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Abstract: In the fields of high-energy physics and particle acceleration, the peak energy of a proton beam is a core 
parameter for characterizing its energy properties. This paper presents a detailed discussion on the evolution of proton 
peak energy and its dependence on plasma density, combining theoretical research and simulations. The study integrates 
theoretical and simulation analyses to reveal that the peak energy of protons undergoes three distinct evolutionary stages: 
First, within a characteristic critical length, the variation in peak energy is independent of the channel density. Second, 
beyond this threshold length, the proton peak energy exhibits a rising trend over time, demonstrating a nearly linear 
increase with channel densities. Third, the proton peak energy does not increase indefinitely; it saturates before the protons 
reach the laser pulse front. Moreover, higher densities lead to earlier saturation of the peak energy. These findings provide 
an important foundation for future theoretical research on proton acceleration and the design of related experiments.
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1. Introduction
High-energy proton beams hold broad application prospects in several key fields, such as proton imaging, fast 
ignition in inertial confinement fusion (ICF), medical applications and nuclear physics research [1–11]. The core of 
the proton transmission imaging scheme lies in the unique characteristic of the Bragg peak in the proton beam’s 
deposition curve. It is precisely this feature that enables the practical application of proton beams in tumor therapy, 
offering inherent advantages such as more precise targeting of tumor cells and reduced damage to surrounding 
healthy tissues. Protons also play a significant role in nuclear reactions. Nuclear power plants utilize the energy 
released from proton interactions during nuclear fission to generate electricity, providing a viable new approach 
for the energy industry. Particle accelerators, as important research tools for exploring fundamental particles and 
forces, have achieved remarkable results in high-energy proton research. Traditional accelerators are limited by 
the material breakdown threshold, and their acceleration gradient is usually lower than 100 MV/m. In contrast, 
the acceleration gradient of laser plasma accelerators can reach  times that of traditional accelerators. This 
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characteristic enables the accelerator to be significantly reduced in size and allows for the generation of high-
energy charged particle beams over a shorter distance. Therefore, LWFA is regarded as a new type of particle 
acceleration method with significant development prospects.

Based on the laser plasma wakefield accelerator, researchers have proposed various acceleration mechanisms 
to obtain high-quality proton beams. Among them, when the laser intensity is higher than, radiation pressure 
acceleration (RPA) shows significant advantages. An ultra-intense laser hits a thin target, compressing electrons 
into a high-density electron thin layer with ponderomotive force, the electron sheath which generates a strong 
charge separation field that pulls and accelerates ions, a process known as RPA. Since the energy of the accelerated 
ions is proportional to the laser energy, using RPA to generate high-energy proton beams is one of the most 
promising acceleration mechanisms. Currently, research in this field mainly focuses on using circularly polarized 
lasers to interact with the target to achieve RPA. Compared to linearly polarized light, circularly polarized light 
does not have oscillating electric field components, which can effectively suppress the generation of hot electrons, 
thus being more conducive to achieving stable phase acceleration of ions [12–17]. 

The RPA still faces several key challenges in achieving high-energy proton beams. These issues mainly 
include limited energy acquisition during acceleration, low energy conversion efficiency from the laser field to the 
particle beam, and the lateral instabilities that occur during acceleration [18–20]. This instability is physically similar 
to the Rayleigh-Taylor instability (RTI) in fluid dynamics, which can prematurely terminate the proton acceleration 
process and thereby hinder the generation of high-energy proton beams. To overcome these limitations, various 
improved schemes for generating high-energy proton beams based on RPA have been proposed successively. 
Among them, the combination acceleration scheme of RPA and LWFA has attracted much attention, because in 
the study of the “bubble” structure of LWFA, it was found that the laser wakefield can carry extremely strong 
longitudinal and transverse electromagnetic fields, making it efficient for accelerating charged particles, and thus 
can be applied to the proton acceleration field [21–27]. Currently, the most successful scheme of the RPA and LWFA 
combined acceleration mechanism is to add a plasma channel behind a thin target to obtain high-energy protons. 
Although some studies have analyzed the effects of different laser intensity, laser pulse width and the longitudinal 
density distribution of the plasma channel in the laser propagation direction on the final proton energy, the quality 
of the high-energy proton beam, especially its peak energy evolution behavior over time, and the dependence of 
this behavior on the channel density parameters have not been fully explored under uniform density conditions [21–29].

This paper adopts a combined acceleration scheme of RPA and LWFA, by establishing a theoretical model 
and combining numerical calculations [30]. It focuses on studying the acceleration of protons in uniform plasma 
channels with different density parameters. The research results reveal the evolution of proton peak energy over 
time in the uniform plasma channels, as well as the dependence of proton peak energy on the parameters of the 
uniform density channels. This evolution process and the parameter dependence data are crucial for optimizing the 
density and length of the plasma channels in experiments, directly influencing the enhancement of proton beam 
energy and the control of energy dispersion. They will provide a key basis for the rational construction of the 
experimental model and further optimize the quality of the proton beam.

2. Theoretical model
The simulation scheme is shown in Figure 1. A circularly polarized Gaussian laser beam with the peak intensity 
of 2×1023W/cm² propagates along the x-axis, it reaches the left boundary of the target at t=0 fs. The expression of 
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the laser is as shown in Equation 1, where the normalized amplitude , where e is the 
charge ω of an electron, E0 represents the maximum amplitude of the electric field, me is the mass of an electron, ω 
represents the angular frequency of the laser, and c is the speed of light in a vacuum.

(1)

The laser wave-length is , the the temporal profile , where 
. The pulse width of the laser , and  represents one laser period. Within 

the propagation displacement range of , there is a plasma thin target composed of protons 
and electrons. The density of this target is , and it is within the critical density range 

.

Figure 1. Combined acceleration model of RPA and LWFA driven by circular polarization laser. The green part represents 
a critical density thin target with a thickness of 5 µm, and the pink part represents an uniform density plasma channel.

When a circularly polarized Gaussian laser beam is applied to a critical density target, the electrons in the thin 
target are pushed out by the ponderomotive force of the laser to form a dense electron sheath layer. The charge 
separation field formed between the sheath layer and the protons in the background plasma will carry the protons 
out and perform pre-acceleration. This process is radiation pressure acceleration. As shown in Figure 1, within 
the range of 5 μm < x, there is a plasma channel with uniform density. When the laser pulse passes through this 
channel, an intense wakefield is generated. Protons are captured by the wakefield in the channel [31]. The attractive 
electrostatic force existing between the electron sheath layer and the protons that have undergone the previous 
acceleration process will pull the protons to move forward and accelerate. When the laser energy is exhausted 
in the plasma, the protons exit the acceleration field, indicating that the acceleration process is completed. The 
detailed simulation parameters are listed in Table 1.

Table 1. Simulation parameter configuration

Window parameters Plasma parameters

Size x×y×z =30×40×40 μm³ Plasma particles Electron and proton

The number of grids x×y×z =600×300×300
Density

ne =1×1028 m–3, 0<x≤5 μm

Velocity v =2.95×108 m/s ne =1/2/3/5/7×1026 m–3, 5 μm<x

Moving start time t = 100 fs

3. Simulation results and discussion
In this section, the three-dimensional PIC simulation was employed to investigate the dynamic process of the peak 



89 Volume 10, Issue 3

energy evolution of protons as they are accelerated in a uniform density plasma channel by using the combined 
acceleration mechanism of RPA and LWFA. As shown in Figure 2(b), there is a characteristic critical length 
for the proton energy. Within this range (corresponding to approximately 0–330 fs in time), the change in the 
peak energy of the protons is independent of the density variation of the uniform plasma channel. When the 
time exceeds this critical point, the peak energy of protons suddenly rises sharply. Among them, when the 
channel density is 7×1026 m–3, the peak energy gain is the greatest. As the density decreases, the change in proton 
peak energy becomes slightly more gradual. As shown in Figure 2(c), when the peak energy of protons enters the 
density-sensitive gain stage, its peak energy shows an upward trend over time and also exhibits a nearly linear 
growth with the increase in channel density. The results also indicate that the higher the plasma channel density, 
the faster the proton peak energy increases within the same time period. It is worth noting that the increase in peak 
energy is not continuous and unlimited. As shown in Figure 2(d), the peak energy of protons tends to saturate after 
reaching a certain level, indicating that the proton acceleration has ended. Specifically, when the proton is at the 
end of the acceleration stage in a channel with a density of 5×1026 m–3, its peak energy shows fluctuating changes. 
The possible reason is that the phase between the proton beam and the laser acceleration field is not completely 
matched in this density channel. When the proton beam accelerates to the front of the laser field, it cannot obtain 
energy and will decelerate and retreat back into the acceleration field, where it is accelerated again. Therefore, 
the peak energy shows fluctuating changes. Furthermore, further analysis indicates that the higher the channel 
density, the earlier the proton peak energy reaches the saturation value. For example, when protons are captured 
and accelerated by the wakefield in a channel with a density of 7×1026 m–3, the acceleration ends when time t=870. 
However, in a low-density channel such as 3×1026 m–3, the protons remain in the acceleration state and still belong 
to the energy gain stage, indicating that the proton’s dynamic behavior has not yet reached saturation. Figure 3 
show the entire process of protons from acceleration to the end in a uniform channel with a density of 3×1026 m–3. 
When the laser energy is exhausted in the plasma channel or when the number of protons exceeds the laser pulse, 
the acceleration of protons is completed.

Figure 2. Evolution of proton peak energy over time in different density plasma channels. (a) Schematic diagram of the 
numerical simulation scheme. (b) 0–420 fs, (c) 450 fs–870 fs, (d) 900 fs–1500 fs.
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Figure 3. The acceleration of protons in a uniform density plasma channel with a density of 3×1020 m–3. (a)–(d), (e)–(h) 
represent the longitudinal electric field distribution and proton density at 150 fs, 600 fs, 900 fs and 1050 fs respectively.

When accelerating protons through the combination of RPA and LWFA mechanisms, it is crucial to meet the 
capture conditions. In the coordinate system  in which the particles are moving together with 
the wakefield, the motion of the ions is controlled by the conservative Hamiltonian equation [32]:

(2)

here  are the normalized coordinates and momenta of the ions. The Lorentz factor 
 corresponds to the phase velocity of the wakefield , and the  is approximately 

equal to the propagation speed  of the laser front [33,34].

(3)

 represents the relative near-critical density when  for the 
normalized intensity of circularly polarized laser, where . The equation 

defines the boundary of the capture region in the phase space of . When the hamiltonian 

, the proton can be captured by the wakefield. Through calculation, it can be known that in a 

plasma with a density of , only relativistic ions with  satisfy the capture condition 

. In contrast, in a plasma with a density of 7×1020 m–3, non-relativistic ions with 

can already enter the capture region, indicating that the higher the plasma density, the easier the proton is to be 

captured. From Equation (3), it can be seen that as the plasma density increases, the propagation speed of the 
laser front decreases, and the phase velocity of the wakefield also decreases. The acceleration time of protons 
in the wakefield becomes shorter, and the time for the corresponding peak energy to reach the saturation value 
becomes earlier. This explains why protons can obtain a relatively high peak energy in a short time in the channel 
with a density of 7×1026 m–3. Although the plasma wavelength , when the density decreases, the bubble 
will become longer, delaying delaying the phase mismatch between protons and the wakefield, increasing the 
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acceleration distance, and ultimately the energy obtained may increase. However, it is worth noting that the 
efficiency of accelerating protons through the combined mechanism is jointly determined by the phase matching 
of the proton with the acceleration field in the laser wakefield and the distance from the laser energy depletion, and 
it is an integral effect in terms of distance.

4. Conclusion
In conclusion, this paper has thoroughly discussed the evolution process of proton peak energy and its dependence 
on density based on theoretical research and simulations. The results show that the peak energy of protons 
undergoes three evolution stages: Firstly, within the characteristic critical length, the change in peak energy is 
independent of the channel density; Secondly, beyond this threshold length, the peak energy of protons shows 
an upward trend over time, accompanied by an increase in channel density, presenting a nearly linear growth; 
Thirdly, the peak energy of protons does not increase indefinitely, before the protons reach the front of the laser 
pulse, it reaches saturation, and the higher the density, the earlier the peak energy reaches saturation. Eventually, 
a high-energy proton beam with the maximum peak energy of 22.2 GeV can be obtained. This work emphasizes 
that in order to achieve stable generation of high-energy proton beams using such models, a coordinated design of 
the plasma channel’s density and length is necessary. This is a key approach to further enhance the proton beam 
energy and improve the beam quality, and will provide an important basis for future theoretical research on proton 
acceleration and related experimental design.
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