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Abstract 
Many scientific domains use gamma-ray spectrometry, but non-destructive 
gamma scanning and gamma emission tomography of radioactive fuel in par-
ticular. In the experimental setting, a collimator is frequently employed to 
focus on a particular location of interest in the fuel. Predictive models for the 
transmitted gamma-ray intensity through the collimator are required for both 
the optimization of instrument design and the planning of measurement cam-
paigns. Gamma-ray transport accuracy is frequently predicted using Monte 
Carlo radiation transport methods, but using these tools in low-efficiency ex-
perimental setups is challenging due to the lengthy computation times needed. 
This study focused on the full-energy peak intensity that was transmitted through 
several collimator designs, including rectangle and cylinder. The rate of pho-
tons arriving at a detector on the other side of the collimator was calculated 
for anisotropic source of SNM (U3O8). Some geometrical assumptions that 
depended on the source-to-collimator distance and collimator dimensions 
(length, radius or length, height, and width) were applied to achieve precise 
findings. 
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1. Introduction 

In several scientific disciplines, gamma-ray spectroscopy is a commonly utilized 
technique. It is utilized in a variety of fields, including nuclear technology and 
fundamental physics research. The application of gamma-ray spectroscopy in 
non-destructive nuclear fuel inspections is used e.g. gamma scanning and Gamma 
Emission Tomography [1]. In particular, the latter is increasingly considered for 
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use in nuclear fuel tests as well as in nuclear safeguards [2]-[7]. In these situa-
tions, the measuring devices consist of a high energy resolution detector and a 
collimator, where the collimator enables the investigation of well-defined fuel 
zones. The geometry and material composition of the collimator should be care-
fully considered during the beginning stages of creating a spectroscopic system 
since they have a significant impact on the system’s performance. MC simula-
tions are frequently used to produce outcomes with the potential for high accu-
racy [8] [9] [10]. For instance, for an isotopically emitting point source posi-
tioned directly in front of the collimator opening, the likelihood of a gamma ray 
reaching the opposite opening is on the order of 10−9 for a collimator with a 
square slit that is 80 cm long and 0.1 cm wide. The probability of penetration 
can be substantially smaller for the parts of a fuel object that are not directly in 
front of the opening or further away. As a result, MC approaches need a lot of 
photons to be sampled, which can be time-consuming if no special variance re-
duction techniques are used, such as those proposed by. The Monte Carlo radia-
tion transport code MCNP6 is used to model a mono-directional source, and 
correction factors are added to account for the effects of a cylindrical aperture 
and solid-angle effects of isotropic emission [10] [11]. 

The nondestructive assay (NDA) of radioactive waste detection uses a tech-
nique called Tomographic Gamma Scanning (TGS), which is relatively recent 
[1] [2] [3] [4] [5]. It helps to resolve the issue of invalid attenuation correction 
brought on by the unequal distribution of the sample medium in industrial CT 
imaging technologies. As a result, it increases the precision of the information 
contained in the non-uniform analysis of radioactive materials in the measure-
ments of gamma ray spectroscopy [6] [7] [8] [9]. With a high sample throughput 
and sensitivity, the TGS approach seeks to produce precise measurements of ra-
dionuclides with low specific activity. The image quality, in the sense it is gener-
ally understood, is of little concern beyond its effect on assay accuracy. In some 
research outcomes, a TGS design study was conducted to enhance the functio-
nality and other tomographic assay systems. The study was based on computer 
simulations. The investigation of the distribution of the various gamma-ray 
emitting isotopes typically present in irradiated nuclear fuel is made possible by 
the use of a high-resolution HPGe detector in the measurements, which enables 
the collection of detailed gamma-ray spectra from which any peak present may 
be chosen for tomographic reconstruction. The number of counts gathered in a 
specific gamma-ray peak is significantly more than the number of counts con-
tained in the peak in a single spectrum because gamma spectra are recorded at 
between 8000 and 25,000 points surrounding the fuel. As a result, usable images 
can be created from even peaks in a single spectrum that has a relatively small 
number of counts [12] [13]. 

In this article, we describe the findings of a collimator design study that was 
conducted to enhance the functionality of safeguards measurements and tomo-
graphic assay systems. The study was based on Monte Carlo simulations to cal-
culate the HPGe detector efficiency. Usually, the absolute efficiency is deter-
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mined by the pulse-height tally (F8) of each photon emitted from the source. 
The focus of this work is on the associated problems with collimator design. 

2. Theoretical Model 

The count rate, CR, in the detector of a spectroscopic system can be described as 
a function of the source activity A, the emission intensity, and the gamma-ray 
energy per decay of the gamma line Iγ , the geometric efficiency gε , and the 
detector intrinsic full-energy peak efficiency, dε , as expressed in Equation (1) 

g dCR AIγ ε ε=                             (1) 

By using this expression, the amount of counts in the gamma-ray spectrum’s 
full-energy peak can be used to experimentally evaluate a sample’s activity. Not-
ably, depending on the measurement settings, a number of correction factors, 
such as self-attenuation in the object, count rate-related effects, or real coinci-
dence summing, may be necessary for accurate results. The geometric efficiency 

gε , meaning the probability per photon to reach the detector, is in this case de-
termined by the collimator slit dimensions and the collimator-source distance. 

Typically, just a small portion of the source plane is covered by the collimator 
slit. Because of this, it is more useful to express the count rate intensity based on 
the source’s planar activity concentration, adapted from [14], as shown in Equa-
tion (2) below: 

( ), , d dS S sur g S S d S SCR x y A I E x y x yγ γε ε= ∫ ∫ ,             (2) 

We have different geometrical designs for testing which are the (cylinder & 
rectangle) shapes with different dimensions that are carried out. The cylindrical 
shapes are designed with different diameters and heights while the rectangular 
shape is designed with different lengths, widths, and heights. We assumed six 
designs as shown in Table 1. The first three designs with design ID: Dx, Dy, and 
Dz refer to cylindrical shapes with different diameters and heights while, the 
other three designs that are with design ID: Dx', Dy', and Dz' refer to the rec-
tangular shape with different dimensions in height, length, and width. Each de-
sign in the cylindrical shape with a fixed diameter is simulated with different 
four heights (H1, H2, H3, and H4). 

3. Simulation Setups 

The MCNP code can only analyze an issue in the form that it is given; it cannot 
tell when the wrong material has been specified or when the geometry has been 
inaccurately modeled. Keep in mind that without knowledge of the problem’s 
context, the standard of the solution, and a reasonable expectation of the out-
come and its associated confidence interval with MCNP or any other code is 
useless [15] [16] [17]. 

In this section, the simulated design for the collimator is described with de-
tailed dimensions and configuration. Figure 1 describes the simulated setup 
where the standard nuclear material (SNM), collimator, and HPGe detector are  
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Table 1. Detailed dimensions of collimator designs. 

Design ID 

Cylindrical shape 

Design ID 

Rectangular shape 

Diameter 
(cm) 

Height (cm) 
H1, H2,  
H3, H4 

L × W 
(cm) 

Height (cm) 
H1, H2,  
H3, H4 

Dx 1 5, 10, 15, 20 Dx' 1 × 1 5, 10, 15, 20 

Dy 2 5, 10, 15, 20 Dy' 1.5 × 1.5 5, 10, 15, 20 

Dz 3 5, 10, 15, 20 Dz' 2 × 1.5 5, 10, 15, 20 

 

 
Figure 1. Collimator design (cylindrical shape). 

 
on the same alignment and the distance between each one is 3 cm. The measur-
ing system is composed of: A high purity planar HPGe detector (Canberra; 
model GL0515R), active area = 500 mm2) 540 eV FWHM resolution at 2 keV, a 
Spectroscopy Pre-amplifier [model 2002 CPSL], a Cryostat (model 7905 SL-5) 
liquid nitrogen Dewar, an adjustable High-Voltage Power Supply (HV-PS) In-
spector Multi-Channel Pulse-height Analyzer (MCA) module (model 1200 
IMCA) and built-in amplifier, a 100-MHZ Wilkinson ramp Amplitude-to-digital 
Converter (ADC), and an online microcomputer data acquisition module for the 
control and analysis [18] [19]. The SNM compose of a compact powder of Ura-
nium oxide (U3O8) with a total weight of 200.1 gm and covered with Al- can 
[20]. The experimental work is applied by using the SNM sample with an 
enrichment 4.46% and the observed energy line is at 185.7 keV. The whole shape 
of the can is simulated in the input file of the MCNP code. Figure 1, Figure 2 
presents the whole configuration of the simulated set up including the different 
shapes of collimators (cylindrical and rectangle) with different dimensions in 
diameter (D) and length (L), for cylindrical shape while the rectangular shape 
with different length, width (W) and height (H). 
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Figure 2. Collimator design (rectangular shape). 

 
Where, the above parameters are required for the simulation and the detailed 

data are illustrated in Table 2. The collimator designs that take design ID: Dx1, 
Dx2 and Dx3 have the same diameter which is equal to 1 cm with various height 
(H) that are taking the values from 5 to 20 cm. Similarly, the designs with design 
ID: Dy1, Dy2 and Dy3 that have the same diameter 2 cm with different heights 
and finally, the collimator designs Dz1, Dz2 and Dz3 have the same diameter 3 
cm. on the other side, the designs that take rectangular shapes such as; Dx1', 
Dx2' and Dx3' have the same length (L) = 1 cm and width (W)= 1 cm with dif-
ferent H from 5 to 20 cm. Also, Dy1, Dy2, and Dy3 have L × W = 1.5 × 1.5 with 
a height from 5 - 20 cm. 

4. Results 

The simulation of the configuration shows that varying dimensions for collima-
tor designs. The magnitude of the gamma current that reaches the detector ex-
ceeds several orders of magnitude. A good overall agreement was noted with the 
MCNP6simulations, including a perfectly performing collimator, and taking in-
to account significant parameters such as; solid angle, attenuation, and geome-
trical efficiency that depends on the distance between the source and collimator 
and the dimensions of the collimator itself. Note that the simulations have been 
run with the same starting seed, to better observe the trend of the intensity vari-
ations due to the geometry of the setup. The input files are created for each col-
limator design to estimate pulse height distribution (F8). Figure 3 shows the ef-
fect of each design on the pulse height distribution where Dz denotes to change 
of height values for the cylindrical design with a fixed diameter 1 cm and Dy de-
scribes the change of height values for the cylindrical design with a fixed diame-
ter 2 cm and Dz describes the change of height values for the cylindrical design 
with a fixed diameter 3 cm. Also, the identical idea is performed for the rectan-
gular design Dx', Dy', Dz'. 
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Table 2. The required parameters that needed in MCNP6 input files. 

Sample ID 
SRM969-446 

Design ID 
(Cylindrical 

shape) 

Dimensions 
(H, D) 

Design ID 
(Rectangular 

shape) 

Dimensions 
(H, L × W) 

Dx1 5, 1 Dx1' 5, 1 × 1 

Dx2 10, 1 Dx2' 10, 1 × 1 

Dx3 15, 1 Dx3' 15, 1 × 1 

Dx4 20, 1 Dx4' 20, 1 × 1 

Dy1 5 , 2 Dy1' 5, 1.5 × 1.5 

Dy2 10, 2 Dy2' 10, 1.5 × 1.5 

Dy3 15, 2 Dy3' 15, 1.5 × 1.5 

Dy4 20, 2 Dy4' 20, 1.5 × 1.5 

Dz1 5, 3 Dx1' 5, 2 × 1.5 

Dz2 10, 3 Dx1' 10, 2 × 1.5 

Dz3 15, 3 Dx1' 15, 2 × 1.5 

 Dz4 20, 3 Dx1' 20, 2 × 1.5 

 

 
Figure 3. Correlation between collimator height with F8 tally. 

 
The results of the MCNP6 validation simulations including the penetrating 

gamma component crossing the collimator bulk material, show that different 
values for F8, are systematically underestimating the pulse height distribution 
observed by the detector. This might have been expected since the variance re-
duction techniques have been used to overcome the ling estimation time in the 
input file and give us more precise results that should be obtained. In Figure 4, 
the Difference between the experimental and simulated results in both shapes is 
presented. We found here that largest differences are in rectangular collimator 
shapes that is because of the corners of the collimator which cause multiple scat-
tering that leads to decreasing in interested photon energy. 
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Figure 4. Difference results between the experimental and simulation. 

5. Conclusion 

Monte Carlo simulations have been carried out to design a collimator to im-
prove the performance of the measurement system. The simulation results reveal 
that the cylindrical shape design for the collimator with ID: Dy has a diameter of 
2 cm and a height range from 5 to 20 cm and it gives the acceptable difference in 
the range of 3.5% - 5% in the optimal shape. The optimal shape of the detector 
collimator was determined with the same collimator aperture radius and height. 
The rectangular shape of the collimator is considered the worst that’s because of 
the corners of the collimator which cause multiple scattering that leads to a de-
crease in interested photon energy. Since an HPGe detector was used in the 
measurements the collected gamma-ray spectra had high resolution and con-
tained many peaks which are therefore available for tomographic reconstruction 
and analysis. The improvement of spatial resolution for the spectrum utilising 
the chosen collimator designs is the suggested direction for future research. 
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