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Abstract26

This report presents the GEANT4 simulation studies of exploiting the cosmic-ray muons to27

image special nuclear materials like Uranium and the construction and characterization of the28

glass Resistive Plate Chambers (RPC) for the portable muon imaging telescope, which will be29

used for societal applications.30

In the previous semester, the Point of Closest Approach (POCA) algorithm was used to re-31

construct the image of a Lead block. The medium and high Z (Z = atomic number) materials32

were able to be distinguished using the muon scattering angle distributions. In this semester,33

the image reconstruction is improved using the Binned Clustering Algorithm (BCA) to image34

different Z materials simultaneously.35

36

In the previous semester, a Resistance Plate Chamber (RPC) of size 200 × 200 × 2mm3 was37

built and a Printed Circuit Board (PCB) based read-out panel was developed. A comprehensive38

characterization studies are conducted on this RPC, including the measurement of efficiency,39

charge collection, and time resolution for various gas compositions. Another RPC of size 20040

× 200 ×2 mm3 and a PCB-based read-out panel is developed for the muon telescope.41
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Chapter 177

Summary of the 9th semester project78

1.1 Muography79

Cosmic rays are high-energy particles originating from various astrophysical sources [1]. These80

particles enter the Earth’s upper atmosphere and collide with the atmospheric nuclei, producing81

hadrons like Pions and Kaons. The dominant decay modes of these hadrons produce naturally82

abundant muons at sea level. When muons pass through a given material, they lose their energy83

due to inelastic collisions with atomic electrons and deflect from their incident direction due84

to elastic scattering from nuclei. Muons have very high penetration capabilities since they are85

least likely to interact with the matter. Muography is an imaging technique that relies on the86

interaction of cosmic-ray muons with the object of interest.87

1.1.1 Muon scattering tomography88

Muon Scattering Tomography (MST) relies on the elastic multiple coulomb scattering of muons89

within a target material. As a muon traverses matter, it scatters multiple times, causing the90

outgoing angle to differ from the incoming angle. Charged particles typically follow a Rutherford91

scattering distribution [2], but the difference in angles, ∆θ (θout−θin), approximates a Gaussian92

distribution due to multiple scatterings.93

σ(θ) =
z · 13.6MeV

pβc

√
x

X0

[
1 + 0.038 · ln

(
x

X0

)]
(1.1) X0 =

[
A · 716.4 g cm−2

Z(Z + 1) ln(287/
√
Z)

] [
1

ρ

]
(1.2)

The standard deviation of the distribution, shown in Equation 1.1, is determined by the94

muon’s momentum (p) and velocity (βc), its charge (z = 1), and the target’s thickness (x) and95

radiation length (X0). The radiation length is the mean distance over which an electron loses96

all 1/e of its energy as given in Equation 1.2. Due to its ρ · Z2 dependence, Muon scattering97

tomography is sensitive to dense, high atomic number objects. It is used in nuclear safety,98

security, and transport controls to detect illicit or hazardous materials. Here, ρ,A and Z99

represent the material’s density, atomic mass, and atomic number.100

1.2 GEANT4 simulation and POCA algorithm101

• Muon telescope simulated with GEANT4 [3] see Figure 1.1. Cosmic ray muons102

generated with EcoMug [4]. Studied the spatial resolution as a function of distance103
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between the set of detectors. Differentiated materials using cosmic muon scattering104

tomography. The materials studied included Lead, Uranium, Iron, and Aluminium105

cubic blocks.106

• The Point of Closest Approach (POCA) algorithm, detailed in appendix (A.1), finds the107

shortest distance between two non-intersecting tracks as shown in Appendix Figure A.1108

in 3D space. The implementation in C was sourced from [5]109

• Obtained a POCA image of a 100× 100× 100 mm3 Lead block.110

Fig. 1.1: Muoscope geometry developed in
GEANT4 [3]. D1 and D2 are referred to as inner
detectors.
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Fig. 1.2: A 100× 100× 100 mm3 Lead block
2D image is reconstructed using POCA.

• Developed a 200× 200 mm3 Resistive Plate Chamber (RPC) and a Printed Circuit111

Board (PCB) copper strips readout panel. A detailed procedure is given in112

appendix B.2 and C.3.113

(a) (b)

Fig. 1.3: (a) A glass RPC of size 200× 200 mm3. (b) A PCB based copper strips readout panel.

Figure 1.3 shows the developed glass RPC and a copper strips readout panel for reading the114

signals from RPC.115
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Chapter 2116

Simulations: Improvement in the117

imaging algorithm118

Acceptance of the muon tracks on the telescope is studied as a function of the distance between119

the inner detectors of the telescope as shown in Figure 1.1. The Point of closest approach120

(POCA) algorithm was used in the last semester to image the Lead block of dimensions 100×121

100 × 100 mm3 and was able to differentiate medium and high Z materials using the muon122

scattering angles in the materials. The POCA algorithm was not efficient in resolving the123

edges correctly and imaging multiple materials simultaneously. Improvements have been made124

to the image reconstruction algorithm to address these two issues.125

2.1 Acceptance of the muon telescope126

The acceptance of the muon telescope is defined as the fraction of muons that pass through127

the telescope. It is calculated using the following formula:128

Acceptance =
Number of muons passing through all four layers

Total number of muons generated
. (2.1)

The angular resolution of the muon telescope is defined as the minimum angle that the129

telescope can resolve. It is calculated using the following formula:130

Angular Resolution (σ) =
∆x (strip width)

Distance between the detectors (W)
(2.2)

Fig. 2.1: Schematic to show the calculation of angular resolution (σ) [6] as a function of strip
width and the distance between the detectors (D1 and D2) as shown in Figure 1.1.
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Distance (w)(mm) Acceptance(%) Angular Resolution σ (rad)

200 12.38 0.045

250 10.22 0.036

300 8.37 0.030

350 6.90 0.026

400 5.73 0.022

450 5.19 0.020

500 4.52 0.018

550 3.9 0.016

600 3.6 0.015

Table 2.1: Acceptance and angular resolution of muon telescope as a function of the distance
between the D1 and D2 as shown in Figure 1.1.

Fig. 2.2: Acceptance of the muon telescope on the red axis and inverse of the angular resolution
on the blue axis.

In Figure 2.2, the acceptance of the muon telescope and angular resolution are plotted as a131

function of the distance between the inner detectors. The best trade-off has been made132

between the acceptance and the angular resolution at an optimum distance = 34.5 mm133

between the inner detectors as shown in Figure 1.1.134

2.2 Improvements in the imaging algorithm135

POCA is a simple algorithm that approximates the scattering point inside the material. The136

algorithm is based on the assumption that the muon scatters only once inside the material. It137

finds the mutual closest approach point of the muon incoming and outgoing tracks. But the138

presence of detector materials, like glass, acrylic, etc., gives false scattering points. To account139

for this issue, the following steps are implemented to improve the reconstruction algorithm:140

2.2.1 Scattering angle cut141

• The algorithm is modified to consider the only specific range of scattering angle (∆θ) i.e142

∆θmin < ∆θ < ∆θmax . This range is chosen because the low-momentum muons are143

5



more likely to scatter multiple times and effectively have a larger scattering angle. On144

the other hand, larger momentum muons are less likely to scatter multiple times and145

have a smaller scattering angle. The following are the possible outcomes of the146

scattering angle:147

1. If the scattering angle is small: (a) the point of interaction is a low-dense material148

or (b) muon has high momentum.149

2. If the scattering angle is large: (a) the point of interaction is a highly dense150

material or (b) muon has low momentum.151

• To find the contribution of low-momentum muons in the scattering angle, a simulation152

is run without acrylic boxes and with acrylic boxes.153

The scattering angle distribution without and with acrylic boxes, respectively, is shown in154

Figure 2.3. The scattering angle distribution with acrylic boxes is more spread out, indicating155

the contribution of low-momentum muons in the scattering angle. For imaging the target a cut156

on the scattering angle is applied, which is obtained from the GEANT4 simulation. Only those157

POCA points are considered which have scattering angles less than θmax cut given according158

to Figure 2.3a. In addition, the muon telescope has an acceptance of ≈ 7%, in which a low159

zenith angle having low momentum [7] muon tracks are accepted. Which leads to the larger160

spread of scattering angle distribution.161

(a) Without Acrylic boxes (b) With Acrylic boxes

Fig. 2.3: Comparison of scattering angle distribution without and with acrylic boxes.

2.2.2 Voxelization of the 3D space162

• The 3D space between the inner detectors as shown in Figure 1.1; is divided into small163

cubes (1000 mm3) called voxels as shown in Figure 2.4a.164

• The POCA (x,y,z) points and corresponding scattering angles are stored in each voxel.165

• Weight of each voxel is calculated using the POCA points and scattering angles166

according to Equation 2.5.167

There are various methods to calculate the weight of each voxel i.e., the mean of POCA168

points, RMS of scattering angles, etc. However, in this study Binned Clustering169

Algorithm is used to compute the weight of each voxel.170
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(a) (b)

Fig. 2.4: (a) A 3D grid of size 160× 160× 340 mm3 is formed, comprising 8704 voxels each
with dimensions of 1000 mm3. (b) A voxel of size 1000 mm3 containing POCA points.

2.3 Binned Clustering Algorithm (BCA)171

The Binned Clustering Algorithm (BCA) [8] is a method to calculate the weight of each voxel.172

The decision-making algorithm identifies the spatial clustering of muons that pass through173

high-Z target material. It breaks down the volume of interest into cubic voxels, sized to detect174

the intended targets. Forthr target of a Lead block with dimensions 100 × 100 × 100mm3, a175

Volume of Interest (VOI) of 160 × 160 × 340 mm3 is chosen. The algorithm then computes a176

’weighted clusteredness’ value for each voxel. For each pair of muon tracks with scatter vertices177

vi, vj located within the same voxel, the algorithm calculates a metric distance mij as shown178

in Equation 2.3.179

mij = ∥vi − vj∥. (2.3)

This metric distance is then weighted by dividing it by the product of the scattering angles180

of the muons:181

m̃ij =
mij

θi · θj
(2.4)

where θi is the scatter angle of muon i. The median of these logarithmic values pf metric is182

then computed and used as the voxel’s final score.183

Score = Median(ln(m̃ij)) (2.5)

This score will weight each voxel. Let’s understand the algorithm with the help of an example.184

Suppose in the region of interest, there are many POCA points. The algorithm will cluster185

all the POCA points based on the distance between them, which means high-Z material will186

have more POCA points clustered together. Which makes metric distance small. In addition187

to that, the algorithm will also consider the scattering angle of the muons. if the scattering188

angle is high, then the material is high-Z, further decreasing the score value see Equation 2.5.189

A lower score value is indicative of a material with a higher atomic number (Z) and density.190

7



2.3.1 Parametrizing the accuracy of the BCA algorithm191

For quantifying the accuracy of the BCA algorithm, A reference 2D histogram is created, which192

has bins of size 100mm2. Which contains the lowest score value (of reconstructed image) of each193

voxel in histogram bins numbered from x= 3 to 13 and y= 3 to 13. it mimics the 100×100×100194

mm3. The Lead block and the rest of the bins are filled with 1 (highest value). The difference195

between the reference histogram and the reconstructed histogram is calculated, which will be196

used as an error. The error is calculated using the following method:197

# Assume true_hist and recon_hist are 2D arrays of size 16x16 representing the198

reference and reconstructed histograms respectively.199

# Calculate the difference between the two histograms to get the error matrix.200

error_matrix = (true_hist - recon_hist)^2201

# Calculate the mean of the error matrix to get the final error.202

final_error = np.mean(error_matrix).203

Fig. 2.5: True histogram of a 100 mm3 Lead block.

(a) POCA (b) BCA

Fig. 2.6: (a) A 100× 100× 100 mm3 Lead block histogram using POCA algorithm (Error =
0.122) and (b) histogram with Binned Clustering Algorithm (Error = 0.002).
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NOTE: In Figure 2.6 It is important to note that the color bars for both histograms are204

not identical. In the case of POCA, the color bar represents the number of POCA points205

(normalized) in each bin. Conversely, for BCA, the color bar indicates the normalized score as206

shown in Equation 2.5.207

2.3.2 Input Parameters for BCA algorithm208

The following are the input parameters for the BCA algorithm:209

‘n_max_per_vox:int‘ - Maximum POCAs in voxel metric computation.210

‘n_min_per_vox:int‘ - Minimum POCAs in voxel metric computation.211

‘dtheta_range:Tuple[float]‘ - Scattering angle cut in radian.212

‘voxel_size:float‘ - Size of the voxel in mm.213

’volume of interest:Tuple[float]’ - Volume of interest in mm.214

In output, the algorithm returns a 2D histogram of the volume of interest with the score value215

of each voxel.216

2.4 Imaging Spent Nuclear Fuel Dry Cask with BCA217

Spent nuclear fuel (SNF) is leftover radioactive material from nuclear reactors [9]. While it218

can’t be used in reactors anymore, some of its parts could be used for weapons. It is stored in219

water pools near reactors, but that’s not ideal. It’s safer to move it to dry storage containers220

or special facilities. Since we don’t have a permanent way to get rid of it yet, we might have to221

store it for longer than planned. Making sure none of this material goes missing or gets replaced222

with something else during storage is important. We need ways to check without opening the223

containers because that’s costly and difficult. There Muon Scattering Tomography (MST) could224

be employed to image the SNF dry cask. The BCA algorithm is used to reconstruct the image225

of the SNF dry cask.

(a) (b)

Fig. 2.7: (a) A dry Cask is placed in between detectors. (b) Shows a 2D image, an XY
projection, reconstructed using BCA.

226
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(a) (b)

Fig. 2.8: (a) A dry cask made of concrete and steel containing Uranium (SNF) and copper rods
is simulated in GEANT4. (b) presents the XY projection of the BCA reconstruction.

Component Dimensions Density(g/cm3)

Concrete Shell Outer radius: 10 cm, Inner radius: 70 mm, Height: 110 mm 2.4

Steel Container Outer radius: 7 cm, Inner radius: 65 mm, Height: 100 mm 7.8

Uranium Rods 20 rods, Each rod: 10x10x100 mm3 19.1

Copper Rods 4 rods, Each rod: 10x10x100 mm3 8.9

Table 2.2: Description of the Dry Cask components considered from the reference [10].

In Figure 2.8, the 2D image of the dry cask is reconstructed using the BCA algorithm.227

The XY projection of the dry cask is shown in Figure 2.8b and the XZ projection is shown in228

Figure 2.7b. Missing uranium rods are visible in the XY projection. Copper rods and Uranium229

rods are differentiated in the reconstructed image. Therefore, the BCA algorithm is efficient in230

differentiating medium and high-Z materials.231
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Chapter 3232

Characterization of Resistive Plate233

Chamber (RPC)234

In the last semester, a 200 × 200 × 2 mm3 Resistive Plate Chamber (RPC) was developed235

using graphite-coated glass electrodes. Please see the appendix B.2 for a detailed procedure.236

The RPC [11] is a gaseous detector used in high-energy physics experiments to detect charged237

particles. The RPCs are made up of two parallel resistive plates with a gas gap in between.238

When a charged particle passes through the gas gap, it ionizes the gas molecules, and the239

resulting electrons drift toward the anode and cathode plates. The electrons are accelerated in240

the electric field and produce an avalanche of electrons. The avalanche of electrons will induce241

a signal on the readout strips that could be read by the electronics. Since RPCs are easy to242

construct, have a fast response time, and better spatial resolution. RPC electrodes are highly243

resistive, making charge localized and providing accurate position information. It makes RPCs244

suitable for muon tomography studies. More details about the working principle of RPC are245

discussed in Appendix D.4.246

(a) Design of a typical single gap RPC [12].
(b) Avalanche formation inside the gas
gap. [13]

Fig. 3.1: (a) A typical single gap RPC design. (b) This represents the schematic of an avalanche
and the resulting electric field variations within the RPC. E0 is the uniform field applied across the
electrodes, while E1, E2, and E3 denote the effective fields at the avalanche charge distribution’s
tip, center, and tail, respectively.

3.1 RPC gas mixture247

Gaseous detectors in proportional mode require sufficient primary ionization by the incident248

particle or radiation for a large signal via charge multiplication. Noble gases with lower ioniza-249

tion potential are commonly used. However, interaction with gas molecules can lead to photon250
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emission, causing spurious avalanches and loss of proportionality and position resolution. To251

mitigate this, quench gases that absorb ultraviolet photons are used. Small amounts of highly252

electronegative gases are added to prevent streamer development and stabilize operations. The253

choice of gases and their proportions significantly affect detector characteristics. This study254

uses the following gas mixture:255

• R-134A (C2H2F4): A freon variant with a large primary ionization cross-section and256

slight electronegativity, used for avalanche control.257

• Iso-butane (i-C4H10): A quencher absorbing photon energy, kept below flammability258

limit due to combustibility.259

• Sulphur hexafluoride (SF6): A strongly electronegative gas reducing streamer forma-260

tion through electron attachment.261

The gas mixture used consists of 95.3% R-134A, 4.5% i-C4H10, and 0.2% SF6, as per the262

proportions mentioned in [12]. Furthermore, studies have been conducted to determine the263

optimal gas proportions for muography. In these studies, the concentrations of R-134A and SF6264

were varied while keeping the concentration of i-C4H10 constant. The objective is to identify the265

optimal operating voltage and gas mixture proportion that results in minimal charge collection266

and maximizes efficiency.267

Following are the RPC responses that are calculated:268

• IV Characteristics: The current-voltage (IV) characteristic curve is a plot of the current269

flowing through the RPC as a function of the applied voltage. The IV curve is used to270

determine the knee point and resistances of the RPC gas gap.271

• Efficiency: The efficiency of the RPC is defined as the fraction of muons that pass272

through the RPC and produce a signal.273

• Charge collection: RPC charge is the total charge induced on the readout strips.274

• Time resolution: The time resolution of the RPC is defined as the time difference275

between the arrival of the muon at the RPC and the trigger signal.276

3.2 IV Characteristics of glass RPC277

A 2 mm gas gap glass (160 × 160 mm2) RPC. High voltage is applied across the graphite278

coating on the glass plates. After varying the voltage applied from 1 kV to 12 kV, the flow of279

the current is recorded.280

Fig. 3.2: IV Characteristics of a glass RPC.
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Figure 3.2 presents the IV characteristics of a glass RPC. 28 data points are recorded281

in two hours. Initially, the gas acts as an insulator, preventing current flow, with the only282

contribution coming from the acrylic spacer. As the voltage increases, the gas begins to ionize,283

allowing current to flow. The slope of the curve represents the reciprocal of the gas gap’s284

resistance. This behavior is by Ohm’s law, expressed as V = IR, where V is the voltage, I285

is the current, and R is the resistance. The resistance before the gas contribution is given by286

1.062× 1012 ohms, and after the gas starts to conduct; it becomes 1.65× 1010 ohms.287

3.3 Muon Telescope: Trigger Criteria288

A muon telescope is built using three plastic scintillator detectors. This telescope is used to289

collect cosmic muon pulses from the glass RPC.290

(a) (b)

(c) (d)

Fig. 3.3: (a)The muon telescope schematic comprises plastic scintillators, with Scintillators 1 and
3 of dimensions 400× 200× 10 mm3, while Scintillator 2 dimensions 300× 40× 10 mm3. (b) A
muon telescope is used for measuring the efficiency of the glass RPC. (c) A 160× 160 mm2 glass
RPC (d) CAEN SY4527 power supply system is used for providing high voltage to the RPC.

How it measures the efficiency of the RPC is explained below:291

• Muons are identified by their ability to pass through the telescope’s three layers of scin-292

tillators. If a charged particle is detected in all three layers, it’s identified as a muon.293

• The trigger pulse, represented by the coincidence of scintillator 1, scintillator 2, and294

scintillator 3, is referred to as the three-fold signal (3F).295

13



• A signal detected in the RPC in coincidence with the 3F signal is classified as a four-fold296

signal (4F). The coincidence is stretched to 100 ns to ensure passage of muon.297

• The efficiency of the RPC is calculated as the ratio of the number of 4F signals to the298

number of 3F signals.299

3.4 RPC Efficiency Studies300

As explained in previous sections, the efficiency of the RPC is defined as the ratio of the301

number of 4F signals to the number of 3F signals.302

3.4.1 RPC signal303

The RPC signal is the total charge induced [14] on the readout strips. An oscilloscope304

(Tektronix MDO3024) is used to record the pulse.305

(a) (b)

Fig. 3.4: (a) A RPC and trigger signal recorded by the oscilloscope. (b) The threshold for the
RPC pulse is set at 5σ of the baseline noise.

Both RPC and trigger signals are captured from the oscilloscope for offline analysis. A threshold306

for the RPC pulse is established by calculating the baseline noise, which is the signal fluctuation307

before the RPC pulse arrival. Out of ten thousand sampled points for each signal, the initial308

250 are considered the baseline. The baseline standard deviation for each pulse is computed309

to form a distribution 3.4b. The threshold for the RPC pulse is set at 5σ = 3.3 mV of this310

distribution. If RPC pulse amplitude exceeds this threshold (3.3 mV); it is considered a signal.311

For calculating efficiency, the following formula is used:312

Efficiency(%) = (Number of signals above threshold / Total number of signals)× 100 (3.1)

3.4.2 RPC efficiency as a function of SF6 concentration313

In this study, a gas mixture (R134A:9.53, I-Butane:4.5, SF6:0.2) at 10 SCCM is flushed into314

the RPC, with varying SF6 concentrations to examine its impact on RPC efficiency and charge315

collection. For each gas mixture tabulated in Table 3.1, a scan of efficiency is recorded at316

16 voltage values from 8 kV to 11 kV in steps of 200 V. At each voltage 1000 signals are317

collected along with the trigger which took 1 hour approximately. The aim is to minimize charge318

collection, as excessive collection can harm the electronics and increase the RPC’s dead time.319

For muography, an RPC with an excellent spatial resolution (<9 mm) is required. However,320
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RPCs with high charge collection have been observed to distribute charge across the readout321

strips. A smaller spread, hence lower charge collection, is preferred for better spatial resolution.322

In avalanche mode, the spread is around 4 mm in radius [15], and in streamer mode, it’s 12323

mm [16]. To reduce charge collection, SF6 is added in proportions as listed in Table 3.1.324

R134A (SCCM) I-Butane (SCCM) SF6 (SCCM)

Rate 1 9.55 0.45 0.00

Rate 2 9.53 0.45 0.02

Rate 3 9.50 0.45 0.05

Rate 4 9.47 0.45 0.08

Rate 5 9.53 0.45 0.10

Table 3.1: Flush rate of gases in Standard Cubic Centimeters per Minute (SCCM).

Roles of gases in the RPC gas mixture are discussed in section 3.1. The RPC efficiency is325

calculated for each gas mixture mentioned in Table 3.1. In Figure 3.5, efficiency is plotted as326

a function of the applied voltage for each gas mixture. The inclusion of SF6 has been observed327

to notably decrease efficiency, and with an increase in SF6 concentration.328

Fig. 3.5: RPC efficiency as a function of SF6 concentration and applied voltage.

3.5 Charge collection as a function of SF6 concentration329

After the RPC signal is captured, the charge collection is analyzed by integrating the RPC330

pulse is shown in Figure 3.11a in the time window of -100 ns to +100 ns.331

Charge =
1

Amplification factor

∫ +100 ns

−100 ns

Voltage

Resistance
dt (3.2)

In Equation 3.2, the resistance refers to the impedance of electronics used for signal col-332

lection. The amplification factor is the RPC signal’s amplification by the CAEN Mod N979333

fast amplifier. The voltage represents the RPC signal’s height in fig 3.11b. The integration is334

performed using Python’s scipy.integrate.trapezoid library.335

It is found from Figure 3.5 that if the applied voltage exceeds 10 kV, the RPC efficiency336

is above 95%. Hence, 10 kV is used as the operating voltage for charge collection studies.337
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Additionally, charge collection is also studied at 10.2 kV and 10.4 kV for all gas mixtures listed338

in table 3.1.339

(a) (b)

(c)

Fig. 3.6: Charge spectra at (a) 10.0 kV. (b) 10.2 kV. (c) 10.4 kV.

Figure 3.6 shows the charge spectra for each gas mixture plotted at 10.0 kV, 10.2 kV, and340

10.4 kV. It is shown that the charge collection decreases with an increase in SF6 concentration.341

The peaks shift to the left side, with an increase in SF6 concentration. Table 3.2 shows the342

efficiency and charge collection for different SF6 concentrations at 10 kV, 10.2 kV, and 10.4 kV.343

Both efficiency and charge collection decrease with an increase in SF6 concentration.344

3.6 Time resolution of RPC345

The time resolution of the RPC is defined as the standard deviation of the time differences346

between the 10% height of the RPC pulse as shown in Figure 3.11b and the trigger pulse.347

Figure 3.7 shows the time resolution of the RPC as a function of the applied voltage 10 kV and348

SF6 concentration 0.5%.349
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Voltage (kV) SF6 Concentration (%) Efficiency (%) Mean Charge (pC)

0.0 97.3 144.47

0.2 96.5 81.04

10 0.5 86.5 48.76

0.8 84.6 31.60

1.0 83.1 23.00

0.0 98.1 167.07

0.2 96.0 95.81

10.2 0.5 87.51 55.03

0.8 85.68 41.40

1.0 85.28 34.82

0.0 98.29 183.54

0.2 96.2 121.60

10.4 0.5 87.0 67.04

0.8 86.0 50.55

1.0 85.68 44.38

Table 3.2: Efficiency and charge collection of RPC as a function of SF6 concentration.

Fig. 3.7: Time resolution of RPC.

Table 3.3 shows the time resolution of the RPC for different SF6 concentrations. It is350

observed that the time resolution increases with an increase in SF6concentration. Since SF6 is351

a strongly electronegative gas, it arrests avalanche development through electron attachment,352

effectively reducing streamer formation. However, this also increases the time resolution of353

the RPC. Similar findings were also noted in Section 3.9.1 of the thesis [13]. Since the rate of354

cosmic muons (100 Hz/m2) [17] is quite low compared to collider experiments like CMS 7.5×104355

Hz/m2 [18], therefore, time resolution in the order of nanosecond is good for muography studies.356
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SF6 (%) Time Resolution (ns)

0.0 1.27

0.2 1.41

0.5 1.42

0.8 1.56

1.0 1.69

Table 3.3: SF6 concentration and time resolution

3.7 Relative humidity test on acrylic chamber357

The efficiency of RPC remains relatively stable with changes in Relative Humidity (RH) at358

room temperature. However, at higher temperatures, RH does impact efficiency, as noted in359

[19]. Given that RPCs might be operated outdoors for muography studies, an acrylic chamber360

has been designed to shield the RPC from external temperature and humidity fluctuations.361

Fig. 3.8: Acrylic chamber for housing the RPC.

An acrylic chamber is used in GEANT4 simulation as shown in Figure 1.1 and is designed362

to house the RPC. The chamber shown in Figure 3.8 is designed to be gas-tight and has a363

gas inlet and outlet for flushing the RPC with the gas mixture. The chamber is tested for364

humidity stability and gas tightness. Two BMP280 sensors are used to measure the humidity365

and temperature inside and outside the chamber. Humidity data is collected using the Arduino366

Uno microcontroller for 30 days and plotted in Figure 3.9.367
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Fig. 3.9: Humidity levels are monitored both outside and inside the chamber for 30 days.

In Figure 3.9, the graph displays humidity levels over 15-minute intervals. Outside the368

chamber, humidity fluctuates significantly, while inside, it changes gradually before reaching a369

stable level. Therefore, this chamber could be used to place RPC.370

3.8 Building the RPC and signal read-out panel371

A glass RPC and copper strip readout was developed in the last semester. In this semester, one372

more RPC was developed of similar size (200 x 200 x 3 mm3) as the previous one. A printed373

circuit board (PCB) based on 16 strips of read-out panel is developed to read the RPC signals.374

The full procedure is given in Appendix B.2 and C.3. Following are the steps used to build an375

RPC:376

• Glass plates cleaned and coated with graphite paint for electrodes. Please see Figure 3.10b377

for the surface resistance map.378

• Electrodes separated by acrylic and edged with spacers, sealed with epoxy.379

• Gas nozzles added, assembly left to dry for a week.380
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(a) (b)

Fig. 3.10: Surface resistance map of graphite coated glass electrode (a) G5 and (b) G6.

(a) (b)

Fig. 3.11: (a) A 160× 160 mm2 glass RPC (b) A Printed Circuit Board (PCB) panel is used to
develop 16 strips of copper read-out for reading the RPC signal.

3.9 Future Directions381

• A study has been conducted to regulate charge collection using SF6. The effects of382

Isobutane will be investigated [20].383

• Signal storage will be implemented using a Petiroc ASIC and FPGA-based data384

acquisition system.385

• Two glass RPCs have been built for developing the muon telescope.Two more RPCs will386

be developed.387
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Appendix A388

A.1 Point of Closet Approach389

• 1. The shortest line segment between two lines ”a” and ”b” can be found by minimizing390

the distance function ∥Pb−Pa∥2 and solving the resulting equations for µa and µb, then391

substituting these values into the line equations to obtain the intersection points. [5]392

• 2. The shortest distance between two lines is found along a line that stands at right393

angles to both of them. You can find this by first getting the direction vector for each394

line and then finding their cross-product, which gives you the direction of the shortest395

line. You can then calculate where this shortest line intersects one of the original lines.396

The coordinates at this intersection point will give you the closest point on that line.397

The dot product equations for finding the shortest line segment between two lines are:

(Pa− Pb) · (P2− P1) = 0

( Pa− Pb) · (P4− P3) = 0

Expanding these equations with the line equations:

(P1− P3 + µa(P2− P1)− µb(P4− P3)) · (P2− P1) = 0

(P1− P3 + µa(P2− P1)− µb(P4− P3)) · (P4− P3) = 0

(P1− P3) · (P2− P1) + µa(P2− P1) · (P2− P1)− µb(P4− P3) · (P2− P1) = 0

(P1− P3) · (P4− P3) + µa(P2− P1) · (P4− P3)− µb(P4− P3) · (P4− P3) = 0

The equations for finding µa and µb, which determine the shortest line segment between two
lines, are:

µa = (d1343 d4321 − d1321 d4343) / (d2121 d4343 − d4321 d4321)

µb = (d1343 + µa ∗ d4321) /d4343

where dmnop = (xm − xn) (xo − xp) + (ym − yn) (yo − yp) + (zm − zn) (zo − zp).398
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Fig. A.1: In 3D, the shortest distance between two tracks is from Pa to Pb, with the midpoint
serving as the POCA point.

B.2 Procedure used to build the RPC399

• Two glass plates with dimensions 200 x 200 x 3 mm3 were thoroughly washed with lab400

clean soap and distilled water. Then, they are wiped with 2-propanol.401

• These glass plates are coated with graphite paint using an INGCO 450 W paint spray402

gun. The surface resistance of the electrodes is measured using a locally made copper403

zig. The measured surface resistance values across the electrodes are about 1 MΩ/□.404

• The electrodes are separated by placing a 2 mm thick and 10 mm diameter acrylic405

spacer at the center and 200 mm × 10 mm × 2 mm spacers at the edges. Two gas406

nozzles are placed at the opposite corners of the RPC. Araldite standard epoxy adhesive407

is applied to the glass and spacers to isolate the RPC gap from the outer atmosphere.408

This assembly is left for a week for curing. The assembled RPC is shown in Figure 3.3d.409

C.3 Procedure used to develop RPC signal read-out410

panel411

A 300 mm × 300 mm × 1.5 mm copper cladded PCB is etched with ferric chloride to develop412

copper strips. The copper strips are 9 mm in width and 230 mm in length.413

• A design was printed with black ink on an A4 sheet. This sheet is placed on the PCB,414

and then the design is ironed on the PCB. The ink is diffused on the PCB.415

• This PCB is placed inside the ferric chloride solution. The copper where ink is not416

deposited is etched out by the solution.417

D.4 RPC: Avalanche and Streamer418

The Resistive Plate Chamber (RPC) is a gaseous detector. Charged particles or radiation419

ionize gas molecules in the RPC chamber, with ions and electrons moving toward the cathode420
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and anode in an electric field. High enough fields cause secondary ionization. The total421

electron count is given by n = n0e
(α−β)x, where n0 is primary electrons, α is the first422

Townsend (β) is the attachment coefficient (number of electrons captured by the423

electronegative gas molecules per unit length).424

D.4.1 Avalanche Mode425

When particles with high energy traverse the gas within the detector, they intiate the426

creation of primary electrons and ions. As these primary particles move under the influence of427

the applied electric field, they lead to additional ionizations. This chain reaction of ionization428

events, referred to as an avalanche, results in the induction of a current on the read-out strips429

of the detector. In this region, known as the proportional region, the charge that is produced430

is in direct proportion to the number of primary particles, and this relationship is governed by431

the gas gain (G). For a low value of G, the charge that is generated is relatively small,432

necessitating amplification to produce signals that can be detected. The ability of the RPC to433

manage a rapid influx of particles is attributed to the small magnitude of the charge it434

produces. The area of a discharge cell, which is determined by the total charge deposited,435

plays a significant role in the rate of detection of the RPC. To operate in the avalanche mode,436

a mixture of gases, specifically C2H2F4, i-C4H10, and SF6, is used. Among these, C2H2F4437

serves as the primary medium for ionization.438

D.4.2 Streamer Mode439

As the applied voltage increases, the gain (G) rises, and at a certain threshold, photons start440

contributing to avalanche development, causing avalanches to spread. When the total charge441

in the avalanche approaches the point where space charge effects become significant, a plasma442

channel forms between electrodes, leading to spark formation and discharge of a local area443

due to bulk resistivity. This phenomenon, known as the Raether limit [21], occurs at pressures444

close to or higher than 1 atm and depends on the RPC’s design, gas mixture, and pressure. In445

streamer mode, where charge generation is larger (about 50 pC to a few nC), subsequent446

amplification is unnecessary. However, this mode has a longer dead time, restricting operation447

to low count rate conditions. A gas mixture of argon and C2H2F4, with a small amount of448

i-C4H10 as a quencher, is used to operate in streamer mode.449
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25



G. Trowitzsch, C. Tully, K.L. Tung, J. Ulbricht, M. Unger, E. Valente, H. Verkooijen,538

R.T. van de Walle, R. Vasquez, V. Veszpremi, G. Vesztergombi, I. Vetlitsky,539

D. Vicinanza, G. Viertel, S. Villa, M. Vivargent, S. Vlachos, I. Vodopianov, H. Vogel,540

H. Vogt, I. Vorobiev, A.A. Vorobyov, M. Wadhwa, R.G. Wang, Q. Wang, X.L. Wang,541

X.W. Wang, Z.M. Wang, M. Weber, R. van Wijk, T.A.M. Wijnen, H. Wilkens,542

S. Wynhoff, L. Xia, Y.P. Xu, J.S. Xu, Z.Z. Xu, J. Yamamoto, B.Z. Yang, C.G. Yang,543

H.J. Yang, M. Yang, X.F. Yang, Z.G. Yao, S.C. Yeh, Z.Q. Yu, An. Zalite, Yu. Zalite,544

C. Zhang, F. Zhang, J. Zhang, S. Zhang, Z.P. Zhang, J. Zhao, S.J. Zhou, G.Y. Zhu, R.Y.545

Zhu, H.L. Zhuang, Q.Q. Zhu, A. Zichichi, B. Zimmermann, M. Zöller, and A.N.M. Zwart.546
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