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Abstract 

Purpose: Gamma cameras are one of the most promising technologies for in-vivo range monitoring in proton therapy. 

Monte Carlo (MC) simulation is a common calculation-based technique to design and optimize gamma cameras. 

However, it is prohibitively time-consuming. Analytical modeling speeds up the process of finding the optimal design. 

Materials and Methods: We proposed an analytical method using the efficiency-resolution trade-off for optimizing 

a knife-edge collimator based on the range retrieval precision of protons. Monte Carlo simulation was used for 

validation of obtained collimator efficiencies. 

Results: The model predicts that for the optimal range retrieval precision, the ratio of the source-to-detector distance 

(𝑟𝑑) to the source-to-collimator distance (𝑟𝑐) should be ranging from 1.7 𝑡𝑜 1.9. For a special case, it was found 

that assuming an ideal detector (𝑅𝑖 = 0), the falloff retrieval precision is optimal at 𝑟𝑑 = 2𝑟𝑐 independent of the 

collimator resolution. Moreover, using the optimized camera, the difference between the MC calculated range 

and the absolute range was 0.5 cm (the relative error is about 3%). 

Conclusion: It was found that the collimator parameters are in good agreement in comparison with that of the MC 

results reported in the literature. The analytical method studied in this work can be used to design and optimize 

imaging systems based on KE collimators in combination with new detectors in a fast and reliable way. 
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1. Introduction 

Proton Therapy (PT) has several advantages over x-ray 

radiation therapy including maximum dose deposition 

at a certain depth inside the so-called Bragg peak and 

rapid dose fall-off beyond it [1, 2]. These characteristics 

offer a highly tailored radiation dose to the tumor volume 

with good sparing of normal tissues as well as eliminating 

the exit dose. However, the finite range of proton beams 

mandates accurate proton range estimation in a patient 

body that is a big challenge and associates with range 

uncertainties [3]. Range uncertainties have several sources 

such as patient positioning, movement of the patients, 

internal organ motions, artifacts in the Computed 

Tomography (CT) images, and uncertainty in treatment 

planning are the sources of error in proton range 

estimation [2]. Thus, to exploit the potential of proton 

therapy, it is necessary to minimize the treatment 

uncertainties [4].  

Several solutions have been proposed to address 

the range verification in proton therapy to assess the 

compliance between the delivered and prescribed dose 

[5-7]. Instruments based on Prompt-Gamma (PG) 

detection have been investigated using Monte Carlo (MC) 

simulation for range verification in PT [8-10]. PG rays 

are promptly emitted after beam interactions with matter 

and have a wide energy spectrum ranging from 1 to 8 MeV 

[11]. Among the proposed cameras, the Knife-Edge (KE) 

camera has been designed, tested, and used in clinics. 

The KE collimator is a modified type of pinhole collimator 

with a long channel in the longitudinal direction that 

increases the camera efficiency [12]. In the PG-imaging 

context, Smeets et al. [12], in their comprehensive study, 

optimized the KE camera considering the 1:1 (image size: 

object size) image projection. However, they ignored 

the image magnification factor, which is defined as the 

focal length to the source-to-collimator ratio. In another 

study, Bom et al. optimized the KE camera for range 

verification in double-scattered proton beam cases [13]. 

They have taken into account the magnification factor to 

improve the camera resolution. However, MC is a time-

consuming tool to assess all of the possible magnification 

factors for optimizing the camera.  

Slit collimators have been investigated using MC 

simulations for molecular imaging and particle therapy 

applications. Mahani et al. conducted an MC optimization 

study of a new type of rotating slit collimator for small 

animal imaging [14]. Lopes et al. proposed an analytical 

formula for the KE collimator and investigated the 

detection efficiency and resolution trade-off in collimator 

optimization [15]. However, it has been demonstrated 

that their derived formula has some deviations from the 

proposed formula for the slit collimator and the MC 

results [16, 17]. In another study, a comprehensive MC-

based simulation was reported for the KE and MPS 

collimators. These results include the penetration and 

scattering effect. However, the used MC GEANT4 code 

is time-consuming for checking all of the possible 

configurations of the collimator parameters [18]. In another 

research, the slit collimator was studied experimentally 

by Priegnitz et al. who presented slit camera measurements 

of prompt gamma depth profiles in inhomogeneous 

targets [19]. According to their study, different range 

verification scenarios require special resolution and 

sensitivity of the slit collimator. Therefore, an analytical 

model is highly needed for adjusting the collimator 

parameters to obtain desired results. 

Unlike MC, analytical methods make a quick 

assessment of various imaging parameters. Therefore, a 

collimator design and optimization are possible with 

analytical methods [20]. To the best of our knowledge, no 

analytical model has been reported for the KE collimator 

resolution and efficiency optimization purposes. This 

study aims (i) to develop an optimization method based 

on the Fall-off Retrieval Precision (FRP) concept [1, 21] 

that defines a relationship between the efficiency and 

the detected range, introduced by Roellinghoff et al. for 

multi-parallel slat collimator [21] and (ii) to find out that 

there is an optimum design configuration independent of 

any added corrections for a given fixed resolution and a 

source-to-collimator distance. Consequently, the model 

was simplified by ignoring the photons’ penetration 

/scattering through the collimator wall to fully concentrate 

on the geometric trade-off between the resolution and 

geometric efficiency. 

2. Materials and Methods 

2.1.  Collimator Setup 

The schematic diagram of a KE camera used for the 

analytical system model is shown in Figure 1 and its 

geometric parameters are listed in Table 1. We used 

the simulation setup introduced by Smeets et al. [12]. 

According to Figure 1, the z-axis (perpendicular to the 

plane) lies along the centerline of the slit, and the KE 
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channel, as well as detector length along the z-axis, 

are 𝐿 and 𝑤′, respectively. In this study, the detector 

length (L = 200 mm) was chosen as a fixed parameter 

considering the available crystal length (Figure 2). 

Collimator optimization was done considering the single 

4.4 MeV isotropic point source. The 4.4 MeV is the Carbon 

nuclei characteristics energy line and is considered the 

most significant energy line in the prompt gamma energy 

spectrum and is used as the mean energy of the spectrum 

for the optimization studies in the range verification context 

[22]. The source was positioned at (𝑥 = 0, 𝑦 = −𝑟𝑐, 𝑧 =

0). Tungsten’s linear attenuation coefficient is 𝜇 =

0.078 𝑚𝑚−1 for this energy. The phantom material is 

PMMA with 15.0 cm and 20.0 cm of diameter and length, 

respectively. The detector material is LYSO and its length 

and width are 20.0 cm and 10.0 cm, respectively. The 

collimator is made of tungsten with a 4.0 cm thickness. 

2.2.  Mathematical Model 

To determine the imaging system parameters that 

provide the best performance, our optimization procedure 

is based on the method described by Rentmeester et al. 

[23]. This method is based on the geometric trade-off 

between system resolution and efficiency. According to 

this method, a relationship must be obtained between 

the resolution and the efficiency of the collimator.  

An adaptation of Metzler’s method [24] was used to 

provide a way of calculating the resolution of the camera 

(Rsys). According to this method, it was assumed that the 

total resolution of the KE collimator can be calculated by 

combining the KE collimator resolution RKE and intrinsic 

resolution Ri of the pixelated detector that is given by the 

following Equation. 

𝑅𝑠𝑦𝑠 = [𝑅𝐾𝐸
2 + (

𝑟𝑐

𝑟𝑑 − 𝑟𝑐

)
2

𝑅𝑖
2]

1
2

 (1) 

In Equation 1, 𝑅𝐾𝐸 is the KE collimator geometrical 

resolution given with the following Equation: 

𝑅𝐾𝐸 = 𝑤
𝑟𝑑

𝑟𝑑 − 𝑟𝑐

 (2) 

The collimator efficiency (𝑔𝑐𝑜𝑙𝑙) of the KE slit camera 

can be written in the following way [16] (Equation 3): 

𝑔𝑐𝑜𝑙𝑙 =
𝑤𝐿

4𝜋𝑟𝑑𝑟𝑐

 (3) 

By combining Equation 1 and Equation 3, the collimator 

efficiency 𝑔𝑐𝑜𝑙𝑙 was calculated using the following way: 

𝑔𝑐𝑜𝑙𝑙 = [𝑅𝑠𝑦𝑠
2 − (

𝑟𝑐

𝑟𝑑 − 𝑟𝑐

)
2

𝑅𝑖
2]

1
2 𝐿(𝑟𝑑 − 𝑟𝑐)

4𝜋𝑟𝑑
2𝑟𝑐

 (4) 

 

Figure 1. Geometric description of physical parameters 

of the KE collimator. Magnification factor (M) is defined 

as image size (I) to a FOV (I/FOV) ratio as illustrated in 

the figure 

Table 1. The summary of the camera parameters. 

Parameter Description Parameter Description 

𝑟𝑑 

Source to 

detector 

distance 

𝛼 
Slit opening 

angle 

𝑟𝑐  

Source to 

collimator 

distance 

𝑤 
Slit aperture 

width 

𝑅𝑖 

Detector 

intrinsic 

resolution 

𝐿 
Scintillator 

length 

𝑓 Focal length 𝑑 
Scintillator 

thickness 

𝑔𝑠𝑦𝑠 
System 

efficiency 
𝑅𝑠𝑦𝑠 

System 

resolution 

 

 

Figure 2. Simulation setup was illustrated using the Qt 

software in the GATE Monte Carlo package. L is the 

scintillator length along the z-axis 
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The system optimization considering the Bragg peak 

detection was investigated based on the FRP concept 

which defines a relationship between a total number of 

impinging radiation and the precision of the detected 

range [21]. Fall-off retrieval precision was proposed 

by Roellinghoff et al. for the performance evaluation 

of the imaging system considering the range calculations 

[21]. Generally, other researchers mentioned this parameter 

as range precision calculations that related to the number 

of incident particles on phantom/patient [10, 12, 25, 26]. 

The geometric efficiency is defined as the fraction of 

isotropically emitted photons, 𝑁𝑒𝑚𝑖𝑡𝑡𝑒𝑑, which are 

appropriately collimated, 𝑁𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 and can be written 

as follows [27] (Equation 5): 

𝑔𝑐𝑜𝑙𝑙 =
𝑁𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑁𝑒𝑚𝑖𝑡𝑡𝑒𝑑

 (5) 

It can be seen for a given number of emitted prompt 

gamma photons, the geometric efficiency is correlated 

to the number of detected photons as 𝑔𝑐𝑜𝑙𝑙 ∝ 𝑁𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑. 

The formula can be written in the following way 

(Equation 6): 

𝐹𝑅𝑃 =
1

√𝑔𝑐𝑜𝑙𝑙

 (6) 

Therefore, from the optimization point of view, one 

can consider FRP as 𝐹𝑅𝑃 =
1

√𝑔𝑐𝑜𝑙𝑙
. Here, FRP acts as a 

relativistic metric to compare the designs and select the 

best one. Here, we used an adaption of the formula with 

some modifications according to the above-mentioned 

justification. It is obvious that higher geometric sensitivities 

lead to passing more photons from the collimator. 

Accordingly, more detected photons lead to an increase 

in contrast (i.e., count difference before and after Bragg 

peak), which directly is related to Bragg peak fall-off 

retrieval [12]. Therefore, the higher the geometric 

sensitivity is, the better the FRP achieves. 

We developed a code in C++ program, which enabled 

us to find the geometrical parameters of the detector and 

collimator that provide the best system efficiency and 

resolution. Using the code, the FRP was investigated 

with a fixed system resolution at 𝑅𝑠𝑦𝑠= 12.0, 14.0, 16.0, 

and 18.0 mm. These values were selected according to 

the available spatial resolutions for the developed knife-

edge camera [12]. The source-to-collimator distance was 

fixed at 𝑟𝑐 = 150.0 mm (the minimum radius allowed 

in clinical brain imaging that is compatible with proton 

treatments on head-and-neck district) and the source-

to-detector distance (𝑟𝑑) was varied from a minimum 

of 165.0 mm to a maximum of 500.0 mm which in turn 

varied the focal length 𝑓 from a minimum of 15.0 mm 

to a maximum of 350.0 mm. The same procedure was 

repeated for the same fixed system resolution at 𝑅𝑠𝑦𝑠= 

18.0 mm, but this time the source-to-collimator distance 

𝑟𝑐 was considered fixed at 130.0, 150.0, 170.0, and 

190.0 mm.  

2.3.  Monte Carlo Simulation 

MC simulations were performed with GATE/GEANT4 

package version 8.2 [28]. This version of GATE is based 

on the GEANT4 version 10.5.1. GATE is an open-source 

software based on the GEANT4 toolkit designed for the 

modeling and design of tomographic imaging systems 

such as Positron Emission Tomography (PET) and 

Single-Photon Emission Computed Tomography 

(SPECT) as well as radiotherapy applications [29]. 

Therefore, it is a suitable tool for simulation in 

diagnostic-therapeutic research [30]. For modeling the 

transport of the particles, the QGSP_BIC_HP_EMY 

physics list was used for beam interactions with matter 

[31]. This physics list includes appropriate models of 

nuclear interactions that are in good agreement with 

the experimental results obtained for prompt gamma. In 

proton therapy, energies are used in the range of 60 MeV 

(for the treatment of ocular tumors) to 240 MeV (for the 

treatment of deep tumors) [3,32]. In this research, 160 

MeV was selected to irradiate the PMMA ((C5H8O2) n, 

density = 1.19 g/cm3) phantom. A total number of 108 

protons were simulated to consider the realistic single-

spot pencil beam in treatment [31]. The proton beam was 

considered a fully ideal pencil beam without any 

energy, spatial, or angular distributions [12]. 

3. Results 

3.1.  System Optimization Considering the FRP 

The KE collimator optimization was investigated 

considering the Bragg peak retrieval along the beam 

axis and its dependency on the geometrical parameters 

of the collimator and detector. The dependence of the 

FRP on the source-to-collimator and source-to-detector 

distance was studied at fixed system resolution. Figure 3a 

shows that the FRP of the KE collimator improves with 

increasing the source-to-detector distance, reaches the 
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optimum value, and then deteriorates with a further 

increase in detector distance. This means that there is 

an optimum FRP at which the KE collimator has the best 

performance. Moreover, the distance of the source-to-

detector at which the FRP reaches its optimum varies 

with source-to-collimator distance 𝑟𝑐 (Figure 3b). For 

system resolution of 𝑅𝑠𝑦𝑠 = 18.0 mm, this optimal source-

to-detector distance is 𝑟𝑑  = 245.0, 280.0, 320.0, and 

360.0 mm for which the FRP = 28.0, 32.0, 37.0 and 41.0, 

respectively. For a focal length less than 55.0 mm there 

is no value for FRP. In Figure 3c, the results of the FRP 

against 
𝑟𝑑

𝑟𝑐
 ration for different source-to-collimator distances 

show that there is a 
𝑟𝑑

𝑟𝑐
 ratio at which FRP is optimal for 

the KE collimator and that is found to be in the range 

of 1.7-1.9.  

3.2.  FRP and Range Quantification 

MC simulation was used for the validation of the 

optimized system performance. To do so, the 160 MeV 

proton range in the PMMA phantom was estimated using 

the optimized KE camera (Figure 2). The range of 160 

MeV protons is 15.2 cm in the PMMA phantom. 

Consequently, as can be seen from Figure 4, the differences 

between the MC calculated and the absolute ranges were 

0.5 cm (the relative error is about 3%). The MC results 

for the camera efficiency were reported in Table 2. Since 

the radiation penetration through the collimator slit was 

ignored in theoretical calculations, the MC predicted 

 

 

 

Figure 3. The KE collimator optimization results 

considering the Bragg peak retrieval for a fixed system 

resolution 𝑅𝑠𝑦𝑠 at 12.0, 14.0, 16.0, and 18.0 mm (𝑟𝑐  

fixed at 130.0 mm). (a) The figures show the resulting 

system  𝐹𝑅𝑃 as a function of the detector distance  𝑟𝑑 

for fixed source-to-collimator distance, and (b) for 

fixed system resolution 𝑅𝑠𝑦𝑠= 18.0 mm. In (c)  𝐹𝑅𝑃 is 

plotted as a function of the 
𝑟𝑑

𝑟𝑐
 ratio for different fixed 

𝑟𝑐= 130.0, 150.0, 170.0 and 190.0 mm 

Table 2. Calculated values for the resolution, efficiency, and FRP 

Source-to-

collimator 

distance (mm) 

Source-to-

detector 

distance (mm) 

Resolution 

(mm) 

Slit opening 

angle (degree) 

Slit 

aperture 

width (mm) 

Efficiency 
Efficiency 

(MC) 
FRP 

130 260 12 60 6 2.8E-03 5.1E-03 19 

150 300 12 63 6 2.1E-03 4.9E-03 22 

170 340 12 66 6 1.6E-03 3.4E-03 25 

190 380 12 68 6 1.3E-03 3.5E-03 28 

 

 

 

Figure 4. The Detection profile of PGs produced by a 

160 MeV proton beam is illustrated for three different 

source-to-collimator distances 
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results are approximately 2-fold more than that of theory. 

Additionally, FRP values were calculated theoretically, 

and the results were reported in Table 2. With taking the 

derivative of Equation 4, the optimal detector distance 

value was calculated assuming the ideal detector 𝑅𝑖 = 0. 

It was found that for any fixed resolution, the system 

efficiency is maximum at 𝑟𝑑 = 2𝑟𝑐 independent of the 

resolution.  

4. Discussion 

In this study, an analytical method was developed and 

applied for the KE collimator modeling and optimizing 

for range verification. The concept of FRP was successfully 

developed and applied for the KE collimator in this 

research. Moreover, the response of the detector in terms 

of an intrinsic resolution was considered. It was found 

that in the context of proton range verification, despite 

some simplifications such as ignoring the scattered 

photons and neutron-induced secondary gammas, 

analytical methods can be implemented for a better 

understanding of the relationship between collimator 

parameters and imaging metrics such as spatial resolution 

and efficiency.  

Based on the characteristic curves (Figure 3), which are 

plotted using derived formulas, we studied the variation 

of the FRP to optimize the KE collimator. It was found 

that there is an optimal value for each characteristic curve 

at the  
𝑟𝑑

𝑟𝑐
 = 1.8 ratios when detectors are used with 𝑅𝑖 = 

4.0 mm. For 𝑅𝑖 = 0.0 mm, the optimal ratio is 
𝑟𝑑

𝑟𝑐
 = 2.0, 

which is slightly different in comparison to that of the 

𝑅𝑖 = 4.0 mm case (Table 2). Therefore, this ratio varies 

with the detector response. This result is remarkably 

important to speed up camera design by considering 

different detectors [33]. Moreover, in this study, it was 

found that the source-to-detector distance at which the 

characteristic curve reaches its optimum varies with the 

source-to-collimator distance (Figure 3b). It is interesting 

to note that for a fixed slit distance 𝑟𝑐 = 150.0 mm (suitable 

for the design of the head and neck tumor imaging system), 

the FRP at the source-to-detector distance of 𝑟𝑑  = 290.0 

mm is optimal independent of the system resolution 

(Figure 3a). This result is in good agreement with the 

optimized KE camera parameters suggested by Smeets 

et al. [12].  

The main aim of this study was to develop an 

analytical slit collimator model and to prove that there is 

an optimum configuration, which maximizes the geometric 

efficiency for a given fixed resolution and the source-

to-collimator distance. Consequently, we observed the 

agreement in trends of geometric efficiency and MC 

results. However, absolute values are far from expected 

because of the lack of scattering/penetration and also 

neutron background modeling in this study. Penetration 

and scattering add a constant amount (up to 2-fold) to the 

resolution and geometric efficiency, however, it can be 

seen from the results that different resolution values do 

not change the optimum detector distance to slit distance 

ratio (that is 1.7-1.9) (Figure 3). Consequently, it was 

found that the optimum ratio is distance independent. 

Finally, penetration/scattering and neutron background 

modeling are under the study for future developments of 

the proposed model and are not the aim of this study. 

Smeets et al. have optimized the KE camera for 

𝑟𝑑 = 2𝑟𝑐 (magnification factor M = 1) [12]. So, our 

findings support their results despite ignoring the 

penetration and scattering effect. In another study, Bom 

et al. [13] suggested that the magnification factors greater 

than M = 1 are the optimal case in range monitoring. It 

seems that considering the scattering effect, the 

magnification factor of more than 1 is a better choice 

to take into account the KE collimator magnification 

capability and also decreasing the scattered photons. 

However, more investigations are needed to assess this 

postulation using the analytical developed method.  

Several studies have previously addressed the single-

pinhole/slit-slat collimator modeling generalization to 

multi-pinhole/multi-slit-slat collimators [23, 34]. 

Consequently, our derived model may also be applied 

for multi-slit collimator design as the whole geometric 

sensitivity of the multi-slit collimator could be considered 

by multiplying the single-slit collimator’s formula. 

However, further theoretical and simulation studies are 

required to validate this generalization. Analytical models 

are efficient methods in proton therapy. The developed 

model could be useful for designing adaptive slit 

collimators, which is necessary for range verification in 

different clinical beam delivery scenarios. Furthermore, 

as the collimator-based cameras, optimum performance 

is distance dependent [6], therefore the model may provide 

advantageous information for fast or maybe online 

optimizing the adjustable slit collimator in the clinic. 
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5. Conclusion 

The importance of this research lies both in its speed 

and its relative ease of application to new detector types 

such as pixelated or monolithic crystals. Also, the 

developed method can be generalized to other collimator 

systems such as a parallel hole or cone-beam gamma 

camera. The developed method allowed a significantly 

fast reproduction of the KE camera parameters in 

comparison to the MC simulation with an acceptable 

difference. However, it is important to consider realistic 

PG source distributions in this model as well.  
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