
  
Abstract—Computed tomography (CT) is one of the most 

valuable diagnostic imaging tools in the clinic and is widely used 
worldwide. One of the main motivations driving research and 
development in CT is to achieve better image quality while 
keeping the radiation dose to the patient as low as possible. In 
this regard, computer simulations play a key role in the 
optimization of CT design. In this work, a fan-beam source 
model (FBSM) for the simulation of multi-slice fan-beam CT 
scanners using the MCNP Monte Carlo code, has been developed 
and implemented. The use of this model removes the need for 
using the collimator in the system configuration and thus to 
overcome the perennial problem of particle starvation imposed 
by the collimator. The accuracy of our developed MCNP-FBSM 
model was evaluated through comparison with previously 
published experimental results demonstrating good agreement. 
Therefore, the MCNP-FBSM based CT simulator is a powerful 
tool for protocol design, optimization of geometrical design 
parameters, assessment of image reconstruction algorithms and 
evaluating future innovations to improve the performance of CT 
scanners. 
 
Keywords—Computed Tomography imaging, Monte Carlo 

simulations, image reconstruction, MCNP-FBSM, modeling.  

I. INTRODUCTION 

OMPUTED tomography (CT) is one of the valuable 
diagnostic tools in clinical imaging. The main 
motivation for the development of novel CT scanner 

designs is the further improvement in performance to enable 
diagnosis of the disease in its early stages. Moving from 
single-slice to multi-slice and single energy to dual-energy and 
the spectral imaging are the major advancements in CT 
technology. 
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     The bulk of CT research to date focuses on the design and 
improvement of overall system performance, development of 
image analysis techniques and improvement of image quality 
while reducing patient dose at the same time. These aims 
could be achieved through costly empirical measurements 
and/or the development and fabrication of prototypes [1-10], 
Monte Carlo (MC) simulations [11-18] or analytical modeling 
[19-25]. Owing to radiation risk, optimization of a large 
number of CT imaging parameters is impossible in the clinical 
setting. Therefore, the use of CT simulators became popular to 
reach the mentioned objectives. Though analytical simulations 
are much faster and simpler, they are not capable to accurately 
model physical processes, especially Compton scattering. 
Therefore, the application of such simulators is limited as 
more realistic simulations are required. Although considering 
all physical processes can be achieved by sophisticated MC 
techniques, they tend to be time-consuming. However, this 
problem has been nearly solved using high-performance 
computing and variance reduction techniques. 
     Although a number of studies have reported on analytical 
and MC simulation of CT scanners [11-25], the development 
of a fan-beam source model enabling to overcome the photon 
starvation after the collimator is still missing. Compton 
scattering is one of the main factors degrading image quality 
[26]. The accurate estimation of scattered photons magnitude 
and distribution and contrast detectability is impossible 
without a sufficient amount of photon histories [11, 18]. In 
this study, a fan-beam source model (FBSM) for the 
simulation of multi-slice fan-beam CT scanners, which has 
been missing in all versions of the MCNP Monte Carlo code 
[27] has been developed and implemented in this code. The 
accuracy of our new CT simulator has been verified through 
comparison with our previously published results.  

II. MATERIALS AND METHODS 

 

A. CT Scanner Specification 

The simulated CT in this work is the volumetric 64-slice 
GE LightSpeedTM VCT scanner (GE Healthcare 
Technologies, Waukesha, WI). The detailed specification of 
this system is presented in Table 1. The scintillator detector 
array consists of 58,368 individual elements configured in 64 
rows of 0.0625 cm thickness on the z-axis and 0.055cm on the 
x-axis at isocenter. The numbers of active channel and 
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reference elements are given in Table 1. The scanner uses the 
Performix Pro Anode Grounded Metal-Ceramic Tube Unit 
with two focal spots. The small and large focal spot sizes are 
0.09 cm (width) × 0.07 cm (length) and 0.12 cm (width) × 
0.12 cm (length), respectively. The remaining specification of 
the x-ray tube and system dimensions including the distances 
of the source to isocenter and source to the detector are 
presented in the following table. The acquisition parameters 
used to scan the phantom (described in section 2C) are shown 
in Table I. The reconstruction of axial slices was performed 
using the filtered back projection (FBP) algorithm. 

TABLE I.  CT SCANNER SPECIFICATION. 

Source-to-image detector distance 95 cm 
Source-to-isocenter distance 54 cm 
Maximum fan angle 56 degrees 
Maximum cone angle 4 degrees 
Anode angle 7 degrees 
Maximum slice thickness 2 cm at isocenter 
Anode-inherent and additional filter  W-Al (3.25 mm) and Cu (0.1mm) 
Tube voltage (kVp) 120 
Detector material type and density Y1.34Gd0.60Eu0.06O3 , 5.95 g.cm-3  
Number of detector elements  58,368 (912 × 64) 
Physical detector dimensions 0.97 mm × 1.1 mm × 3 mm 
Detector dimenions at isocenter 0.625 mm × 0.55 mm × 3 mm 
Number of active patient detectors 888 for each row 
Number of reference detectors 24 for each row 
Detector model Energy integrating 

B. Description of Fan-Beam Source Model and Developed 
MCNP-FBSM Monte-Carlo based CT simulator 

 
MCNP is a general-purpose Monte Carlo N-Particle 

radiation transport code. It is one of the most widespread MC 
software packages for simulation of nuclear processes a pretty 
large community of users. Some of the specific areas of 
MCNP applications include radiation protection and 
dosimetry, radiation shielding, medical physics and detector 
design [27]. In this work, the MCNPX MC code was adopted 
to simulate the configuration of a clinical CT scanner as 
depicted in Table 1. 

In the following, we attempt to address an important 
inherent limitation of MCNP/MCNP MC code in fan-beam 
source modeling and then devise an efficient fan-beam source 
model (FBSM). Thereafter, the developed MCNP-FBSM 
Monte Carlo-based CT simulator has been described. 

Diagnostic x-ray CT imaging procedures commonly use the 
fan-beam geometry. The position of the focal spot of the x-ray 
tube, length and width of the collimator should be determined 
to define a specific beam shape. There are at least three 
methods to define the specific shape of the fan-beam in the 
MCNP/MCNPX Monte Carlo code. The first way is to 
simulate a fan-shaped beam to utilize a bunch of pencil beams 
including many discrete point sources [29]. The second way 
consists in using the cookie-cutter technique implemented in 
the MCNP/MCNPX code [27] which can be modeled using a 
spherical surface source and a cuboid cookie-cutter cell [30]. 
The above-mentioned methods do not consider the actual 
model of the focal spot. Although these approximations are 
acceptable for radiation dosimetry purposes, they are rather 
rough and crude for image quality considerations. 

 
Fig. 1. A 3D representation of the MCNP standard modeling of X-ray source 
(a) and our purposed source model (b) for simulation of fan-beam CT 
scanners. 

The third method, as shown in Fig. 1 (a), consists of using 
the collimator to change the cone-beam to fan-beam [18]. The 
definition of the focal spot area is possible by this method. 
However, depending on the size of the aperture, a large 
number of photons may be mostly eliminated after passing the 
collimator as shown in Fig. 1(a). For example, the remaining 
rates of photons passing through the minimum and maximum 
aperture size of the collimator are about 0.03 and 0.95. In this 
way, our devised model, as shown in Fig. 1(b), is presented to 
solve the above-mentioned problems. This model was directly 
defined for the subroutines of MCNP code. To recall this 
capability, the CTSRC card has been added to the dictionary 
of the MCNP code. An important point to note is that all 
default options of the standard SDEF card are enclosed in the 
CTSRC card as well. One can define a fan-beam source by 
this card as follows:  

CTSRC    FC=xcyczc; FN= xnynzn; FW=xwywzw;     (1) 
FL=xlylzl. 

the FC, FN, FW, and FL, as shown in Fig. 1(b), are the center 
of the frame, the normal vector to the frame, the frame width 



and the frame length, respectively. 

 
Fig. 2. A 3D representation of the MCNP-FBSM. Our model consists of the 
fan beam source model (1), additional and inherent filters (2), Phantom (3) 
and detector array (4). The location of the scoring plane was placed before the 
phantom. 

     The fan-beam angle is 56◦. We have used the phase space 
file (PSF) technique to speed-up the MC simulation process. A 
scoring plane was located before the phantom (described in 
section 2C) to create the phase space file (PSF). First, different 
parameters of incoming particles (energy, weight, direction, 
and position) after crossing at the plane were recorded in a 
PSF. Second, the stored information invoked in the subsequent 
MCNP-FBSM executions and the photons are allowed to 
move the second region consisting of the phantom and 
detectors. Fig. 2 depicts a 3D representation of the MCNP-
FBSM based CT simulator. To quantify primary and scattered 
photons, we have developed the perfect energy integrating 
detector model of Khodajou-Chokami and Sohrabpour [26] by 
convoluting the calculated detector efficiency. 
     A MATLAB program was written to generate the CT 
scanner geometry at various views as input files of the 
MCNPX MC code. Another one was written to extract signals, 
perform post-processing and image reconstruction. A 
workflow of the MCNP-FBSM based CT simulator is shown 
in Fig. 3. 

C. Phantoms 

Two types of cylindrical phantoms were utilized in this work: 
a Perspex water-filled cylindrical phantom having an internal 
diameter of 206 mm with a 6 mm wall thickness was used to 
compare the results of our developed MCNP-FBSM based CT 
simulator and experimental measurements [28] and a 250 mm 
diameter solid water phantom containing multi nanoparticulate 
contrast agents. The latter phantom containing 12 cylindrical 
holes was filled with different materials. To assess the 
detectability of contrast agents (CAS) on the resulting images, 
four possible CAS with high atomic numbers, namely 
Europium (Eu), ytterbium (Yb), osmium (Os), thallium (Tl) 
were considered. These materials were simulated at two levels 
of concentrations. K2HPO4 solutions with three levels of 
concentrations were used to simulate different types of bone 
tissues. 

 
Fig. 3. Workflow of the MCNP-FBSM based CT simulator.  

The fat tissue was inserted at 4 o’clock position as shown in 
Fig. 2. Bone materials were inserted in the phantom at 1, 2 and 
3 o’clock positions with densities of 1.177, 1.413 and 1.596 
g/cm3. Likewise, Eu, Yb, Os, and Tl were inserted at 5, 6, 7 
and 8 o’clock positions with low densities and at 9, 10, 11 and 
12 o’clock positions with high densities, respectively. These 
two levels of densities of nanoparticulates CAS are 
summarized in Table 2. 

TABLE II.  SUMMARY OF LEVELS OF DENSITIES OF SIMULATED 
NANOPARTICULATE CAS. 

Nanoparticulate CAS High densities 
(mg/cm3) 

Low densities 
(mg/cm3) 

Europium 25.2 12.6 
Ytterbium 18.8 9.4 
Osmium 15.4 7.7 
Thallium 12.8 6.4 

 

III. RESULTS AND DISCUSSIONS 

 
Fig. 4 shows the calculated unfiltered spectrum of an x-ray 

tube with a Tungsten anode at the 120 kV constant voltage 
generated using the SRS-78 program [31]. 

 



 

Fig. 4. Calculated unfiltered an x-ray spectrum at 120 kV constant potential.  

     Fig. 5 shows the calculated efficiency of the 
Y1.34Gd0.60Eu0.06O3 detector as a function of photon energy 
using our developed MCNP-FBSM Monte Carlo code.  

 
Fig. 5. Efficiency of the Y1.34Gd0.60Eu0.06O3  detector as a function of photon 
energy calculated by our MCNP-FBSM Monte Carlo code. 

     To validate our developed MCNP-FBSM based CT 
simulator, comparisons of the experimental and simulated 
scatter-to-primary ratio (SPR) have been made. The results 
shown in Fig. 6 demonstrate very good agreement between 
experimental and simulated results. Note that the experimental 
result was measured using the blocker array method [28]. 

 

Fig. 6. Plots of the SPR as a function of detector number for the Perspex 
water-filled cylindrical phantom. The dashF lines indicate the measured data 
while the dotted lines show our simulated data. 

     Fig. 7 exhibits the variations of the scatter profile 
calculated from the 32nd detector row (the central row) using 
MCNP-FBSM based CT simulator. In this figure, the scatter 
profile is reduced to the central section of the phantom and is 
increased in the peripheral regions of the phantom. 
Presumably, this reduction results from either absorption or 
attenuation of most scattered photons by the phantom and thus 
a lower intensity arrives at the detector surface. The two peaks 
represent the trade-off between increasing the Compton 
scattering probability while increasing the transmission 
probability of scattered photons with decreasing the 
attenuation length. 

 

Fig. 7. Plots of the distribution of scattered photons for the multi-hole 
phantom as a function of detector number. 

 

 

 

 



     Fig. 8 shows a clear fluctuation in the SPR profile owing to 
the presence of different electron densities. The contrast 
detectability of MCNP-FBSM based simulator was 
investigated. Fig. 9 shows the reconstructed image of a water-
filled cylindrical phantom consisting of different 
nanoparticulate contrast agents, various types of bones and fat. 
As shown in Fig. 9, low and high contrast objects are 
appropriately depicted, thus demonstrating the performance of 
our developed x-ray CT simulator.      

 

Fig. 8. Plot of the distribution of the SPR for the multi-hole phantom as a 
function of detector number.  

 

Fig. 9. Representative slice of the reconstructed images of the multi-hole 
phantom from simulated projections containing several contrast agents. 

IV. CONCLUSIONS 

We have developed a novel computationally efficient fan-
beam source model (FBSM) for the simulation of multi-slice 
fan-beam CT scanners. There is no need to use the collimator 
in the system configuration when using the FBSM model, 
which enables to overcome the perennial problem of particle 
starvation induced by the collimator. In addition, a new 
MCNP-FBSM based CT simulator has been developed by 
adding the FBSM capability to the subroutines of the standard 
MCNP MC code. The accuracy of our model has been 
evaluated through comparison with the experimental result, 
demonstrating good agreement. Our MCNP-FBSM based CT 

simulator is a versatile tool for scanning protocol evaluation, 
optimization of geometrical design parameters, assessment of 
image reconstruction algorithms and evaluation of the impact 
of future innovations [32] attempting to improve the 
performance of CT scanners. 
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