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Abstract: Proton radiography (PR) is a new imaging method that allows direct 
measurement of the proton energy dissipation in different tissues. Proton radiography 
enables fast and effective high-precision lateral alignment of the proton beam and target 
volume in human irradiation experiments with limited dose exposure. The benefits of PR 
can be summarized as: 1) high image resolution, 2) the complete field of view can be 
measured with one short proton spill, 3) short data acquisition time, and 4) simple data 
processing. Enhancing image contrast can be achieved by substituting cuts on the scattering 
angle with the use of a magnetic lens (ML) system, resulting in optimal images of objects. 
The current study is primarily focusing on proton acceleration via target normal sheath 
acceleration (TNSA) using nanowire-coated foils as targets, followed by an investigation of 
the LET, range, and dose of protons. In this work, simplified physical models of proton 
transport, including Bethe–Bloch energy loss, energy straggling, and multiple Coulomb 
scattering (MCS), are used in the 0–300 MeV energy range of interest to analytically 
quantify the tradeoffs and scaling relationships between dose, spatial resolution, density 
resolution, and voxel size.  We found that dose (D) is directly influenced by the size of 
voxel α and the necessary density resolution δ, which highlights a very strong dependence 
on voxel size. Our work shows that the average dose increases with increasing number of 
protons, while the average dose decreases with increasing proton beam energy, which is in 
good agreement with the other references. These studies demonstrate that the dose D of 
water, breast, brain, lung, and eye tissues is directly influenced by the size of voxel α and 
the necessary density resolution δ, adhering to the relationship ܦ ∝  ଶ, whichିߜହିߙ
highlights a very strong dependence on voxel size. 

Keywords: Magnetic lenses, PR, Tissue characterization, Radiation dose, Image blurring, 
Diagnostic imaging. 

 
 

1. Introduction 
A new diagnostic technique, high-energy 

proton radiography (PR), is being used to 
investigate the imaging of objects [1-3]. The 
three key events affecting protons as they pass 
via a material are absorption, energy dissipation, 
and multiple Coulomb scattering (MCS). PR has 
not been utilized for a prolonged time due to the 
MCS causing image blurring in radiography. A 
crucial method used in PR development involves 
a magnetic imaging lens system situated between 
the image and object, which focuses the proton 
beam (PB) point-to-point and achieves the 
resolution required across the full field of view 
for radiography [3–10]. 

More recently, it has been shown that many 
of the advantages of protons as a radiographic 
probe can be realized by using a magnetic lens to 
focus on the transmitted proton beam. Some 
potential advantages of protons over 
conventional X-ray techniques for flash 
radiography of thick, dense, dynamic systems 
include: 1) high penetrating power, 2) high 
detection efficiency, 3) small scattered 
background, 4) no need for a conversion target 
and the consequent phase-space broadening of 
the beam, 5) inherent multi-pulse capability, and 
6) large stand-off distances from the test object 
and containment vessel to the detectors. 
Additionally, the use of a magnetic lens with thin 
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detectors allows multiple images on a single 
axis, though progressively smaller apertures to 
be used to vary the magnitude and Z-dependence 
of the interaction, and can provide material 
identification. In addition, mono-energetic 
protons offer advantages over X-rays in the 
visualization of internal bodily structures. Thus, 
unlike X-rays and neutrons whose flux is 
exponentially attenuated with respect to absorber 
thickness, proton flux is only moderately 
attenuated before falling off steeply at the end of 
the particle range. This property may be used to 
advantage by placing a photographic film in the 
region of very steep attenuation, when 
radiographs of very high contrast may be 
obtained. A further advantage is that radiography 
based on proton transmission is relatively 
insensitive to variations in the chemical 
composition of the tissues [10-16]. This work 
utilizes a radiography technique that employs 
protons with high energy as probe particles. The 
effectiveness of this method relies on the use of 
magnetic lenses (MLs) to counteract the small 
MCS angle caused by the passage of charged 
protons through the object under investigation. 
Employing an ML renders the side effects of 
MCS perturbation a valuable and fulfilling 
endeavor. Protons exhibit distinct dependencies 
on material properties, influenced by a 
combination of Coulomb scattering at small 
angles, nuclear scattering, and energy dissipation 
processes, each with unique characteristics 
related to electron configuration, atomic number, 
density, and atomic weight. These tips enable the 
simultaneous estimation of the amount of matter 
and its identity [17-25].  

However, protons suffer a significant amount 
of elastic scattering with nuclei through their 
trajectory in the form of multiple Coulomb 
scattering (MCS), which severely reduces the 
spatial resolution of proton imaging. Advanced 
trajectory estimation methods have successfully 
helped address the problem of MCS in proton 
imaging, ameliorating the spatial resolution. In 
PR, the images are blurred because of MCS. 
Thus, it is important to find the best way to 
reduce the impact of MCS on the extracted 
proton energy loss radiographic image to 
minimize the blurring and, consequently, to 
improve the accuracy of the energy-loss map. To 
suppress this kind of blurring, a magnetic 
structure called the Zumbro lens was developed 
by Mottershead and Zumbro [1], which is now 
the most important part of the PR system. The 

Zumbro lens is designed according to the 
momentum of the transmitted proton [8, 9]. As a 
result, the lens provides point-to-point focusing 
from the object to the image without blurring for 
protons whose momentum matches the reference 
value. The basic configuration of the PR system 
consists of three key parts: the diffuser, the 
matching lens, and a Zumbro lens. In the system, 
the proton beam propagates from left to right. A 
pencil monoenergetic proton beam is first 
scattered by a diffuser. After acquiring a broader 
angular distribution, it is transported into the 
matching lens. Both the angle and size of the 
beam are modified in the matching lens 
according to the coordinate-angle correlation 
required by the Zumbro lens. Then, the protons 
with this correlation can be imaged by the 
Zumbro lens upon reaching the image plane. 

The multiphase interaction allows 
adjustments to be made to the sensitivity of the 
technique, thereby enhancing its utility across 
various material thicknesses. The magnetic optic 
enables unit magnification between the image 
and object and allows the detector planes and 
image to be moved away from the object being 
tested [26-27]. This significantly enhances the 
signal-to-background ratio. The ML system 
allows for adjustable angular acceptance, which 
is essential for material identification and 
enables the system to be sensitive to objects of 
varying thicknesses. Protons offer additional 
advantages as probe particles in radiography due 
to their high detection yield and the ability to be 
recorded repeatedly using a multilayer detector. 
In applications where dense objects require 
multiple rapid radiographs, consecutive 
velocities, protons are nearly an ideal solution 
due to their high penetration capabilities. This is 
because devices that accelerate protons produce 
long trains of high-intensity and short-duration 
beams, which are needed for these applications. 
Furthermore, advancements in technology have 
made available high-resolution, high-velocity 
proton data recordings, allowing for accurate 
results in energetic experiments, as well as in 
proton computed tomography (PCT). The range, 
as well as the transverse displacements and their 
angles, of the input protons can now be 
measured, for instance, by employing 
calorimeters and detectors. 

This approach bears a strong resemblance to 
XRCT methods [1-8, 28-30]. 1) The average 
energy dissipation method involves gathering 



Proton Transmission through Magnetic Lenses for Characterizing Water and Human Tissues via Proton Radiography 

 707

statistics for a set of paths, with a focus on 
quantitatively assessing the average energy 
dissipation per path. Proton radiographs taken 
from multiple viewpoints can then be used to 
perform PCT in the same manner as X-ray 
computed tomography (XRCT) or PET, even 
when the paths of the protons are not completely 
straight. Many imaging methods can predictably 
quantify the dose-resolution relationship, as well 
as spatial and density resolution, in an ideal 
diagnostic system scenario. Two specific 
methods were chosen. Statistics for every 
category of proton path, not limited to a straight 
line, are compiled from within the imaged 
object. The proportion of protons transferred to 
each respective pathway is known as the 
"transfer efficiency" quantity. This method and 
XRCT are similar to each other. [1-8, 28-30]. 2) 
The mean energy dissipation method collects a 
set of statistical paths, but is qualitatively 
interested in determining the mean energy 
dissipation on every path. In fact, it turns out that 
the use of protons instead of X-rays for 
transmission imaging has some disadvantages. 
These include the need for large, expensive 
equipment to produce proton beams (e.g., a 
cyclotron or synchrotron) and the limitations on 
image quality arising from the multiple 
scattering of protons. However, the advantages 
of PR include a lower patient dose, higher soft-
tissue contrast than X-rays, and real-time 
capability for tumor tracking within tissue [11–
13]. PR also offers an improved contrast-to-noise 
ratio compared with standard X-ray imaging. 

Verification of patient-specific proton 
stopping powers obtained in the patient’s 
treatment position can be used to reduce the 
distal and proximal margins needed in particle 
beam planning. Proton radiography can be used 
as a pre-treatment instrument to verify integrated 
stopping power consistency with the treatment 
planning CT. Although a proton radiograph is a 
pixel-by-pixel representation of integrated 
stopping powers, the image may also be of high 
enough quality and contrast to be used for 
patient alignment. This investigation quantifies 
the accuracy and image quality of a prototype 
proton radiography system on a clinical proton 
delivery system. The highest level of spatial 
resolution can be attained by employing the most 
advanced methods to reconstruct the individual 
path, which is primarily constrained by the 
physical properties of the MCS phenomenon. 

This paper investigates ways to attain high image 
quality with high contrast in PR employing MLs 
in PCT. The structure of the paper is as follows. 
Section 2 presents a laser-driven proton 
accelerator based on target normal sheath 
acceleration (TNSA) using nanowire-coated foils 
as targets. Section 3 discusses the interaction of 
protons with matter. Section 4 examines proton 
imaging quality. Section 5 compares high-energy 
PR with other imaging techniques. Section 6 
presents a theoretical investigation of PR along 
with numerical results. Finally, the discussion 
and conclusions are provided. 

2. Laser-Driven Proton Accelerator  
The higher flux and temperature of hot 

electrons that propagate into the target enable the 
use of nanostructured targets to accelerate 
protons or light ions via target normal sheath 
acceleration (TNSA) when a foil a few μm thick 
is used as the substrate for the nanostructures. 
According to the TNSA scheme (Fig.1), 
relativistic electrons produced during the 
interaction between an ultra-intense laser pulse 
and a thin foil cross the target and escape from 
its rear surface, generating a sheath electric field 
of several TV/m. Therefore, nearby ions, 
including protons adsorbed on the target surface 
as impurities, accelerated in the forward 
direction at energies of up to several tens of 
MeV per nucleon [31-33]. The capability of 
nanostructured targets to improve laser-target 
coupling and electron acceleration suggests the 
possibility of producing compact electron or 
proton beam sources using optimized structured 
targets and controlled irradiation conditions. 
Since different target geometries are suitable for 
different scopes, it is important to achieve a 
deeper understanding of the interaction 
mechanisms and processes involved in this 
system in order to optimize the experimental 
conditions for various applications. Experimental 
and numerical studies suggest, for example, that 
the size of the gaps between nanostructures, such 
as the spacing between nanowires or the channel 
size in a nanotube, plays a key role in the 
interaction. Larger gaps seem in fact to favor the 
acceleration of high-energy electrons via 
plasmonic effects, whereas small gaps give rise 
to a stochastic heating that produces a hot, dense 
plasma [34-39].  
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FIG. 1. Scheme showing proton acceleration via target normal sheath acceleration (TNSA) using nanowire-

coated foils as targets with illustration of laser-driven PR. 

3. Interaction of Protons with Matter 
In PR, several interaction processes with 

matter have to be considered. These mainly 
include energy loss, nuclear interactions, and 
multiple Coulomb scattering. 

3.1. Energy Loss 

The energy loss of charged particles in matter 
is described by the Bethe-Bloch formula: 
− ܧ݀

ൗݔ݀ = ସగ௞బ
మ௭మ௘ర௡೐

௠೐௖మఉమఘ
[݈݊ ଶ௠೐௖మఉమ

ூ(ଵିఉమ)
− ଶߚ  −

 ఋ(ఉ)
ଶ

− ஼(ఉ)
ଶ

], where k0 = 8.99 × 109Nm2C−2,z = 
atomic number of the projectile, e = electron 
charge, ne = electron density of the medium, me 
= electron mass, c = speed of light, β = v/c = 
relativistic beta factor, ρ = density of the 
medium, I = mean excitation energy in eV. It is 
dependent on the thickness, density, and 
composition of the target. The interaction in the 
target with the electrons of the target atoms leads 
to a non-uniform energy distribution of the 
exiting beam. This affects the point-to-point 
focusing as the Lorentz force, responsible for the 
bending of the particle trajectories, which is 
dependent on the particle velocity or beam 
direction, which is directly correlated to the 
particle energy. This causes dispersion in the 
magnets, leading to a z-shift of the focal spot xi 
in the image plane. It is difficult to estimate the 
quantitative effect of the energy loss on the 
spatial resolution performance of a radiographic 
setup, mainly because of the unknown influence 
of the used collimator. Assuming that particles 
experiencing more energy loss also exit the 
target with a larger scattering angle due to more 
interactions, these particles will be the ones 
traveling further away from the beam axis at the 
location of the Fourier plane. The mid-plane 
collimator will sort out the particles; therefore, 
this effect can partly be canceled by choosing a 
different collimator.  

3.2. Nuclear Interactions 

In case of nuclear interactions, we have to 
differentiate between elastic nuclear collisions 
and inelastic nuclear interactions. The elastic 
collisions cause large scattering angles and 
possibly even a recoil of the proton. In this case, 
the interaction between the incident protons and 
the nuclei of the target happens through charge, 
as described in the following section on MCS. If 
the velocity of the incident proton is large 
enough to overcome the electrostatic potential of 
the nucleus, a nuclear reaction will happen. In 
this reaction, which is considered an inelastic 
interaction, the protons are first absorbed by the 
target nuclei, forming a new compound nucleus. 
These nuclei are mostly unstable and break up 
into various fragments, being ejected from the 
initial nucleus. The process is also called 
spallation and happens through strong 
interaction; it is dominant for the high energies 
used for PR. Although both types of interaction 
usually lead to a removal of the involved 
primary proton from the particle distribution, the 
total cross-section for the processes, and 
therefore the effect on the total particle 
distribution at the image plane of a radiographic 
setup, is very small. By integrating the 
differential cross-section for nuclear collisions 
outside of the angular acceptance of the utilized 
radiographic setup, the removal probability can 
be determined; however, this quantity is not 
measured continuously at the high energies 
required for PR. Therefore, a simple 
approximation can be introduced. For 
sufficiently high beam energies above 1 GeV, 
the probability for a scattering event is related to 
the nuclear collision length λnc [38]. Using the 
exponential attenuation law known as the 
Lambert-Beer law, the transmission can then be 
described by: ௡ܶ௨௖௟ = ݁ି௫

஛೙೎ൗ . The 
corresponding nuclear collision lengths are 
tabulated by the particle data group [39]. Due to 
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the small cross-section, the influence of nuclear 
collisions on the total transmission is naturally 
very small, but will increase for thick or dense 
targets. 

4. Image Quality 
The image quality of a radiographic setup 

depends mainly on three factors: chromatic 
aberrations, scattering, and detector blur. 

4.1. Chromatic Aberrations 

Chromatic aberrations lead to the definition 
of the chromatic length. This effect is dependent 
on the properties and geometry of the object of 
interest, which directly affect the scattering φ 
and the energy loss straggling δ. This may lead 
to an effect known as limning, which particularly 
affects regions with steep density transitions.  

4.2. Scattering 

Scattering in the object, especially MCS, 
results in a non-zero scattering angle of the 
exiting proton but may also cause a shift of the 
trajectory. It is proportional to the square root of 
the target thickness and is also ∝ 1/p, where p is 
the proton momentum.  

4.3. Detector Blur  

Protons interacting in the used scintillation 
generally do not travel on a trajectory parallel to 
the beam axis but rather traverse the material 
with an angle determined by the focusing 
properties of the lens system. This leads to a 
non-parallel emission of photons by a single 
proton track, an effect that can be partially 
reduced by selecting scintillators grown from 
columnar crystals capable of containing the 
produced photons in one column by total 
reflection. The effect can also be decreased by 
using thin scintillators, which in turn decreases 
the total yield of light [38-39]. Detector blur is 
also boosted by secondary particles, which are 
created during scattering processes of primary 
protons in the scintillation material. 
Summarizing the above findings, the detector 
blur is ∝ 1/p and decreases with increasing 
proton energy. All of the effects above tend to 
scale inversely with the proton energy, 
suggesting that an increase in the particle energy 
would lead to infinitely good spatial resolution 
performance. However, this is not the case for 
several reasons. Choosing higher proton energies 
will decrease the amount of scattering and 
therefore require longer collimators with smaller 

angular acceptances, which are not only 
complicated to handle in terms of alignment but 
also deliver worse results. This is obvious as the 
collimator has to be long or dense enough to at 
least deflect unwanted parts of the angular 
proton distribution so that those protons do not 
contribute to the final image.  

5. High-Energy PR vs. Other 
Techniques 

Currently, the most prominent candidates for 
future medical imaging alongside high-energy 
PR are single-tracking pCT and DECT. DECT is 
already clinically available and has been shown 
to deliver good results for treatment planning; 
however, its material separation capability is 
mainly used to improve image quality. This 
includes reducing artifacts originating from 
parasitic high-Z materials or enabling the 
visualization of contrast agents, for example, for 
the analysis of renal function or renal stones. 
Compared with conventional XCT, DECT 
neither offers increased data acquisition speed 
nor improves the spatial resolution performance 
of the system. In contrast, tracking pCT offers, 
compared with current high-energy PR, the 
possibility of simultaneously measuring both the 
density of the sample via scattering and the 
stopping power by employing a range telescope. 
As the requirements on the accelerator side are 
relatively low, a large number of research groups 
worldwide are addressing the challenges of this 
technique. Despite significant advancements in 
recent years, the major limitations of this method 
remain the speed of data acquisition, particularly 
for scattering data), as well as constraints on the 
size of the object being investigated. Both 
factors are critical for clinical adoption, since 
maintaining a patient in a fixed position is more 
difficult in a constricting environment, which 
may also cause stress. In terms of dose 
deposition and image quality, tracking PCT is 
quite similar to conventional XCT. The 
requirements for novel PCT scanners, and more 
generally for any new clinical imaging 
technique, were discussed in the early 2000s [38] 
and remain valid today, as the parameters of 
conventional XCT, which serve as baseline 
values, have not changed significantly since 
then. 

When comparing high-energy PR with 
tracking PCT, the advantages of PR clearly 
include outstanding spatial resolution in the 
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micrometer range, extremely short data 
acquisition times limited only by the capabilities 
of the accelerator, and generous space 
constraints that allow easy patient placement and 
handling due to the long range of high-energy 
protons in air. The crucial factors that still need 
to be addressed are dose deposition, which 
remains too high in the performed 
measurements, but may be reduced as suggested 
by the investigations conducted on proton flux 
dependent density measurements. 

The tracking PCT performance may increase 
further during the next few years due to more 
computing power and better detector systems; 
however, the outlined problem of the narrow 
space available for patient positioning will 
remain. Summing up those findings, high-energy 
PR presents a promising alternative to current 
imaging techniques. Several improvements and 
upgrades will be required, but these may become 
available in the coming years. The unique 
capability of real-time online imaging during the 
treatment procedure, as well as the outstanding 
spatial resolution performance, could 
significantly boost the accuracy of current 
hadron therapy and make this technique very 
useful for clinics. 

6. Theoretical Investigation of PR 
6.1. Desired Particle Attenuation Length 

By setting a constant regulation for incoming 
particles, one can estimate the optimal 
attenuation length ߣ in order to inspect particles 
during radiography of an object with a specified 
thickness L. The attenuation length λ is 
minimized when there is a relative error in 
estimating the number of particles transferred 
between two regions of the object under 
consideration, which vary in L and are distinct 
from T in terms of size. We begin with the 
fundamental assumption that the exponential 
decay of the beam through the object is: 
(ܮ)ܰ = ଴ܰ݁(ߣ/ܮ−)݌ݔ. We assume that ଴ܰ is 
the number of incident particles per pixel. 
Therefore, the net number of particles passing 
through the two areas is as follows: 

(ܮ)ܰ − ܮ)ܰ + ܶ) = ଴ܰ݁݌ݔ ቀ− ௅
ఒ
ቁ −

଴ܰ݁݌ݔ ቀ− (௅ା்)
ఒ

ቁ = ଴ܰ݁݌ݔ ቀ− ௅
ఒ
ቁ ቂ1 −

exp (− ்
ఒ

)ቃ              (1) 

If ܶ → 0, then exp ቀ− ்
ఒ

ቁ → 1 − ்
ఒ
, and Eq. 

(1) converts to ܰ(ܮ) − ܮ)ܰ + ܶ) =

଴ܰ݁݌ݔ ቀ− ௅
ఒ
ቁ ቂ்

ఒ
ቃ .Research findings indicate that 

the maximum absorption distance is equivalent 
to half the object thickness, with a specific ratio 
of λ = L/2. 

6.2. MCS Mechanism 

Coulomb scattering describes the deflection 
of charged particles in the electromagnetic 
potential of the nucleus of target atoms. During 
the passage, this process does not happen only 
once, but several times; therefore, it is also 
called MCS. In certain cases, MCS can affect the 
reconstruction of the initial scattering event and, 
consequently, degrade image quality. For thin 
objects, MCS is the dominant interaction 
process, as the cross-section for nuclear 
collisions is considerably smaller. 

Unlike X-rays, when proton beams enter an 
object, they undergo multiple collisions with 
charged particles in the atoms of the object. As a 
result, they are scattered at small angles and 
propagate through the material. At first glance, 
MCS appears to be a significant drawback for 
PR because protons do not travel in straight lines 
over long distances, leading to image blurring 
caused by angular dispersion immediately after 
exiting the object. The angular distribution of 
protons emerging from the object due to MCS 
follows a Gaussian distribution, which can be 
characterized by its root mean square (rms) 
value. The initial deflection angle ߠ଴in the plane 
of projection is defined by:  ߠ଴(ݖ) =

ଵି(݌ܿߚ)ܸ݁ܩ0.0136 ቀ ௭
௑బ

ቁ
భ
మ ቂ1 + 0.038 ln( ௭

௑బ
)ቃ 

[11].  

In this equation, c represents the light 
velocity, the proton velocity is βc, p is the proton 
linear momentum, and z parameter is the object's 
thickness, which is measured in the same unit as 
the length, denoted as ܺ଴. It is important to note 
that the proton beta value is close to unity, and 
the angle ߠ଴ depends inversely on the proton 
momentum, while increasing significantly with 
 where L is the object thickness. We plotted a ,ܮ√
three-dimensional variation of ߠ଴(ݖ) as a 
function of z and the energy of the incident 
proton (E), for water and various tissues 
including breast, eyes, brain, and lung in Fig. 2.  
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FIG. 2. 3-D diagram of ߠ଴(ݖ) variations in terms of different values of ݖ and ܧ in water and in breast, eye, 

brain, and lung tissues. 

MCS has two important effects on system 
performance. The first is a random effect that 
results in the limitation of object blurring, which 
is determined by the rms deviation of the image 
plane, y, upon the proton's arrival at the object's 
end from its non-scattered location. This 

deviation is expressed as: (ݖ)ݕ = 3ିଵ/ଶߠݖ଴(ݖ). 
The 3-D diagram depicted in Fig. 3 illustrates 
variations of y (z) as a function of E and z in 
water and four distinct biological tissues, namely 
breast, eye, brain, and lung. 

 

  
FIG. 3. The 3-D variations of (ݖ) ݕ in terms of ܧ and ݖ in water and breast, eye, brain, and lung tissues. 

The second factor contributing to blurring is 
the random proton trajectories emitted from the 
MCS when they depart the object and travel 
towards the detector, a distance greater than zero 
from the object. This effect can be studied by 
merely elevating the PB momentum. The initial 
effect can be readily examined by raising the 
PB's intensity. It is evident from ߠ଴(ݖ) and (ݖ)ݕ 
that the results become progressively better in a 
linear fashion, as the momentum of the beam is 
increased. Multiplying the linear thickness of an 
object by the square root of the object thickness 

as a function of radiation length leads to even 
greater growth. Choosing a high momentum can 
effectively reduce blur to any desired degree for 
radiography of thick objects. For observing 
moving objects, the detectors need to be 
positioned at a distance from the object. The 
second effect is characterized by different 
methods of operation. The current approach to 
solving this issue hinges on the fact that protons 
possess a charge and their paths can be altered 
by a B-field, which can be achieved using an 
ML, as discussed in the following section. This 
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is in addition to PR processes, where a facile 
exponential equation is used for the angular 
scattering distribution and the nuclear 
attenuation based on a Gaussian MCS [12–13]. 
The proton transmission process in this 
approximation is ܶ(ܮ) = exp ቀ− ∑ ௅೔

ఒ೔
௜ ቁ ቂ1 −

݌ݔ݁ ቀ− ఏ೎ೠ೟
మ

ଶఏబ
మ ቁቃ. A three-dimensional diagram of 

the variations of T (L) is shown in Fig. 4, 
illustrating its relationship with different z values 
and the incident proton energy of E for both 
water and various human tissues, including 
breast, eye, brain, and lung. 

 

  
FIG. 4. 3-D diagram of ܶ(ܮ) variations in terms of different values of ݖ and incident proton kinetic energy of 

 .in water and in breast, eye, brain, and lung tissues ܧ

∑ ௜௜ܮ  is defined as the sum of ܮ௜  (the 
individual areal densities of each material), while 
 ௜ is the factor of nuclear attenuation for i’thߣ 
material:  ߣ௜ = ஺೔

ேಲఙ೔
 .For the given expressions, 

the parameters can be defined as follows: ஺ܰ is 
equal to Avogadro's number; the absorption 
cross-section and atomic weight of the i’th 
material are shown by ߪ௜ and ܣ௜, respectively. 
௖௨௧ߠ  represents the angle-cut that includes the 
angular collimator. The ܺ଴௜ (radiation length) 
parameter is defined 
as: ܺ଴௜ = ଻ଵ଺.ସ஺೔

௓೔ (௓೔ାଵ) ୪୬൫ଶ଼଻/ඥ௓೔൯. The initial 

component of T(L) pertains to attenuation, 
specifically nuclear attenuation, and is consistent 
with the X-ray attenuation process, whereas the 
second component is attributed to angular 
attenuation, a characteristic that distinguishes 
PR. Angular attenuation provides an alternative 
method for distinguishing material properties. 
The angular beam fraction broadening that forms 
the image for thick objects is determined by the 
material composition and the elastic scattering of 
proton-nucleon within the object itself [13]. The 
given equation should be accurate if the 
scattering angular distribution exhibits the same 
Gaussian momentum correlation spectrum. It is 
assumed that pixels a and b, which are crucial 
for observation in the lane of the image, are 

correlated with the quality of PR based on the 
contrast between them. The difference in 
transmission between these pixels is expressed 
as: 

∆ܶ = exp ቀ− ∑ ௅೔ೌ
ఒ೔

௜ ቁ ቂ1 − ݌ݔ݁ ቀ− ఏ೎ೠ೟
మ

ଶఏబೌ
మ ቁቃ −

exp ቀ− ∑ ௅೔್
ఒ೔

௜ ቁ ൤1 − ݌ݔ݁ ൬− ఏ೎ೠ೟
మ

ଶఏబ್
మ ൰൨            (2) 

The cut-angle at its most favorable value can 
be found using Eq. (2). At high-energy, ߣ௜ (the 
mean free path for the i’th material) parameter 
being roughly constant, the optimal cut-angle 
can be estimated by: ݀ܶ

௖௨௧ߠ݀
൘ = 0. 

6.3. Magnetic Lens of PR System 

The magnetic lens (ML) system, as illustrated 
in Fig.5, is designed in accordance with [14]. 
The two imaging lens cells have a magnification 
factor of negative one. Each cell contains four 
quadrupole magnets that operate under the same 
field strength, but they show alternating poles (+, 
–, +, –). The cell's configuration has a 
characteristic where protons are positioned 
radially around the midpoint between its two 
central magnets, based exclusively on their 
scattering angle in the object.  
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FIG. 5. Schematic illustration of the ML system, showing the X and Y planes. 

Despite the fact that the appearance of the 
object's origin relates to a specific point in its 
plane, this topic enables the placement of a 
collimator in that specific location for making 
cuts on the MCS angle within the object. It was 
previously mentioned that the scattering 
distribution angle is in a Gaussian shape, with a 
width that can be calculated using the ߠ଴(ݖ) 
relation. The collimator enables one to direct the 
particles at angles smaller than the cut angle 

 denoted by MCS. The number of ,(௖௨௧ߠ)
transmitted particles ஼ܰ is given by: ஼ܰ ≈
ܰ ቂ1 − ݌ݔ݁ ቀ− ఏ೎ೠ೟

మ

ଶఏబ
మ ቁቃ. In Error! Reference source 

not found., we plotted the 3D diagram of the 
ே೎
ே

 variations in terms of different values of ݖ and 
 in water and in breast, eye, brain, and lung ܧ
tissues. 

 

  
FIG. 6. 3-D diagram of  ே೎

ே
  variations in terms of different values of ݖ and ܧ in water and in breast, eye, brain, 

and lung tissues. 
Here, the variable N represents the number of 

incident particles. When the value of ߠ௖௨௧  greatly 
exceeds ߠ଴ ,we anticipate that ௖ܰwill be equal to N. 
By substituting the ߠ଴(ݖ) relation into the equation 
for ߠ଴ and simplifying, it can be found that ௭

௑బ
 is 

expressed as: ௭
௑బ

≈ ିఏ೎
మ

ଶቀభయ.లಾ೐ೇ
ഁ೎೛ ቁ ௟௡ቀଵି

ಿ಴
ಿ ቁ

 . 

In Fig. 7, we depicted a three-dimensional 
diagram illustrating variations of ௭

 ௑బ
 with respect to z 

and E in water and in breast, eye, brain, and lung 
tissues. 
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FIG. 7. 3D diagram of ௭

 ௑బ
 variations in terms of different values of ݖ and ܧ in water and in breast, eye, brain, 

and lung tissues. 

When examining an ML system comprising 
two lenses (–I) mounted back-to-back, the first 
lens has an aperture that allows passage of all 
particles deflected by MCS, excluding those 
deflected by inelastic collisions. The second lens 
has its aperture set to cut into the MCS 
distribution. Detectors are then placed in the 
image plane of the two MLs and acquire two 
independent measurements. The first dependence 
is linked to the object's material in terms of 
nuclear interaction lengths, whereas the second 
dependence is related to the object's material in 
terms of radiation lengths. Because the values 
for nuclear interaction and radiation length have 
varying dependencies based on the type of 
material, we can thus determine both the 
quantity of existing material within the object 
and the type of material that exists in it. Using an 
ML with a single MCS cut angle can produce 
high-contrast PR, even when the object's 
thickness results in poor contrast through nuclear 
attenuation. For a thick object of a given 
thickness, an optimization  cut-angle exists, 
which, as in the case of nuclear exponential 
beam attenuation, maximizes sensitivity to 
variations in object thickness when using pure 
MCS radiography. The optimal cut angle can be 

calculated using the same method that yielded 
equation λ=L/2, with the attenuation now 
expressed as ௭

௑బ
. The cut angle of MCS is 

generated by adjusting the aperture. 

6.4. LET, Range, and Dose 

The energy dissipation rate for a single proton 
with kinetic energy K that passes through the 

water is provided by ቚௗ௄
ௗఒ

ቚ ൦ܸ݁ܯ
(݃

ܿ݉ଶൗ )൘ ൪ ≈

ଵ
଴.଴ଽ଼௞ା଴.଴ଶ଻଻

. In medical applications, the 
relevant range for K is between 3 and 300 keV, 
which is expressed as κ = K / (100 [MeV]). The 
unit of λ is expressed as g.cm-2, allowing 
consideration of its relationship with the 
thickness ∆ݏ (cm) of water, and ∆ߣ =  The .ݏ∆ߩ
|dK/dλ| variations were graphed against the 
instantaneous kinetic energy K in the range 3 < 
K [MeV] < 300 for a single proton within the 
water, as shown in Fig. 8(a). The graph 
demonstrates a decrease in the average energy 
dissipation rate for the proton as K increases. 
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      a)            b) 

 
          c)            d)  

FIG. 8. a)ቚௗ௄
ௗఒ

ቚ, b) < ܴ >, c) ௗழோவ
ௗ௄

 , and d) average dose (ܽ =  0.1 ܿ݉) variations in terms of ܭ in the interval 
3 < [ܸ݁ܯ] ܭ  < 300 for a single proton in water. 

The mean range (ܴ [݃ܿ݉ିଶ]) of a proton in water 
is: < ܴ >≈ ଶߢ4.900 + Equations ቚௗ௄ .ߢ2.770

ௗఒ
ቚ and 

< ܴ > are not independent of each other. Hence, we 

have: ௗழோவ
ௗ௄

= ቚௗ௄
ௗఒ

ቚ
ିଵ

. In Fig. 8(b), the average range 
of proton variations versus K in water is plotted, with 
K being the variable of interest. The average number 
of protons in water exhibits a nonlinear increase with 
rising K levels, exhibiting the opposite trend 
compared to the average rate of energy dissipation 
caused by incident kinetic energy. In Error! Reference 
source not found.), the variations of ௗழோவ

ௗ௄
  in terms of 

the incident kinetic energy ܭ of a single proton in 
water are shown, demonstrating a gradual nonlinear 
increase with increasing ܭ. The instantaneous energy 
is maximized when K equals ܭ଴, at which point λ is 
linked to the amplitude R. For example, a 200 MeV 
proton energy has a LET of about 4.47 [ܸ݁ܯ / (݃ /
 ܿ݉ଶ)] that exactly before it stops in the water at the 
end of its average range of about 226݃ / ܿ݉ଶ, it 
increases significantly. Higher order approximations 
can be applied to Eq. (2) to improve the accuracy of 

low energy behavior, which is proportional to LET. 
The dose is expressed in grays, representing the total 
energy deposited per unit mass, measured in joules 
per kilogram. The average dose is obtained from the 
number of protons N passing through a square pixel 
of size a: ܦ ≡ ே

ఘ௔మ∆௦
ቚௗ௄

ௗఒ
ቚ ݏ∆ߩ = ே

௔మ ቚௗ௄
ௗఒ

ቚ. Alternatively, 
it is simpler to 
write: [ݕܩ]ܦ = 1.6 × 10ିଵ଴ ே

௔మ[௖௠మ]
ቚௗ௄

ௗఒ
ቚ /ܸ݁ܯ]

(݃
ܿ݉ଶൗ )]. In Error! Reference source not found.), the 

average dose variations are plotted for the number of 
protons ܰ passing through a square pixel of size ܽ in 
terms of an incident kinetic energy of the proton, ܭ. It 
is clear that the average dose declines as K increases. 
In Fig. 9, the 3D variations of the average dose are 
shown for ܰ protons passing through a square pixel 
of size ܽ =  0.1 ܿ݉ in terms of the incident kinetic 
energy ܭ in the range 3 < [ܸ݁ܯ] ܭ  < 300 and 
10ହ < ܰ < 10଺. As seen in this figure, the average 
dose increases with increasing proton number, while 
it decreases with increasing proton beam energy, in 
good agreement with previous studies [40-41].
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FIG. 9. 3D variations of the number of protons ܰ passing through a square pixel with a size of 0.1 cm in terms of 

incident kinetic energy ܭ in the range of 0 < [ܸ݁ܯ] ܭ  < 300 and 10ହ < ܰ < 10଺. 

A proton with an energy of 200 MeV passing 
through a square pixel measuring 0.1 cm in size 
delivers an average dose of approximately 
7.2 ×  10ି଼. 

6.5. Adjustment 

The loss of energy of protons in collisions 
with atomic electrons is governed by statistical 
principles. In addition to calculating the average, 
it is also necessary to verify the collection of 
dispersed RMS in energy dissipation and range 
[30-33]. A PB traversing a material with a 

thickness of ∆λ can acquire the average square of 
the additional scattered energy: ∆ߪ௄

ଶ  =
0.6 ௓

஺
(݉௘ܿଶ)ଶߛ ቀ1 − ఉమ

ଶ
ቁ ∆λ. Here, ݉௘ is the 

electron rest mass, ܼ and ܣ are the atomic 
number and atomic weight of the element (pure) 
being traversed, and ߚ and ߛ are the relativistic 
coefficients [15]. The three-dimensional diagram 
in Fig. 10 displays variations of ∆ߪ௄

ଶ in relation 
to the kinetic energy of an incident proton (K) 
and the thickness (∆λ) for water and four distinct 
biological tissues: breast, brain, eye, and lung. 

 

 
FIG. 1. 3D diagram of the variations of ∆ߪ௄

ଶ in terms of the kinetic energy of an incident proton ܭ and the 
thickness ∆ for water and four different tissues: breast, brain, eye, and lung. 

The growth rate is consistently uniform, and 
for water, it can be accurately approximated 
within the energy range relevant to medical 
applications as:  ߪ௄

ଶ[ܸ݁ܯଶ] ≈ 0.089λ ቂ݃
ܿ݉ଶൗ ቃ. 

Immediately before stopping, the total RMS 
energy of a monochromatic proton beam can be 
expressed 

as: ߪ௄்[ܸ݁ܯ] = 0.30ට< ܴ > [݃
ܿ݉ଶൗ ]. In 

Error! Reference source not found.(a), ߪ௄் 
variations are plotted as a function of the 
incident proton kinetic energy ܭ in water. The 
figure clearly shows that ߪ௄் increases 
nonlinearly with increasing K.  
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     a)          b) 

FIG. 2. a) ߪ௄் and b) σୖvariations in terms of the kinetic energy of an incident proton ܭ in water. 

The phenomenon is linked to RMS range 
broadening: ߪோ = ௗழோவ

ௗ௄
 ௄், which can beߪ

approximated by:  ߪோ ቂ݃
ܿ݉ଶൗ ቃ ≈ 0.300(0.0980κ +

0.0280) (4.900κଶ + 2.770κ)ଵ
ଶൗ . For example, a 

monochromatic 200 MeV proton beam has an 
RMS kinetic energy spread of about 1.53 MeV at 
the end of its range of 26 g/cm2, and an RMS 
range spread of about 0.34 g/cm2 (0.34 cm in 
water). The spatial resolution of the radiographic 
image is defined by the RMS size of the beam on 
exit and, as a result, by the RMS range 
broadening if proton-by-proton track 
reconstruction is not possible or is not 
performed. In Error! Reference source not 
found.), we plotted ߪோ variations in terms of the 
kinetic energy of an incident proton ܭ in water. 
The data shown in this figure reveal an 
approximately nonlinear increase in the value of 
 / ோwith rising K values in water (note that κ = Kߪ
(100 [MeV])). This is almost true for tissues, 
because, on average, approximately two-thirds of 
the human body is made up of water. 

6.6. Mean Transmission Observation  
The average transmission method, as depicted 

in Fig. 12 [16], is characterized by setting the 
incoming beam energy and bowtie filter 
properties such that the Bragg peak falls at the 
distal edge of the bowtie. This configuration 
optimizes the dose delivered to the patient while 
achieving maximum measurement sensitivity. 

The total linear density along a straight line is 
given by: 

,ݔ)ߣ (ݕ = ∫ ஻(ݏ)ߩ
஺ ݏ݀ + ∫ ஽ݏ௕௢௪௧௜௘݀ߩ

஼           (3) 

,ݔ)ߣ  is a function of the transverse (ݕ
coordinates x and y at the entrance. Bowtie 
filters are known to reduce the radiation dose at 
the periphery of the imaging field of view [1, 3], 
and they have also been shown to be effective in 
reducing scatter, a major source of image 
artifacts [1, 3, 4]. Additionally, they can help 
flatten the scatter distribution, which is 
beneficial for post-processing scatter correction 
strategies [7]. Typically, the thickness of a 
bowtie filter varies within the axial plane but 
remains constant along the third dimension, 
corresponding to the longitudinal field of view. 
Therefore, the material, thickness, and density of 
bowtie filters are important factors for image 
quality. From Eq. (3), ݔ)ߣ,  depends on both (ݕ
the water density and the applied bowtie density. 
The value of ݔ)ߣ,  influences the number of (ݕ
protons reaching the detector and, consequently, 
the resulting image quality. Simulation data 
indicate that the use of bowtie filters can reduce 
the ambient dose around the tissue. Furthermore, 
the bowtie filter design concepts are applied in 
this work to create a computational realization of 
a 3D human bowtie filter capable of achieving a 
constant effective attenuation coefficient across 
the entire field of view of human tissue. 

 
FIG. 3. Schematic design of the radiographed object with a “bowtie” compensator. The illustrated simple 

phantom can be used in initial reconstruction simulations [16]. 
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The fraction of the transferred PB is a 
function of ߣ and an initial kinetic energy ܭ଴, 
i.e., ܶ = ,ߣ)ܶ  ଴). Transmission is measured forܭ
each square input pixel with a size of a: ௠ܶ௘௔௦ =
ே೚ೠ೟

ே
 .The number of input protons to each pixel 

is denoted as N, but only ௢ܰ௨௧  is emitted from 
the bowtie and is subsequently transferred to a 
downstream detector. The accuracy of ௠ܶ௘௔௦  is 
indicated by the fact that T increases with the 

radiation proton number N: ܶ௠௘௔௦و± = ܶ ±
ඥே೚ೠ೟

ே
= ܶ ± ට்

ே
 .Note that in this relation, the 

quantity T is a function of ߣ and ܭ଴. As a result, 
ܶ௠௘௔௦و± becomes a function of ܭ଴. In Figs. 13(a) 
and 13(b), we have plotted the 3D diagram of 

௠ܶ௘௔௦,ା and ௠ܶ௘௔௦,ି variations for the ± signs in 
terms of T and N variations, respectively.  

 
  a)         b) 

FIG. 4. 3D diagram of a) ௠ܶ௘௔௦,ା b) ௠ܶ௘௔௦,ି variations in terms of changes of ܶ and ܰ. 

The number of radiation protons required to 
alter the fractional change in density, expressed 
as δ ߩ∆

଴ൗߩ , in a cubic voxel to a specific size 'a' 
needs to be determined. For the diagnosis of this 
kind of variation, the transmission T must be 
accurately quantified: ∆ܶ = ௗ்

ௗఒ
ߣ∆ = ௗ்

ௗఒ
 .ߜ଴ܽߩ

ܶ௠௘௔௦و± approximately shows that: ܰ ≅ ்
∆்మ . 

Therefore, according to this relation, if the value 
of ∆ܶ decreases, then the value of N increases, 

and as a result, according to ܶ௠௘௔௦و± = ܶ ± ට்
ே

, 

the value of ܶ௠௘௔௦و± increases.  

Protons are necessary for each pixel's 
radiation. This outcome gives rise to a 
fundamental principle that yields a distinct 
radiography design: ܰߜଶܽଶ = ்

(ௗ்
ௗఒൗ )మఘబ

మ. This 

expression can be applied straightforwardly to 
photons in X-ray imaging. 

6.7. Sensitivity Response - Optimal Dose 

Figure 14 implies that the right-hand side of 
the above relation can be minimized by adjusting 
the initial kinetic energy K଴to optimize the 
transfer gradient: ݀ܶ

ൗߣ݀ , thereby maximizing 
sensitivity δ while minimizing dose D on the 
left-hand side. Studies in proton radiography 
indicate that the choice of analytical algorithms 
for more complex clinical imaging, such as lung 
or breast imaging, depends on the range 

distribution function. The range distribution φ(R) 
exhibits a substantial Landau tail. For practical 
purposes, a Gaussian approximation is 
reasonable: φ(ܴ) = ଵ

√ଶగఙೃ
exp ቀ(ோିழோவ)మ

ଶఙೃ
మ ቁ. Note 

that the amount of beam spread is characterized 
by the quantity ߪோ, which is an increasing 
function of the depth. Physically, this spread is 
due to the lateral scattering during the proton 
propagation. In addition, according to < ܴ >≈
4.900κଶ + 2.770κ, this φ(ܴ) depends on the K.  

Ignoring nuclear losses, we have: ௗ்
ௗఒ

=
−φ(ߣ). and the maximum transfer gradient 
occurs when ߣ =< ܴ > and ܶ = 0.5: ቚௗ்

ௗఒ
ቚ

௠௔௫
=

ଵ
√ଶగఙೃ

. As a result, when the initial kinetic energy 
 ଴ is altered so that half of the protons passܭ
through into the object and the bowtie, we 
have: ܰߜଶܽଶ = గఙೃ

మ

ఘబ
మ . The local dose D that is 

delivered by this proton flux is a function of both 
the local energy of K and the initial energy 
K: ߜܦଶܽସ = గఙೃ

మ

ఘబ
మ ቚௗ௄

ௗఒ
ቚ. When K equalsܭ଴, at the 

patient's level, using equations ௗழோவ
ௗ௄

 ௄், andߪ ,

ଶܽସߜܦ  :ோ, we obtainߪ = ଴.଴଼ଽగ
ఘబ

మ < ܴ > ௗழோவ
ௗ௄

. 

Substituting ቚௗ௄
ௗఒ

ቚ and  ߪோ yields the following 
suitable approximations: 



Proton Transmission through Magnetic Lenses for Characterizing Water and Human Tissues via Proton Radiography 

 719

ଶܽଶ[ܿ݉ଶ]ߜܰ ≈ ଴.ଶ଼
ఘబ

మ (4.9݇ଶ + 2.8݇)(0.10݇ +
0.03)ଶ             (4) 

and 

[ସ݉ܿ ݕܩ]ଶߜସܽܦ ≈ ସ.ହ×ଵ଴షభభ

ఘబ
మ (4.9݇ଶ +

2.8݇)(0.10݇ + 0.03)           (5) 

Here, ݇ ≡ ܭ
100ൗ ଴ߩ and [ܸ݁ܯ] ≈ 1 ݃

ܿ݉ଷ ൗ . 
Note that, according to the above equations, both 

R and D are functions of φ(ܴ). In Error! 
Reference source not found., we plotted ܰߜଶܽଶ 
and ߜܦଶܽସ variations in terms of the proton 
kinetic energy for water and for breast, brain, 
lung, and eye tissues. It is evident that as the 
kinetic energy of a proton rises, the values of 
 ଶܽସ increase in a nonlinearߜܦ ଶܽଶ andߜܰ
fashion. 
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FIG. 5. ܰߜଶܽଶ and ߜܦଶܽସ variations in terms of the kinetic energy of an incident proton in the range of 

0 < [ܸ݁ܯ] ܭ  < 300 for water and breast, brain, lung, and eye tissues. 

A PB with an energy of 200MeV is used in 
water for identifying density fluctuations, where 
the fluctuations, denoted as δ, are measured at a 
resolution of 0.01 in voxels with dimensions of a 
= 0.1 cm. In this case, N δ2a2 = 0.37, and the 
number of ଴ܰ  =  3700000 protons per pixel is 
required, resulting in a surface dose of ܦ =
= ܭ for ݕܩ26݉   Eqs. (4) and (5) .ܸ݁ܯ 200
specify the dosage for a single radiographic 
image. In a computed tomography scan, for a 
field of view with a width of w, we have 
approximately: ܯ = ௐ

௔
. Accordingly, the total 

dose for CT scanning is scaled as: ܦ~ ௐ
௔ఱఋమ .The 

relationship is heavily influenced by the voxel's 
size to the fifth power. In summary, results show 
that the nonlinear increase in Nδ2a2 and Dδ2a4 
with increasing kinetic energy (K) are: 
transmission, ܶ(ߣ,  ଴), the total linear density ofܭ
a straight line, ߣ, initial kinetic energyܭ଴, 
number of input protons to each pixel, N, and ߪோ 
parameter. Two factors are particularly 
important for proton radiography: (1) image 
resolution improves with accumulated proton 
shots (dose), but beyond a certain dose, further 
increases do not enhance resolution; (2) spatial 
resolution is higher for higher-energy protons 
due to their smaller scattering angle caused by 
MCS. 

Studies indicate that CR39 detectors provide 
better resolution than RCF but are suitable only 
for low proton flux. Image blurring is mainly 
caused by MCS and represents out-of-focus blur. 
Applying non-blind image deblurring algorithms 
improves proton radiography image clarity and 
spatial resolution. With advances in petawatt 
(PW) lasers and target preparation technology, 
laser-driven proton energies are approaching 100 
MeV and are expected to increase further. 
Therefore, a new generation of compact proton 
radiotherapy devices based on laser accelerators, 

along with associated proton radiography 
diagnostic systems, is highly probable. The 
methods presented here can also be extended to 
higher-energy protons. 

6.8. Proton Energy Dissipation Through Proton 
In transfer measurements, the energy of each 

individual proton is recorded rather than simply 
counting the fraction of exiting protons. This 
allows for an accurate reconstruction of energy 
dissipation within each voxel, which is critical 
for density mapping. It is assumed that a full-
energy detector, such as a calorimeter, has a 
sensitivity limited by a minimum detectable 
dose. The reconstructed proton path is assumed 
to be sufficiently accurate to identify the specific 
voxel traversed by each proton. The total 
deposited energy for N protons passing through a 
square voxel of side a is equal to: ∆ܭ =
ܰ ∫ ቚௗ௄

ௗఒ
ቚ ݏ݀(ݏ)ߩ ± ܰଵ/ଶߪ௄். The second term 

indicates the measurement error in relation to the 
total fluctuation regulation, specifically: ߪ௄் =

ቀ∫ ௗఙ಼
మ

ௗఒ
ቁ ݏ݀(ݏ)ߩ

ଵ/ଶ
.A peculiar trait of PR is that 

proton trajectories are stochastic and not straight 
because protons undergo MCS. This is 
commonly accounted for by estimating the most 
likely path for each proton and performing line 
integrals along the resulting curvilinear lines. In 
addition to energy loss PR, other contrast 
mechanisms have been proposed, which exploit 
different types of interaction of protons with a 
medium. In particular, these are attenuation and 
scattering PR. The former measures the 
reduction in proton flux after an object due to 
inelastic nuclear interactions and reconstructs a 
map of the nuclear attenuation coefficient. The 
latter estimates the angular dispersion of protons 
due to MCS in the object and reconstructs a 
parameter describing MCS, e.g., radiation 
length. The error in measuring the average 
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energy dissipation per proton (∆K / N) decreases 
statistically with a reduction of 1/√ N even for a 
full-calorimeter. Therefore, additional protons 
are required to resolve smaller density 
fluctuations in a single radiograph image. The 
average energy dissipation is provided by the 
formula, given that the density of a single voxel 
in this path varies at a rate of ߜ =  :଴ߩ/ߩ∆ 

Δߜ ܭ = ܰ ቚௗ௄
ௗఒ

ቚ  ଴ܽ            (6)ߩߜ

The condition associated with this deviation 
from the density is diagnosed as: ቚௗ௄

ௗఒ
ቚ ଴ܽߩߜ >

ܰଵ/ଶߪ௄். We placed the expressions of intensity 
and sensitivity on the left, and set the diagnosis 
threshold at:  ܰߜଶܽଶ = ଵ

ఘబ
మ

ఙ಼೅
మ

|ௗ௄/ௗఒ|మ. The 

relationship becomes dose-dependent, as 
indicated by ܦ = ே

௔మ ቚௗ௄
ௗఒ

ቚ, and we have: ߜܦଶܽସ =
ଵ

ఘబ
మ

ఙ಼೅
మ

|ௗ௄/ௗఒ|. One simpler method for our analysis 

is to first establish the amount: ܰߜଶܽଶ[ܿ݉ଶ] ≈
଴.଴଼ଽఒ

ఘబ
మ (. 10݇ + .03)ଶ and ߜܦଶܽସ[݉ܿݕܩସ] ≈

ଵ.ସ×ଵ଴షభభఒ
ఘబ

మ (.10݇ + .03). Figure 15 illustrates 
three-dimensional representations of the 
variations in the number of protons (N) and local 
dose (D) in each radiography design, based on 
the kinetic energy of incident protons ranging 
from 0 to 300 MeV. A λ thickness of 0.01, with 
voxels of 0.1 cm in size, was drawn for water as 
well as breast, brain, lung, and eye tissues. 
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FIG. 6. 3D variations of ܰ and ܦ in terms of the kinetic energy of an incident proton in the range of 0 <

[ܸ݁ܯ] ܭ  < 300 and thickness ߣ for ߜ =  0.01 in voxels with the size of ܽ =  0.1 ܿ݉ in water and breast, 
brain, lung, and eye tissues. 

 is the patient's thickness. The instantaneous ߣ 
energy k is given by: ݇ ≡ ܭ

100ൗ  ,which is 
measured in MeV with a density of 
approximately 1.0 ݃

ܿ݉ଷൗ , denoted by ߩ଴.The 
surface dose delivery is considered for a 200 
MeV PB in water to detect density fluctuations 
of 0.01 in voxels with dimensions of 0.1 cm, for 
a thickness of ߣ =  20 ݃ / ܿ݉ଶ, since ܰܽߜଶ ≈
 0.094 it is estimated that approximately 94000 
protons are required to penetrate each pixel, and 
the local dose in each radiography project is 
approximately 6.6 mGy. At first glance, this 
dose is roughly half the size of the standard 
order, exceeding the amount normally received 
with the average transfer method. 

Proton imaging is a promising technology for 
proton radiotherapy as it can be used for: (1) 
direct sampling of the tissue stopping power, (2) 
input information for multi-modality RSP 
reconstruction, (3) gold-standard calibration 
against concurrent techniques, (4) tracking 
motion, and (5) pre-treatment positioning. One 
of the limiting factors in imaging is noise. The 
imaging noise originates from two processes: the 
Coulomb scattering with the nucleus, producing 
a path deviation, and the energy loss straggling 
with electrons. Noise increases with the 
thickness of tissue traversed and decreases with 
higher proton energy. Scattering noise is 

dominant around high gradient edge whereas 
straggling noise is maximal in homogeneous 
regions. Image quality metrics are found to 
behave oppositely against energy, lower energy 
minimizes both the noise and the spatial 
resolution, with the optimal energy choice 
depending on the application and location in the 
imaged object.   

7. Conclusions  
     In this work, simplified physical models of 
proton transport including Bethe-Bloch energy 
loss, energy straggling, and multiple Coulomb 
scattering (MCS) were employed in the 0–300 
MeV energy range to analytically quantify the 
trade-offs and scaling relationships between 
dose, spatial resolution, density resolution, and 
voxel size. We found that the dose D is directly 
influenced by the voxel size alpha and the 
required density resolution δ, highlighting a 
strong dependence on voxel dimensions. Lens-
focused proton radiography (PR) represents a 
novel imaging technique. Unlike X-ray 
radiography, PR employs a magnetic imaging 
lens system to achieve point-to-point focusing 
from the object to the scintillator screen, thereby 
minimizing blur caused by the angular 
divergence of scattered protons. The advantages 
of PR over conventional X-rays include precise 
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targeting of tumors, reduced radiation exposure 
to surrounding healthy tissues and organs, and 
diminished short-term and long-term side effects 
of radiation therapy. Clinically, PR also enables 
the detection of proton range variations due to 
anatomical changes in a patient, offering 
potential for improved treatment accuracy. 

In general, it would be possible to use PR in 
combination with heavy ion gantries. The 
challenge in PR imaging arises from the MCS of 
the protons traversing different materials, 
causing blurring of the radiography image. Thus, 
to improve the image quality and identify each 

material in the phantom, cuts for the proton 
scattering angle have to be tuned carefully. The 
challenging matching conditions could be 
established already in front of the gantry and 
then mapped to the patient position (point-to-
point focusing). Laser-driven ion accelerators 
can deliver high-energy, high-peak current 
beams and are thus attracting attention as a 
compact alternative to conventional accelerators. 
However, achieving sufficiently high energy 
levels suitable for applications such as PR 
remains a challenge for laser-driven ion 
accelerators.  
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