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1. Introduction 

 
X-ray beam at kilovoltage (kV) energies is 

predominantly used in diagnostic radiology and 

industrial non-destructive testing. Some applications 

demand the x-ray beam with much higher megavoltage 

(MV) energies: for example, portal imaging in 

radiotherapy [1] and cargo-container screening at ports 

[2]. The MV image quality can be evaluated as same as 

done in the conventional kV images, and which consists 

mainly of the contrast, the noise, and the spatial 

resolution [3]. In the cargo inspection systems, the 

standard method to assess the spatial resolution is based 

on visual perception [4]; the minimum gap between 

radiopaque slabs is determined by varying the gap 

between the slabs. In each measurement, the slab 

thickness should be the same as the gap. 

The modulation-transfer function (MTF) describes the 

contrast-transferring capability of an imaging system at 

each spatial-frequency content forming object to be 

imaged. Therefore, the MTF is known as the most 

objective and quantitative metric for the assessment of 

system spatial resolving power. To measure the MTF, the 

accuracy of the impulse signal is the most important. The 

impulse signal can be derived from a slit with a narrow 

gap [5] or an edge knife [6], which produces, respectively, 

the line-spread function (LSF) and the edge-spread 

function (ESF). In this study, the authors develop a 

design framework of the ESF at MV energies using the 

Monte Carlo (MC) technique. 

 

2. Methods 

 

2.1 Ideal ESF and MTF 

 

For an ideal impulse signal 𝛿(𝑥, 𝑦), the LSF is given 

by 

 

𝑙(𝑥) = ∫ 𝛿(𝑥, 𝑦) d𝑦
∞

−∞
= 𝛿(𝑥), (1) 

 

and the corresponding MTF is evaluated as 

 

MTF(𝑢) = |ℱ {
𝑙(𝑥)

∫ 𝑙(𝑥) d𝑥
∞
−∞

}| =
|𝑇(𝑢)|

|𝑇(0)|
= 1. (2) 

 

Therefore, if 𝑙(𝑥) ≠ 𝛿(𝑥) , the MTF will not show a 

constant white spectrum. While the LSF can be directly 

obtained from the slit phantom, the finite extent of slit 

gap derives 𝛿(𝑥)  to be blurred. Knowing this gap 

response, deconvolving it from the measured LSF may 

restore 𝛿(𝑥). Considering MV energies, any non-straight 

surface along the slit height and the imprecise slit 

alignment can cause additional asymmetric blurs in 𝛿(𝑥). 

Instead, since the relationship between ESF 𝑒(𝑥) and 

LSF 𝑙(𝑥) is established as 

 

𝑙(𝑥) =
d𝑒(𝑥)

d𝑥
, (3) 

 

the MTF can be readily estimated from the ESF 

measurement. However, the error or noise during 

numerical differentiation is a drawback. 

 

2.1 Monte Carlo Framework 

 

The mechanical design of the edge phantom is simple. 

However, secondary radiations produced from the edge 

phantom can contaminate the primary radiation-induced 

𝛿(𝑥) [5-7]. Therefore, the main goal of the edge phantom 

design for the MV x-ray beam is to find materials and to 

determine its thickness producing secondary radiations 

as low as possible. The edge width 𝐿  satisfying that 

∫ 𝑙(𝑥) d𝑥
𝐿

−𝐿
≈ 1  is an additional design parameter [8]. 

This study develops an MC framework to investigate 

MV x-ray edge signals from various edge phantom 

materials with an ideal detector response. 

In order to simulate the impulse response of the ideal 

detector for the 6- and 9-MV spectra, the MC simulations 

of edge-knife measurement were performed. All the MC 

simulations were performed using a commercial MC 

radiation transport code (MCNP, RSICC, Oak Ridge, 

TN). The particle-tracking function of the MCNP (pTrac) 

was used to analyze the signal spreading due to the 

primary and secondary interactions separately [9]. 

Figure 1(a) shows the simulation geometry for edge-

knife measurement. A cone-beam source located at 𝑑SD 

 
 
Fig. 1. (a) Simulation geometry for edge-knife 

measurement and (b) transmittance for the four materials. 

Solid and dashed lines represent 6- and 9-MV spectra, 

respectively. 
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= 700 cm emits 6-MV and 9-MV x-ray spectra and the 

edge-knife phantom has a dimension of 10.24  20.48  
𝑡edge  cm3. Tungsten (W), lead (Pb), copper (Cu), and 

iron (Fe) are considered for absorbing materials, and the 

material-dependent thickness 𝑡edge  is determined by 

selecting the thickness at which the transmittance 𝜏  is 

0.01, 0.1, 0.5, 1, and 5% for each material and MV 

spectrum 𝑆0(𝐸). The 𝜏 was calculated by 

 

𝜏 =
∫ 𝑆0(𝐸)𝑒

−𝜇(𝐸)𝑡edge  d𝐸
∞

−∞

∫ 𝑆0(𝐸) d𝐸
∞

−∞

. (4) 

 

Figure 1(b) represents 𝜏 for the four different materials 

and two spectra as a function of 𝑡edge. 

A 20.48  20.48 cm2-sized ideal detector is placed in 

direct contact with the edge-knife phantom. The detector 

was modeled to completely absorb incident x-rays and 

do not produce any secondary photons such as 

fluorescent and annihilation photons. The detector has a 

1,024  1,024 format consisting of isotropic pixels with 

a pitch of 0.2 mm. 2  109 photon histories were 

considered for each MC simulation. 

The ESF was extracted from the obtained edge-knife 

images. The characteristics of ESFs, such as scatter-to-

primary ratio, scatter fraction, undershoot, overshoot, 

and offset level, were quantitatively investigated in wide 

ranges of design parameters. To reduce the fluctuation in 

the MTF, the ESFs were regressed using the Gaussian-

weighted moving average method. Applying Eq. (3) to 

the smoothed ESFs and then applying Eq. (2), the 

corresponding MTFs were calculated. 

 

3. Preliminary Results 

 

Figure 2 represents the ESFs obtained for the 6-MV 

spectrum and W-edge when 𝜏 is 5% and 0.01%. Since 

the detector is ideal to incident x-ray photons, the 

primary interactions show an ideal edge response while 

the scattered photons produced from the edge-knife 

phantom contaminate the signal distribution near the 

transition region. As shown in Fig. 2(a), the higher τ 

results in large undershoot and overshoot in the transition 

region and a large offset level in the blocked region. The 

former may result in the overestimation of MTF while 

the latter yield a zero-frequency drop in MTF. 

 

In the case of the signal from scattered photons, the 

ratio of relative signals in the open and blocked regions 

is gradually decreased as 𝜏 increases. In particular, the 

signal in the open region becomes lower than that in the 

blocked region under high 𝜏 conditions. This can result 

in negative values and undershoot in the LSF. 

Figure 3 shows the MTFs obtained for W- and Cu-

edge phantoms using the 6-MV spectrum. As expected 

in Fig. 2, the MTF becomes to be overestimated as 𝜏 

increases, while it shows a nearly ideal response when 𝜏 

= 0.01%. Especially, Cu-edge with 𝜏  = 5% shows a 

significant overestimation of MTF (about 15% compared 

to the zero-frequency value). The material dependency 

may come from different scattering probabilities of W 

and Cu. 

 

4. Conclusions 

 

We have developed a framework for the design of 

edge-knife phantom at MV energies: MC simulations to 

obtain the impulse response from edge-knife phantom 

and the evaluation of the corresponding MTF. 

Depending on the phantom material, 𝜏 on the order of 5% 

can result in a large overestimation of MTF. The 

quantitative analysis of the ESF characteristics and the 

optimal 𝜏 values for the evaluation of the MTF will be 

presented at the conference. 
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Fig. 2. ESFs obtained for the 6-MV x-ray spectrum and 

tungsten-edge phantom when (a) 𝜏 = 5% and (b) 𝜏 = 0.01%. 

 
 
Fig. 3. MTFs obtained for the 6-MV x-ray spectrum and (a) 

tungsten-edge and (b) copper-edge phantoms for various 𝜏 

values. 
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