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 X-rays are widely used in the field of optical imaging. A novel type of X-ray source is the 
relativistic nonlinear Thomson scattering (RNTS). Within the framework of RNTS, we 
investigated in detail the effects of different intensities of linearly polarized tightly focused 
lasers on the maximum radiation power, optimal position of an electron (initial position of the 
electron that yields the maximum radiation power in the entire space), as well as the motion and 
spatial radiation features of the electron at the optimal position. Our results reveal, for the first 
time, that the optimal position and maximum radiation power of the electron exhibit significant 
linear and exponential dependences, respectively, on the laser amplitude. After interacting with 
the laser, the initially stationary electron at the optimal position first undergoes an oscillatory 
motion and then moves linearly. The entire trajectory of the electron is asymmetric. As the laser 
intensity increases, the spatial and angular distributions of the radiation become smaller, and the 
collimation of radiation increases. In the direction of maximum power radiation, the azimuth 
angle φ remains at 0°, whereas the corresponding polar angle θ decreases from 41° to 20°, 
indicating that the spatial radiation approaches the z-axis. The time when the maximum radiation 
power is obtained is approximately 50.7 fs. Additionally, the asymmetry and micro-double-peak 
structure of the temporal spectra, as well as the modulation characteristics of the frequency 
spectra, were further investigated in the direction of the maximum power radiation. These 
findings will assist researchers in achieving high-power and ultrashort X-rays in experiments, 
thereby increasing the resolution and imaging speed of optical imaging.

1. Introduction

 X-rays are extensively utilized in various optical imaging fields, such as computed 
tomography(1,2) and biomedical imaging.(3,4) To improve the resolution and speed of optical 
imaging, researchers have been exploring novel X-ray sources. Since the late 1980s, the field of 
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high-power lasers and matter interaction has flourished(5,6) owing to the emergence of Chirped 
Pulse Amplification (CPA) technology.(7–9) Consequently, research on relativistic nonlinear 
Thomson scattering (RNTS) as a promising X-ray source has attracted increasing attention.(10,11) 
 Thomson scattering occurs when a free charged particle is subjected to an electromagnetic 
field, and the Doppler frequency shift often makes this process nonlinear. Extensive research has 
been conducted to investigate the spatial radiation characteristics of nonlinear Thomson 
scattering in order to better obtain high-quality X-rays. Back in 2003, Lee et al. studied the 
RNTS of an initially stationary single electron in a strong laser field.(12) They analyzed the 
spatial characteristics of the radiation and the interesting modulation structure of the energy 
spectrum. By varying the incident laser intensity, Li et al. found that the spatial radiation 
exhibits a bifoliate shape when a linearly polarized laser is used.(13) The electron trajectory and 
the spatial radiation spectrum resulting from the interaction between the circularly polarized 
laser of different intensities and the stationary electron are discussed in Wang et al.’s paper.(14) 
Hong et al. observed that increasing the laser intensity of a tightly focused Gaussian laser can 
break the symmetry of electron trajectories and enhance the peak.(15) The effect of laser intensity 
on the emission spectrum was studied by Zhuang et al., who found that the spectral bandwidth 
of the emitted light becomes larger in a high-intensity laser field.(16) In addition, Yan et al. 
studied the effect of the initial position of the high-energy electron on its spatial radiation 
properties.(17) It was discovered that the maximum spatial radiation energy is attained when the 
electron’s initial position is (0, 0, −7λ0). To date, no pertinent research has been found that 
establishes a connection between the laser intensity and the optimal position of an electron. 
While Yan et al. identified the optimal position of the electron, they were restricted to studying 
the spatial radiation characteristics of a particular laser intensity (amplitude a0 = 6).(17) However, 
our experimental results show that the changing laser intensity significantly affects the optimal 
position of the electron and the corresponding maximum radiation power (as shown in Sect. 3.1). 
Although Borovskiy and Galkin proposed that the optimal position exhibits symmetric 
trajectories and found that electron energy saturates with increasing laser intensity based on the 
dipole approximation,(18) our study revealed that the electron trajectories at the optimal position 
do not possess symmetry as illustrated in Sect. 3.2. Moreover, we observed that the electron 
energy increases exponentially with the laser intensity [as depicted in Fig. 2(b)], instead of 
tending toward saturation. We provide a detailed discussion of these findings and explore 
potential reasons for the observed discrepancies. In practical applications, researchers are 
primarily concerned with where they can obtain the maximum radiation power and generate 
ultrashort X-rays. Therefore, investigating the variation of the optimal position with respect to 
laser intensity is crucial for comprehending and utilizing RNTS radiation. In this study, we 
investigate the impact of varying laser intensities on the optimal electron position in relativistic 
nonlinear Thomson scattering through theoretical analyses and numerical simulations. Our 
results demonstrate that there is a significant linear relationship between the electron’s optimal 
position z0 and the laser amplitude a0, which can be described by the mathematical equation 
z0 = −2 × a0 + 3. Additionally, we have carried out an analysis of the impact of the azimuth angle 
φ and the polar angle θ on electron radiation power in order to determine the direction that yields 
the maximum radiation power for varying laser intensities.
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 The remaining sections of this paper are as follows: In Sect. 2, we construct an RNTS model 
of the interaction between the electron and laser pulse, and the analytical expressions of the laser 
pulse vector potential, electron motion law, and RNTS are derived. In Sect. 3, the maximum 
radiation power and the electron’s corresponding optimal position for different laser intensities 
are obtained. The effects of the laser intensity on the dynamics, spatial radiation distribution, 
radiation time spectra, and frequency spectra of the electron in the best position are analyzed. In 
Sect. 4, we present the main experimental conclusions, propose the application prospects of the 
findings, and discuss the remaining limitations and possible solutions for future work.

2. Model and Theoretical Formulas

2.1 Gaussian laser pulse and electron motion

 In tightly focused lasers, the paraxial approximation loses validity, and higher order field 
effects become necessary. We model the laser beam with a vector potential linearly polarized 
along the +x axis, which allows us to derive the following components of the electric field.(19,20)
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 Similarly, the magnetic field components can be described as

 Bx = 0, (4)
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 Note that the cross section of the beam at the focus is circular with a radius of w0, and the 
cross section at any point z along the axis is also circular, with a radius given by 
( ) 2

0 1 ( / )rw z w z z= + . For k = 2π/λ, the Rayleigh range is 2
0 / 2rz kw= . The electromagnetic 
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field is fifth-order expanded accurate to the diffraction angle 0 / rw zε = . For simplicity of 
expression, in Eqs. (1)–(6), 0 0/ , /x w v y wξ = =  and
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 In Eq. (7), the pulse width L relates to the time length of the beam: L = τc, where τ is the 
duration of the laser. The normalized laser amplitude a0 is related to the laser intensity I0 as
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0 0 02 8.5 10 .eAa I

mc
λ−= = ×  (8)

 A0 represents the polarization amplitude, λ0 is the laser wavelength in µm, and I0 is the laser 
intensity in W/cm2. For a laser with a wavelength of λ0 = 1, the laser amplitude a0 = 1 corresponds 
to a laser intensity of I0 = 1.38 × 1018 W/cm2. Among them, Sn and Cn are shown as 
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starting from a vector potential with an amplitude of A0 and a frequency of ω, these equations 
can be obtained. The remaining symbols in Eqs. (9) and (10) are defined as

 0 ,p R Gψ ψ ψ ψ ψ= + − +  (11)

 ,p t kzψ η ω= = −  (12)

 1tan ,G
r

z
z

ψ −  
=  

 
 (13)

 
2

,
2R
kr

R
ψ =  (14)

 ( )
2

.rzR z z
z

= +  (15)



Sensors and Materials, Vol. 35, No. 7 (2023) 2487

	 The symbol ѱ0 is the constant initial phase, the plane wave phase is ѱp, the Guoy phase ѱG is 
the total phase change of the Gaussian beam at z from −∞ to +∞ when the phase change is π, and 
ѱR	

is the phase related to the wavefront curvature, where R(z) is the radius of curvature of the 
wavefront intersecting the beam axis at the coordinate z. The fields given above satisfy 
Maxwell’s equations ∇∙E = 0 = ∇∙B, with an additional ε6 order term.
 Using single-electron theory, we numerically solve the Lorentz equation and energy equation 
to determine the motion of an electron with mass m and charge −e in the laser pulse.

 [ ]d
d

e
t
= − + ×

p E u B  (16)

 d
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c
t

eκ
= − ⋅u E  (17)

In Eqs. (16) and (17), the physical quantities have their usual definitions: the momentum 
p = γmcu, the energy к = γmc2, the Lorentz factor γ = (1 − u2)−1/2, and the electron velocity u is 
normalized to the speed of light c in vacuum. The peak field intensity I0 will be expressed as 
q = eE0/mcω, where I0λ2 ≈ 1.375 × 1018q2 (W/cm2)(μm)2. We use the Runge–Kutta–Fehlberg 
(RKF45) method to numerically solve the ordinary differential equations (ODEs) given by Eqs. 
(16) and (17) and track the position and velocity of the electron at each time step.

2.2 Angular radiation

 Figure 1 illustrates the geometric schematic of the interaction between a stationary high-
energy single electron and a linearly polarized tightly focused Gaussian laser pulse propagating 
along the z-axis direction. In the polar coordinate system, the radiation direction vector is 

Fig. 1. (Color online) Geometric schematic of the interaction between a laser pulse propagating along the z-axis 
and an initially stationary electron.
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defined as n = (sinθcosφ, sinθsinφ, cosθ), where θ is the polar angle and φ is the azimuth angle. 
At time t, the radiation power per unit solid angle can be expressed as 

 ( ) ( )
2

6 ,
(1 )

t

t

ddP t
dΩ

′

  × − ×  =  − ⋅ 

n n u u

n u
 (18)

where dP(t)/dΩ is normalized by e2ω0/4πc, t' is the time when the electron interacts with the 
laser pulse, and t is the observation time, which is the delayed time relative to t'. The relationship 
between t and t' is given by t = t' + R0 − n·r, where R0 refers to the distance from the interacting 
area to the viewing point, and r is the position vector. We assume that the viewing point is 
sufficiently far away from the interaction region.
 During the interaction of an electron with a laser pulse, the radiation energy per unit 
frequency interval per unit solid angle can be expressed as
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where d2I/dωdΩ is normalized by e2ω0/4πc and harmonic order s = ωs/ω0, where ωs is the 
angular frequency of the scattering radiation. The spatial, temporal, and spectral characteristics 
of RNTS can be calculated using Eqs. (18) and (19).

3. Results and Discussion

 In this section, the interaction between a linearly polarized Gaussian laser pulse and a high-
energy electron is simulated. The laser pulse used is a linearly polarized laser pulse that 
propagates in the positive direction of the z-axis and the polarization direction is along the 
x-axis. The normalized laser amplitude a0 interval of the laser is selected as [3, 10] (the 
corresponding laser intensity I0 interval is [1.24 × 1019 Wcm−2, 1.38 × 1020 Wcm−2]), the waist 
radius of the beam b0 = 3λ0 (3 μm), the wavelength λ0 = 1 μm, and the pulse width L = 3λ0(10 fs). 
The initial energy of the electron is normalized to γ0 = 1 eV (the initial velocity is 0). The 
electron’s initial position is confined to the interval of [−25λ0, 10λ0] along the z-axis. For a more 
direct comparison of different cases, the electron radiation in Sect. 3 is normalized by its own 
maximum value. Note that all numerical results in this section are based on the physical laws 
described in Sect. 2. The term “electron’s optimal position” is used to refer to the electron’s 
initial position, which corresponds to the maximum radiation power in the entire space. 
Meanwhile, the laser intensity I0 is adjusted by tuning the laser amplitude a0.

3.1 Electron’s optimal position and maximum radiation power

 The variation trends of the electron’s optimal position and the maximum radiation power 
with respect to laser intensity are investigated. As an example, we study the interaction between 
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an electron and a linearly polarized tightly focused laser with an amplitude of a0 = 6. In 
particular, as shown in Fig. 2(a), the relationship between the initial electron position z and the 
electron radiation power dP/dΩ is examined in the range of [−20λ0, 10λ0] with an interval of λ0. 
In Fig. 2(a), the radiation power dP/dΩ increases and then decreases as the electron’s initial 
position advances along the positive z-axis. The maximum value of 3.53 × 106 is reached at 
z = −9λ0. Therefore, for a linearly polarized tightly focused laser with amplitude a0 = 6, the 
maximum radiation power of the electron (dP/dΩ)max and the optimal position z0 are 3.53 × 106 
and −9λ0, respectively. Note that in the range [−20λ0, λ0], the radiation power dP/dΩ exhibits a 
certain symmetry around z = −9λ0. To further investigate the effect of laser intensity on the 
electron, the maximum radiation power (dP/dΩ)max and the corresponding optimal position of 
the electron z0 are calculated for different laser amplitudes a0, as shown in Fig. 2(b).
 In Fig. 2(b), the measured maximum electron radiation power (dP/dΩ)max and the electron’s 
optimal position z0 are fitted exponentially and linearly, respectively. The fitting results are 

 00.93

max
25850 ,adP e

d
  = × Ω 

 (20)

 z0 = −2 × a0 + 3. (21)

 The goodness of fit in Eqs. (20) and (21) is extremely high, with the R-squares of 0.999 and 
1.000, respectively (precision of 1 × 10−3), indicating a good fitting effect. The study illustrates 
that as the laser intensity increases, the electron’s maximum radiation power (dP/dΩ)max 
increases exponentially with respect to a0, whereas the optimal position z0 shifts linearly to the 
left with respect to a0. In contrast to Borovskiy and Galkin’s work,(18) which adopts a dipole 
approximation and shows saturation of the electron radiation, our results show that the electron 

Fig. 2. (Color online) (a) Variation trend of the electron radiation power dp/dΩ with respect to the initial 
electron position z when a0 = 6. (b) Scatter plot and fitting curve of the maximum radiation power 
(dp/dΩ)max (circular markers, red line) and the optimal position z0 (asterisk markers, blue line) of the 
electron corresponding to different laser amplitudes (a0 = 3, 4, 5, …,10).

(a) (b)
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radiation increases exponentially with increasing laser intensity, as depicted by the red line in 
Fig. 2(b).

3.2 Electron trajectories

 Figure 3 illustrates the trajectories of the electron initially located at its respective optimal 
position z0, under linearly polarized laser pulses of different intensities. By substituting the 
polarization vector of the laser pulse into Eqs. (16) and (17), we can derive the electron trajectory 
throughout the process of the interaction. As expected, the greater the laser intensity I0, the 
larger the amplitude of the electron motion.
 Figure 3 shows that the electrons at the optimal position under different laser intensities have 
basically the same motion pattern. The electrons first oscillate in the xoz plane and then move 
linearly along the positive direction of the z-axis. The oscillating motion of the electron can be 
divided into two phases: acceleration and deceleration. The amplitude increases during the 
acceleration phase, which starts from the beginning to the middle of the pulse, and then 
decreases during the deceleration phase, which extends from the middle to the end of the pulse. 
Owing to the presence of the negative exponential term exp(−η2/L2−r2/w2) in the vector Eq. (7), 
the change in the vectorial potential decreases as the electron moves. Consequently, the 
deceleration process tends to be more time-consuming than the acceleration process. In addition, 
the combination of the time-invariant oscillation period of the electron and the time-varying 
transverse and longitudinal velocities leads to an increase followed by a decrease in the 
amplitude of oscillation and the distance traveled transversely during a single period of 
oscillation. Furthermore, as the laser intensity increases, the duration of the electron–laser 
interaction as well as the maximum oscillation amplitude and the transverse displacement of the 
electron gradually increase. 

Fig. 3. Motion trajectory diagrams of electrons located at the optimal position corresponding to lasers with different 
intensities. Subplots (a)–(h) correspond to a0 = 3, 4, 5, …, 10, respectively.
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 As shown in Fig. 3, we found that the electron trajectories are not symmetric about z = 0, 
which is different from the symmetric trajectories with the maximum electron radiation revealed 
in Borovskiy and Galkin’s work.(18) This is because the laser intensity experienced by the 
electron at different positions is not symmetric about z = 0 during the interaction with the tightly 
focused laser pulse, leading to the asymmetry of the electron motion trajectory. Moreover, it 
should be emphasized that the electron trajectories reported in Borovskiy and Galkin’s study 
show an asymmetry with respect to the z = 0.(18)

3.3 Spatial distribution of radiation

 In this section, the spatial distribution of radiation has been studied in different coordinate 
systems, including Cartesian, spherical, and polar coordinates. In the Cartesian coordinate 
system, the angular distribution of electron radiation power in the whole space is calculated. As 
shown in Fig. 4, the radiation takes on the shape of two leaves and is asymmetric about the yoz 
plane. As the laser intensity increases, this asymmetry becomes more pronounced. The two 
“leaves” gradually become thinner and closer to the z-axis, while the angle between their 
radiation direction and the z-axis gradually decreases. This is because as the intensity of the 
laser increases, the acceleration and velocity of the electron increase, leading to a smaller   
radiation space and a gradual thinning of the radiation branches. Meanwhile, the longitudinal 
ponderomotive force increases, causing the electron to move closer to the z-axis, and thus the 
two branches gradually move closer to the z-axis.
 In the spherical coordinate system, the spatial radiation power generated by the electron in 
Fig. 5 was projected into the transverse plane perpendicular to the z-axis direction and 

Fig. 4. (Color online) Angular distribution of electron radiation power under different laser intensities. Subplots 
(a)–(h) correspond to a0 = 3, 4, 5, …, 10, respectively. The black arrow shows the direction of radiation, and the 
radiation power is normalized by its own maximum value.
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normalized to its own maximum value. The plane projection of the spatial radiation power has 
been added to the top of each figure for clearer observation and analysis. It is clear that the 
spatial distribution of the radiation power has an asymmetric bimodal structure. Moreover, 
increasing the laser intensity leads to a gradual decrease in the radiation angle range, indicating 
that the radiation emitted by the electron is better collimated.
 In practical applications, researchers are more interested in the direction in which the 
maximum radiation power can be obtained. Therefore, we investigate  the observation direction 
corresponding to the maximum radiation power (dP/dΩ)max and define the direction 
corresponding to (dP/dΩ)max as the direction of the maximum power radiation, denoted as 
(θmax, φmax), namely,

 ( ) ( )max max
max

, , .dP dP
d d

θ ϕ θ ϕ
Ω Ω

  =  
 (22)

 In the polar coordinate system, the spatial distribution of the electron radiation is projected 
onto a two-dimensional plane to investigate the effects of the azimuth angle φ and the polar 
angle θ on the radiation power of the electron. [On the basis of numerical simulation, it was 
found that when θ is in the ranges of 0–15° and 60–180°, the radiation power of the electron is 
minor and negligible. Therefore, Fig. 6(b) only shows the radiation power of the electron in the 
range of θ = 15–60°.] It can be seen from Fig. 6 that the electron radiation power shows a clear 
nonuniform distribution on the azimuth angle φ and the polar angle θ, indicating that both have a 
significant effect on the observed maximum electron radiation power. Because of the periodicity 
of the azimuth angle φ, the spatial radiation power is actually continuous at 0° and 360°.

Fig. 5. (Color online) Spatial radiation power of the electron under different laser intensities is projected onto the 
transverse plane perpendicular to the z-axis. Subplots (a)–(h) correspond to a0 = 3, 4, 5, …, 10, respectively. The 
spatial radiation power is normalized to its own maximum value.
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 Specifically, the radiation power in Fig. 6(a) is concentrated in the ranges of φ = 0–30°, 150–
210°, and 330–360°, and exhibits left–right symmetry with respect to the xoz plane. The 
extremum value of the radiation power is obtained at φ = 0° (or 360°) and φ = 180°, and reaches 
the global maximum at φ = 0° (or 360°). As shown in Fig. 6(b), the radiation power exhibits 
different distributions on either side of θmax. When θ < θmax, the radiation power increases 
rapidly within a narrow range, and when θ > θmax, the radiation power decreases slowly. The 
maximum radiation power (dP/dΩ)max is obtained at θ = 25°. Therefore, when the laser amplitude 
a0 = 6, the maximum power radiation direction (θmax, φmax) = (25°, 0°).
 The maximum power radiation directions under different laser intensities are studied, and the 
results are shown in Table 1. It can be found that as the laser intensity increases, φmax remains 
unchanged at 0°, whereas θmax gradually decreases from 41° to 20°, and the rate of decrease 
gradually slows down, indicating that a branch with the maximum radiation power (dP/dΩ)max is 
gradually approaching the z-axis. It can be predicted that as the laser intensity increases, θmax 
will infinitely approach 0°.

3.4 Time spectra characteristics

 As shown in Fig. 7, the time spectra of the radiation power per unit solid angle dP/dΩ at the 
direction of the maximum power radiation (θmax, φmax) for different laser intensities were further 
investigated, and the microstructure of the peak amplitude in the time spectra was plotted. Table 
2 shows the relevant simulated data for the time spectra.

Table 1
Maximum power radiation directions (θmax, φmax) under different laser intensities.
Laser amplitude a0 3 4 5 6 7 8 9 10
θmax (°) 41 33 28 25 23 21.5 20.5 20
φmax (°) 0 0 0 0 0 0 0 0

Fig. 6. (Color online) (a) Variation of the radiation power dP/dΩ with azimuthal angle φ when a0 = 6. (b) Variation 
of dP/dΩ with polar angle θ when a0 = 6. Both angles φ and θ are measured in degrees (°).
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 In Fig. 7 and Table 2, it can be observed that the time tm at which the maximum radiation 
power (dP/dΩ)max is obtained fluctuates around 50.7 fs, indicating that the time at which the 

Table 2
Maximum radiated power (dP/dΩ)max and the corresponding time tm under different laser intensities.
Laser amplitude a0 3 4 5 6 7 8 9 10
tm (fs) 50.7 50.7 50.7 50.8 50.8 50.7 50.7 50.6
(dP/dΩ)max 9.1 × 103 1.1 × 105 7.3 × 105 3.5 × 106 1.3 × 107 4.2 × 107 1.1 × 108 2.7 × 108

Fig. 7. (Color online) Temporal spectra (black lines) in the direction of maximum power radiation and the 
microstructure plots (red lines) of the amplitude peak are shown under different laser intensities. Subplots (a)–(h) 
correspond to a0 = 3, 4, 5, …, 10, respectively.
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electron’s maximum radiation power is obtained or measured under different laser intensities is 
basically stable. In addition, the time spectra show a clear three-peak structure, with the main 
peak significantly higher than the two subpeaks, indicating that the radiation power is mainly 
concentrated in a single pulse, i.e., the electron radiation power is mainly concentrated in the 
direction of the maximum power radiation. As depicted in Fig. 7, at the macroscopic level, it can 
be observed that the temporal spectra lose their symmetry when the laser is tightly focused, in 
contrast to the high symmetry revealed by the plane electromagnetic wave model used in Lee et 
al.’s work.(12) This is because the laser amplitude a0 is the coefficient of the exponential term 
exp(−η2/L2−r2/w2) in the vector Eq. (7). As a0 increases, the gradient of the vector equation 
becomes larger, leading to significant differences in acceleration at different positions and 
causing the temporal spectrum to lose its symmetry.
 Furthermore, this asymmetry is also present at the microscopic level. In Fig. 7 (red line), it 
can be observed that each microstructure of the maximum-amplitude spike reveals a bimodal 
structure as a result of linear polarization, with each peak having its own different values. The 
maximum radiation power (dP/dΩ)max obtained in Table 2 further confirms the conclusion we 
reached in Sect. 3.1: the maximum radiation power (dP/dΩ)max varies exponentially with the 
laser amplitude a0.

3.5 Frequency spectra characteristics

 Finally, the spectral-angular distribution of the radiation energy per unit frequency interval 
per unit solid angle (d2I/dωdΩ) at different laser intensities was discussed, and the frequency 
spectral variation in the direction of  the maximum power radiation (θmax, φmax) was studied, as 
shown in Fig. 8. To clearly present the data and to study the frequency spectra, the parts with 
relatively low intensity have been omitted, and each figure shows the best observed range of the 
frequency ω and polar angle θ. Table 3 shows the relevant simulated data for the frequency 
spectra in the direction of the maximum energy radiation at different laser intensities.
 As shown in Fig. 8, the spectral angular distribution of the energy radiation (color maps) 
exhibits a similar pattern, with the radiation energy distributed as an ‘arc-shaped mountain’, 
with lower energy on the sides and higher energy in the center. As the laser intensity increases, 
the energy radiation expands toward higher frequencies (note that the frequency ω range varies 
in different subplots). When the laser intensity remains constant and the polar angle θ increases, 
the frequency bandwidth Δω of the radiation gradually narrows. Combined with the data in 
Table 1, it was found that the region of concentrated radiation energy (red peaks of the mountain) 
and the maximum radiation energy (d2I/dωdΩ)max are located near the direction of the maximum 
power radiation (θ = θmax). However, the polar angle θ corresponding to (d2I/dωdΩ)max is not 
equal to θmax.
 For the frequency spectra shown in Fig. 8 (black figure), the apparently disordered 
distribution can be attributed to the small-scale modulation in the motion of the electron owing 
to the limited pulse length, which leads to the harmonic offset and the formation of modulation 
spectra. The small-scale modulation is caused by the tiny differences in the time intervals 
between different radiation peaks [see Fig. 7 time spectra (black line)]. The large-scale 
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modulation is caused by the bimodal structure of radiation [see Fig. 7 microstructure plots (red 
line)], which describes the overall variation trend of the envelope. When the laser amplitude 
a0 = 3, the range of large-scale modulation (the frequency range contained in the first envelope 
on the left side of the frequency spectrum) is about 60ω0. As the laser intensity [ ]( )0 0 3,10I a ∈  
increases, the interval of large-scale modulation gradually increases and finally reaches about 
380ω0 when a0 = 10. According to Table 3, the maximum radiation energy (d2I/dωdΩ)max and its 

Fig. 8. (Color online) Spectral-angular distribution of the energy radiation (color maps) and the frequency 
spectra (black lines) of the maximum power radiation direction (θ = θmax, given in Table 1) under different 
laser intensities. Subplots (a)–(h) correspond to a0 = 3, 4, 5, …, 10, respectively. Note that in order to 
present the data clearly, the radiation intensity is normalized to its maximum value, and the ranges of ω 
and θ vary in each figure.

Table 3
Maximum radiation energy (d2I/dωdΩ)max and the corresponding frequency ωmax under different laser intensities.
Laser amplitude a0 3 4 5 6 7 8 9 10
ωmax/ω0 21.4 38.0 66.8 82.5 120.9 136.3 147.0 172.8
(d2I/dωdΩ)max 5.4 × 102 1.4 × 103 4.1 × 103 8.7 × 103 1.6 × 104 2.5 × 104 3.3 × 104 5.3 × 104
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corresponding frequency ωmax exhibit an increasing trend. (d2I/dωdΩ)max increases from 540 to 
5.3 × 104, whereas ωmax shifts from the right of 21.4ω0 to 172.8ω0.

4. Conclusions

 As a novel type of X-ray source, RNTS can be widely used in the field of optical imaging. In 
this work, the effects of linearly polarized tightly focused Gaussian laser pulses with different 
laser intensities on the optimal position and spatial radiation characteristics of the electron in the 
RNTS process are studied. We report the first discovery of a significant linear relationship 
between the optimal position of the electron z0 and the laser amplitude a0, with the mathematical 
expression as z0 = −2 × a0 + 3. In addition, the maximum radiation power (dP / dΩ)max changes 
exponentially with a0, with a fitting result of 0

ma
0.9

x
3( / ) 25850 adP d eΩ = × . After interacting 

with the laser pulse, the electron always oscillates first along the +z-axis and then moves linearly 
within the xoz plane, with an asymmetric trajectory. As the laser intensity increases, the 
radiation space gradually becomes smaller and the collimation becomes better. In the direction 
of maximum power radiation, the azimuth angle φ stays at 0°, whereas the corresponding polar 
angle θ is reduced from 41° to 20°, and the spatial radiation is close to the z-axis.
 Moreover, the time spectra and frequency spectra in the direction of the maximum power 
radiation are further investigated. As the laser intensity increases, it reveals that the peak arrival 
time with the maximum amplitude is basically stable around 50.7 fs. As the laser intensity 
increases, the frequency spectra exhibit an expansion of the large-scale modulation interval, 
which ranges from about 60ω0 for a0 = 3 to about 380ω0 for a0 = 10. Please note that our 
research and analysis are based primarily on theoretical modeling and numerical simulation. In 
practical experimental processes, it is necessary to deal with external environmental factors 
such as temperature jumps or thermal shock.(21,22) If possible, these factors will be further 
investigated by controlling the motion of electrons and the parameters of laser pulses in future 
work.
 The results of this study provide valuable insights for researchers to more efficiently 
determine the optimal position and observation direction of the electron according to the current 
laser intensity, in order to make more efficient use of RNTS, and thus provide high-power and 
ultrashort X-rays for optical imaging.
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