_Energy, Photoel_Absorb)
sigma_c = lambda x: np.interp(x, Photon_Energy, Incoher_Scatter)

# Simulation parameters
params={
'E':1/.51, # 1initial energy of photon per electron rest energy
'z':80, # depth cm
's':20, # radius cm
'N':2000, # number of photons



# Monte Carlo simulation (acceptance-rejection method)

def monte_carlos(p,x_min=0,x_max=1,p_max=1):
trial=(np.random.uniform(x_min,x_max),np.random.uniform(0,p_max))
while trial[1]>p(trial[@]):trial=(np.random.uniform(x_min,x_max),np.random.uniform(0,p_max

))

return trial[0]

# p(s) and p(theta) for acceptance-rejection method
p_s=lambda s: np.exp(-s)/(1-np.exp(-s_max))
p_theta=lambda q,g=1:(np.sin(q)/2/(1+g*(1-np.cos(q)))**2*(1+np.cos(q)**2+g**2*(1-np.cos(q))**2
/(1+g*(1-np.cos(q)))))\

/((1+g)/g**2*(2*(1+g)/(1+2*g) -np.log(1+2*g)/g)+np.log(1+2*g)/2/g- (1+3*g)/(1+2*g)**2)
s_max=np.sqrt(params['z']**2+params['s"']**2/4) # for cylinder

# Conditions for photon 1in or out of medium
def in_cylinder(v,s,h):

mon

Checks 1if a point is in a cylinder of radius s and height h.

v: vector
s: radius
h: height
X,Y,Z=V

r=np.sqrt(x**2+y**2)
boolean=True

if z>h or z<0: boolean=False
if r>s: boolean=False

return boolean

# Generate a sample of 1000 values using the Monte Carlo method
sample_s = [monte_carlos(p_s, 0, 10) for _ in range(1000)]

# Define a grid of x-values for plotting p(s)
X = np.linspace(0, 10, 10000)

# Plot the histogram and p(s) on the same plot

plt.hist(sample_s, bins=40, density=True, label='Monte Carlo Sampling', histtype='step', color
='k")

plt.gcf().set_size_inches(8, 6)

plt.gcf().dpi = 500

plt.plot(x, p_s(x), label="p(s)',c="r")

plt.legend()

plt.show()

# Generate a sample of 1000 values using the Monte Carlo method
sample_theta = [monte_carlos(p_theta, 0, np.pi) for _ in range(10000)]

# Define a grid of x-values for plotting p(s)
X = np.linspace(® , np.pi, 10000)

# Plot the histogram and p(s) on the same plot

plt.hist(sample_theta, bins=40, density=True, label='Monte Carlo Sampling', histtype='step', c
olor="k")

plt.plot(x, p_theta(x), label="p(0)',c="r")

plt.gcf().set_size_inches(8, 6)

plt.gcf().dpi = 500

plt.legend()

plt.show()

# Main algorithm
def path():

depositions=[]

E = [params['E']]

theta, phi=[np.random.uniform(@,np.pi)],[np.random.uniform(0,2*np.pi)]

# x=[np.array([0.2*params['s " ]*np.cos(np.random.uniform(@, 2*np.pi)),0.2*params['s’']J*np.si
n(np.random.uniform(@, 2*np.pi)),0])]

x=[np.array([0,0,np.random.uniform(0,params['z"'])])]

s=[monte_carlos(p_s,x_max=params['z'],p_max=p_s(0))]

x.append(x[-1]+s[-1]*np.array([np.sin(theta[-1])*np.cos(phi[-1]),np.sin(theta[-1])*np.sin(
phi[-1]),np.cos(thetal[-1])]))

while in_cylinder(x[-1],params['s'],params['z"']):

choice=np.random.choice(['compton', 'photoelectric'],p=[sigma_c(E[-1]*0.51)/(sigma_c(E[

-1]*0.51)+sigma_pe(E[-1]*0.51)),sigma_pe(E[-1]*0.51)/(sigma_c(E[-1]*0.51)+sigma_pe(E[-1]*0.51)
D

if choice=="compton':



# Scattering direction

sc_phi=np.random.uniform(0,2*np.pi)

sc_theta=monte_carlos(partial(p_theta,g=E[-1]),0,np.pi,p_max=np.max(p_theta(np.lin
space(0,np.pi,10000),E[-1])))

# Compotn scattering

E.append(E[-1]/(1+E[-1]*(1-np.cos(sc_theta))))

# New interaction point

s.append(monte_carlos(p_s,x_max=params['z"'],p_max=p_s(0)))

theta.append(np.arccos(np.cos(theta[-1])*np.cos(sc_theta)+np.sin(theta[-1])*np.sin
(sc_theta)*np.cos(sc_phi)))

phi.append(phi[-1]+np.arcsin(np.sin(sc_theta)*np.sin(sc_phi)/np.sin(theta[-1])))

x.append(x[-1]+s[-1]*np.array([np.sin(theta[-1])*np.cos(phi[-1]),np.sin(theta[-1])
*np.sin(phi[-1]),np.cos(theta[-1])]1))

depositions.append(E[-2]-E[-1])

else:
E.append(0)
depositions.append(E[-2]-E[-1])

return {
'E':E,
'depositions':depositions,
's':s,
'x'ix
}
x.pop(-1)
return {
'"E':E,
'depositions':depositions,
's':s,
'x'ix

# Run simulation
gammas=[path() for _ in range(params['N'])]

# Show 3D setup

# Define the larger cylinder coordinates
z = np.linspace(9, 80, 50)

theta = np.linspace(@, 2*np.pi, 50)

z, theta = np.meshgrid(z, theta)

r = 20

X = r*np.cos(theta)

y = r¥*np.sin(theta)

# Define the smaller cylinder coordinates

z_small = np.linspace(@, 80, 50)

theta_small = np.linspace(@, 2*np.pi, 50)

z_small, theta_small = np.meshgrid(z_small, theta_small)
r_small = 1

x_small = r_small*np.cos(theta_small)

y_small = r_small*np.sin(theta_small)

paths=[(np.array(gamma[ 'x'])[:,0],np.array(gammal[ ‘x"])[:,1],np.array(gammal 'x"'])[:,2]) for gam
ma in gammas]

fig=plt.figure(figsize=(8,6),tight_layout=True)

ax=fig.add_subplot(1,1,1,projection ="'3d")

# Create the 3D plot

ax.plot_surface(x, y, z, alpha=0.45)

# ax.plot_surface(x_small, y small, z small, alpha=0.7)
for path in paths: ax.plot3D(path[0],path[1],path[2])
# Set the axis labels and Limits

ax.set_xlabel('X")

ax.set_ylabel('Y")

ax.set_zlabel('Z")

ax.set_xlim(-30, 30)

ax.set_ylim(-30, 30)

ax.set_zlim(@, 80)

# Show the plot
plt.gcf().set_size_inches(8, 6)
plt.gcf().dpi = 500
plt.title('3D plot of the setup')
plt.show()

# Plot top view of material
paths=[(np.array(gamma['x'])[:,0],np.array(gammal 'x"])[:,1]) for gamma in gammas]



fig=plt.figure(figsize=(8,6),tight_layout=True,facecolor="w")
ax=fig.add_subplot(1,1,1,aspect="equal’)

for path in paths: ax.plot(path[@],path[1])
x=np.linspace(-params['s"'],params['s"'],500)
y=np.sqrt(params['s"']**2-x**2)

ax.plot(x,y,'b', label="Material boundaries")
ax.plot(x,-y,'b")

ax.plot(9,0, 'ko"', label='Gamma source')
plt.gcf().set_size_inches(8, 6)

plt.gcf().dpi = 500

plt.legend()

plt.title('Top view of material, showing photon paths')
plt.show()

points=[(np.array(gamma[ ‘'x"'])[-1,0],np.array(gammal 'x'])[-1,1]) for gamma in gammas]
fig=plt.figure(figsize=(8,6),tight_layout=True,facecolor="w")
ax=fig.add_subplot(1,1,1,aspect="equal")

for point in points: ax.plot(point[@],point[1],'0")
x=np.linspace(-params['s"'],params['s"'],500)
y=np.sqrt(params['s"']**2-x**2)

ax.plot(x,y,'b', label="Material boundaries"')

ax.plot(x,-y,'b")

ax.plot(0,0, 'ko', label='Gamma source')

plt.gcf().set_size inches(8, 6)

plt.gcf().dpi = 500

plt.title('Top view of material, where the photon were fully absorbed')
plt.legend()

plt.show()

# Plot side view of material

paths=[(np.array(gamma[ 'x"])[:,0],np.array(gamma[ 'x'])[:,2]) for gamma in gammas]
fig=plt.figure(figsize=(8,6),tight_layout=True,facecolor="w")
ax=fig.add_subplot(1,1,1,aspect="equal")

for path in paths: ax.plot(path[1],path[@])

ax.set_xlim(-1,params['z"']+1)

ax.set_ylim(-params['s']-1,params['s"']+1)
ax.plot([@,params['z"']],[params['s"'],params['s']],'b", label="Material boundaries')
ax.plot([@,params['z"']],[-params['s'],-params['s"']],'b")
ax.plot([@,params['z"']],[0,0], 'k', label='Gamma source"')

ax.plot([params['z'],params['z"']],[-params['s'],params['s"']],'b")
ax.plot([0,0],[-params['s'],params['s"]],'b")

plt.title('Side view of material, showing photon paths')
plt.legend()

plt.gcf().set_size_inches(8, 6)

plt.gcf().dpi = 500

plt.show()

# Create a plot of the histogram with the fitted curves
def gaussian(x, mean, amplitude, standard_deviation):
return amplitude * np.exp( - (x - mean)**2 / (2*standard_deviation ** 2))
def poisson(x, mean, amplitude):
return amplitude * np.exp(-mean) * mean**x / factorial(x, exact=False)
# Define the z range for the histogram
# Extracting Energy deposition
# Initialize the arrays for energy depositions and x, y, z coordinates

E, x, ¥, z =[], [1, [1, []

# Populate the arrays by Llooping over the gammas
for gamma in gammas:
E.extend(np.array(gamma[ 'depositions']))
x.extend(np.array(gamma[ 'x"'])[1:, 9])
y.extend(np.array(gamma[ 'x"'])[1:, 1])
z.extend(np.array(gamma[ 'x'])[1:, 2])

Convert the arrays to numpy arrays

= np.array(E)

np.array(x)

= np.array(y)

= np.array(z)

pt = np.sqrt(x**2 + y**2)

pt_min = ©

pt_max = params['s']

pt_bins = np.linspace(pt_min, pt_max + 1,len(pt)+1)
bins= 80

# Calculate the total energy deposition for each z bin

N < X m #
1



E_avg = []

for i in range(len(pt_bins) - 1):
mask = (pt >= pt_bins[i]) & (pt < pt_bins[i+1])
E_bin = E[mask]
E_bin_avg = np.mean(E_bin) if len(E_bin) > 0 else ©
E_avg.append(E_bin_avg)

E_avg = np.array(E_avg)/params['N']

bin_heights, bin_borders = np.histogram(pt, weights=E_avg, bins=bins,density=True)

bin_widths = np.diff(bin_borders)

bin_centers = bin_borders[:-1] + bin_widths / 2

popt_gaussian, _ = curve_fit(gaussian, bin_centers, bin_heights)

x_interval_for_fit = np.linspace(bin_borders[0], bin_borders[-1], 10000)

fig = plt.figure(facecolor="w", figsize=(8,6), tight_layout=True)

plt.hist(pt, weights=E_avg, histtype='step', color="k', bins=bins, label='Histogram',density=T
rue)

plt.xlabel('Radial Distance from Beam Axis (cm)"')

plt.ylabel('Average Energy Deposited per Photon (MeV)')

plt.title('Average Energy Deposition')

plt.plot(x_interval for_fit, gaussian(x_interval for_fit, *popt_gaussian),label="Gaussian fit'
, c="red")

plt.legend()

plt.xlim(pt.min(), pt.max())

plt.gcf().set_size_inches(8, 6)

plt.gcf().dpi = 500

plt.show()



