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Abstract  In this paper, the proton image quality of three designed phantoms is studied by the Monte Carlo 

simulation tool FLUKA, and is compared with that of the photon, and electron imaging. The passages of parallel 

beams were simulated by the phantoms for protons, electrons and X-rays, and the fluence and energy spectra of 

exiting particles are recorded. The proton energy loss imaging has a high quality under low transmission proton 

fluence, and its quality is superior to that of electron and photon fluence. The results demonstrate that proton energy 

loss imaging is especially suitable for the samples of hundreds of nano-thicknesses. 
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1 Introduction 

In contrast to radiographic imaging techniques of CT 

and TEM (transmission electron microscopy), which 

use X-rays or electron beams, proton imaging is an 

emerging technique for non-destructive analysis with 

high-contrast, low-dose, and low-noise[1–6]. It has been 

applied in material modification, composition analysis, 

and biological analysis[7–9], with a good prospect in 

proton therapy and proton CT[1]. 

In this paper, high energy proton beams are 

simulated for proton imaging by M-C code of FLUKA. 

The image quality was studied by proton fluence, 

energy fluence, and energy loss map. 

2 Principle of proton imaging 

Unlike X-rays and electrons, protons undergo large 

energy loss as they pass through a specimen. Proton 

imaging can be formed by using either proton fluence, 

the energy fluence or energy loss. Proton fluence is 

usually used to form image of large specimens[10], and 

the intensity of proton beam is attenuated within its 

range of 90–100%. The image pixel value can be 

written as: 

( , ) ( , , )df x y I x y E E                (1) 

where, I(x,y,E) is the proton fluence at energy (E) and 

position (x,y) in the detection plane. On constructing 

the image by energy fluence, the image pixel value is 

given by Eq.(2): 

E ( , ) ( , , )df x y EI x y E E           (2) 

Using the energy loss due to proton inelastic 

collisions with atomic electrons [11], a higher resolution 

than Eqs.(1) and (2) can be obtained by integrating the 

specific energy loss along the track length (l)[12]. 
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where, E0 is an initial energy and E is a final energy 

for incident proton, dE/dx is a linear stopping power of 

the protons, ρ(l) is density of the material at a length l. 

S(l, E') is mass stopping power as a function of l, and 

E(l) is the local proton energy. 

Unlike X-ray or electron imaging, which is 

based on the exponential law of attenuation, proton 

imaging is complex and sensitive to the track length 

due to the stopping power in the specimen. If average 
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energy of the transmitted proton is Eav(x,y), the image 

pixel value for energy loss is given by 

0( , ) ( , )ED avf x y E E x y              (4) 
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3 Simulation models 

To compare the three methods of proton imaging, 

particle transport in three types of phantoms was 

simulated by MC code of FLUKA. Parallel beam 

incidence was used. The energy spectra and fluence of 

the transmitted particles were recorded by a linear 

pixel detector. 

The water phantoms were the box water 

phantom (BWP), right angle wedge water phantom 

(RAWWP), and ladder-shaped water phantom (LSWP). 

The box water phantom (10 cm×10 cm×6 cm) 

contained a Φ2 cm×10 cm PMMA cylinder (Fig. 1). 

PMMA, in density of 1.18 g·cm–3, is suitable for mass 

contrast to water. The BWP was irradiated by 120 

MeV proton beams of 4 cm×0.4 cm. The traverse 

protons were detected by a 10 cm×0.4 cm linear pixel 

detector with 100 units. 

 

Fig. 1  Schematics of the box water phantom. 

For comparison, 15 MeV electron beam and 20 

keV photon beam were simulated. X-ray imaging is 

based on exponential absorption of incident photons in 

the material, and pixel value of photons is given by 

f(x,y)=I(x,y), where I(x,y) is the photon fluence at point 

(x,y). The electron absorption obeys the exponential 

law, too, but the process is determined by electron 

scattering along their paths in the material. The pixel 

value of electrons is f(x,y)=I(x,y,E), where I(x,y,E) is 

the electron fluence at energy E and point (x,y). 

For all simulations in this work, 107 incident 

particles in vertical beam incidence were used. 

The RAWWP (Fig.2) was a minute phantom in 

800-nm height and 100 μm×100 μm transverse size. It 

was irradiated by 4 MeV proton beams, or 1 MeV 

electron beams, of 140 μm×1 μm in size. The linear 

detector had 140 units. 
where,  

 
Fig. 2  Schematics of the right angle wedge water phantom. 

g 
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The LSWP (Fig.3) for studying the imagin

on and stability had ten steps, each of which 

was 1-nm high and 10-µm wide. It was irradiated by 4 

MeV proton beams, or 100 keV electron beam, of 140 

μm×1μm size. The detector had 140 units. 

 

Fig. 3  Schematic of the LSWP in simulation. 

4 Results and discussion 

  

d fluence distribution along 

4.1 Box water phantom

Fig.4a shows the normalize

the linear detector for the traverse protons, electrons, 

and photons. Each detector unit corresponds to a pixel, 

and the vertical dots indicate the borders of the PMMA 

cylinder. The incident beam covers the 30th–70th pixels, 

and the PMMA cylinder, the 40th–60th pixels. The 

proton fluence distribution well represents the 

coverage of the incident beam and PMMA cylinder. 

However, because of severe scattering effect of the 

electrons, the electron fluence distribution is much 

wider than proton, spanning from the 1st to 100th pixel 

and the PMMA cylinder being not detectable. The 

X-ray has an arc-like fluence distribution in 40th–60th 
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pixel, reflecting clearly the cylinder size. Fig.4b shows 

the normalized distributions of the transmission 

fluence, energy fluence, and energy loss of the proton 

beam. The distribution of energy fluence and 

energy-loss depend obviously on the cylinder in the 

40th–60th pixels. This means that improved contrast 

can be obtained using the energy fluence and the 

energy-loss, especially the latter, which has two sharp 

peaks at the 40th and 60th pixel, indicating an enhanced 

contrast of the cylinder boundary. 

 

 

 

Fig.4  Distributions of transmission fluence of 120 MeV 

4.2 Right angle wedge water phantom 

 proton or 

protons, 15 MeV electrons and 20 keV X-ray photons (a) from 
the box water phantom (6-cm thick, 10 cm×10 cm) containing a 
a Φ2 cm×10 cm PMMA cylinder, and distributions of 
transmission fluence, energy fluence, and energy-loss of the 
protons (b). 

The RAWWP was irradiated by 4 MeV

1MeV electron beams, but the phantom is too thin 

(800 nm) to cause any observable attenuation of the 

X-rays and form any contrast image. Fluence 

distribution of the unscattered electrons penetrating the 

RAWWP (Fig. 5 a) shows a curvatured wedge. The 

results indicate that the relationship between the 

electron fluence and the phantom thickness is not 

linear, since multiple scattering occurs as an electron 

penetrates the phantom, hence the need of a calibration 

to correct the non-linearity. 

Fig.5  Electron fluence distribution (a) with the right angle 
wedge water phantom (800 nm thick,100 μm×100 μm), and 
distributions of proton energy loss(b), proton fluence (c) and 
proton energy fluence (d) with the RAWWP. 
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The distribution of proton energy loss (Fig.5b) 

reconstructs the wedge perfectly. In addition, this can 

be achieved with reduced sampling number of the 

incident protons. However, the distribution of proton 

fluence (Fig.5c) and proton energy fluence (Fig. 5d) 

failed to show the phantom wedge. These indicate that 

proton energy loss is linearly proportional to the 

phantom thickness, despite the multiple scattering of 

the protons, which affect the proton fluence and proton 

energy fluence, but not the energy loss. 

 

Fig.6  Distribution of proton energy loss (a) and transmission 
electrons (b) with the ladder-shaped water phantom with ten 
10-nm steps. 

4.3 Ladder-shaped water phantom 

The LSWP was simulated with 4 MeV proton and 100 

keV electron beams. Both distributions of the proton 

energy loss and transmission electrons are 

ladder-shaped (Fig.6), but the step edges in Fig.6b are 

almost smeared out by noise, especially in the thick 

parts of the LSWP, while the distribution of proton 

energy loss is consistent with the phantom shape 

throughout the phantom steps, and the image contrast 

keeps good quality with reduced number of incident 

proton, too. The distributions of proton fluence and 

proton energy fluence are not shown, because the 

phantom image cannot be extracted. 

5 Conclusions 

Proton imaging of three phantoms has been simulated 

by the FLUKA code, using the transmission proton 

beams, and compared with that of transmission 

electron and X-ray beams. Instructive information has 

been obtained for the imaging resolution and detection 

efficiency. For centimeter-scale samples, the imaging 

can be performed using energy fluence of the 

transmission protons to enhance the object boundaries. 

For nanoscale samples, imaging by energy loss of the 

proton beams is preferred, and number of the incident 

protons can be reduced. The results show that the 

proton energy loss imaging is the best choice for 

improving image contrast and reducing image noise. 
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