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The influence of acceleration of electrons on relativistic nonlinear Thomson scattering in tightly focused linearly
polarized laser pulses is investigated for the first time. In the framework of classical electrodynamics, it is deduced and
found that the more severe the change in the electron transverse acceleration, the stronger the asymmetry of the radiation
angle distribution, and the greater the transverse acceleration, the greater the radiation energy. Tightly focused, ultrashort,
and high-intensity lasers lead to violent electron acceleration processes, resulting in a bifurcated radiation structure with
asymmetry and higher energy. Additionally, a change in the initial phase of the laser brings about periodic change of the
acceleration, which in turn makes the radiation change periodically with the initial phase. In other cases, the radiation is in
a symmetrical double-peak structure. These phenomena will help us to modulate radiation with more energy collimation.

Keywords: transverse acceleration, relativistic nonlinear Thomson scattering, tightly focused, radiation angle
distribution

PACS: 32.80.–t, 03.50.De, 41.60.Cr, 42.50.Hz DOI: 10.1088/1674-1056/ac89e6

1. Introduction
The past few years have witnessed the development of re-

search on the interaction of high-power lasers with matter,[1–4]

especially ultrafast laser physics.[5–8] As an important source
of x-rays[9,10] and γ-rays,[11–13] relativistic nonlinear Thom-
son scattering (RNTS) is an important research direction
in this field, which has a wide range of applications in
the fields of biomedicine,[14,15] ultrafast physics, and atomic
physics.[16,17]

Thomson scattering is the scattering of an electromag-
netic field and a free charged particle. Due to the existence
of Doppler frequency shift, Thomson scattering is often non-
linear. In recent years, the spectrum of nonlinear Thom-
son scattering in a laser field has been the subject of wide
research.[18–25] Lee and Cha combined the electron motion tra-
jectories to study and analyze the temporal and spatial charac-
teristics of RNTS.[26] A stationary electron appears as a re-
sult of ionization or injection. Wang et al. studied the spatial
features of radiation induced by a circularly polarized laser
and a stationary electron in different situations from the per-
spective of electron motion trajectories.[27–29] In fact, rela-
tive to electron trajectories, transverse acceleration is a more
significant factor affecting RNTS radiation.[30,31] Some previ-
ous studies have also investigated the acceleration of electron
motion.[18,32,33] However, they tend to focus on longitudinal
acceleration and ignore transverse acceleration. At the same
time, most of these works do not link acceleration to radia-
tion phenomena. In tightly focused laser pulses, the transverse
acceleration has a more obvious variation law, which has a

more significant effect on the radiation. Therefore, studying
the variation of transverse acceleration is more important for
understanding and applying RNTS radiation.

In this paper, we start from the electron transverse ac-
celeration, and systematically and comprehensively study the
influence of various parameters on the electron transverse ac-
celeration in linearly polarized Gaussian beams and the RNTS
radiation features caused by a change in transverse accelera-
tion. Using numerical simulation, the three-dimensional spa-
tial and temporal spectra of radiation are presented for intu-
itive comparison. Our investigation shows that our work gives
the first three-dimensional spatial spectrum of RNTS radia-
tion. We find that the magnitude of transverse acceleration af-
fects the magnitude of radiated energy, and the changing trend
of transverse acceleration affects the distribution of radiation
angles. The characteristic curves of the maximum radiation
energy and the energy asymmetry coefficient with each pa-
rameter are obtained. At the same time, it is found that the
RNTS radiation has asymmetry, energy concentration, and pe-
riodic variability in tightly focused ultrashort intense linearly
polarized laser pulses. For the above phenomenon, we also
make an explanation.

The rest of this paper is as follows. In Section 2, we de-
duce the laser pulse vector potential, the law of electron mo-
tion, and the analytical expression of RNTS radiation using
classical electrodynamic principles. In Section 3, the effects
of the beam waist radius, laser intensity, pulse width, and ini-
tial phase on the transverse acceleration of electrons and the
spatial and temporal characteristics of radiation are analyzed.
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Section 4 summarizes the magnitude of acceleration on RNTS
in tightly focused linearly polarized pulses and puts forward
the application prospect of this law.

2. Theory and formula
2.1. Laser pulses

In tightly focused lasers, the paraxial approximation is no
longer valid and higher-order field effects need to be consid-
ered. The beam is modeled by a vector potential linearly po-
larized along +x from which the following electric field com-
ponents may be derived:[30,31]
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Similarly, the magnetic field components are given by

Bx = 0, (4)
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Note that a cross section through the beam focus is circu-
lar and has a radius b0; a cross section through an arbitrary
point z on the axis is also circular with a radius given by

b(z) = b0

√
1+(z/zR)

2. With k = 2π/λ , the Rayleigh length
is zR = kb2

0/2 and the diffraction angle is ε = b0/zR. In
Eqs. (1)–(6), ξ = x/b0v = y/b0, and

E = E0
b0

b
exp
[
−η2

L2 −
r2

b2

]
, E0 = kA0, (7)

L is the pulse width and is related to the beam duration. L= τc,
where τ is the laser duration.

a0 = eA0/(mc2), (8)

Sn =

(
b0

b

)n

sin(ξ +nξG) , n = 0,1,2, . . . , (9)

Cn =

(
b0

b

)n

cos(ξ +nξG) , (10)

𝐸 =−1
c

∂𝐴

∂ t
, 𝐵 = ∇×𝐴. (11)

Furthermore, k = ω/cr2 = x2+y2, and ρ = r/b0. These equa-
tions were derived from a vector potential with an amplitude
A0 and a frequency ω . Additionally, ξ = ξ0 + ξp− ξR + ξG,
where ξ0 is a constant phase, ξp = η = ωt − kz is the plane
wave phase, ξG = tan−1 (z/zR) is the Gouy phase associated
with the fact that a Gaussian beam undergoes a total phase
change of π as z changes from −∞ to +∞, ξR = kr2/(2R) is
the phase associated with the curvature of the wave fronts, and
R(z) = z+ z2

R/z is the radius of curvature of a wave front in-
tersecting the beam axis at the coordinate z. The fields given
above satisfy Maxwell’s equations ∇ ·𝐸 = 0 = ∇ ·𝐵, plus
terms of order ε6.

Our paper is based on single-electron theory. We discuss
the dynamics of the electron, of mass m and charge −e, by
numerically solving the equations

d𝑝
dt

=−e [𝐸+𝑢×𝐵] ,
dκ

dt
=−ec𝑢 ·𝐸. (12)

In Eq. (10) the quantities have their usual definitions: mo-
mentum 𝑝 = γmc𝑢, energy κ = γmc2, Lorentz factor γ =(
1−𝑢2

)−1/2, and the velocity, normalized by the speed of
light c in a vacuum, is 𝑢. The peak field intensity I0 is ex-
pressed in terms of q = eE0/(mcω), where I0λ 2 ≈ 1.375×
1018q2 (W/cm2)·µm2.

In the space coordinate system, the radiation direction
vector can be written as 𝑛 = (sinθ ,cosφ ,sinθ sinφ ,cosθ),
where θ means the angle to the laser movement direction, and
φ represents the deflection azimuth angle on the plane perpen-
dicular to the origin point shown in Fig. 1.

There are three equations to discuss the radiation spec-
trum and power of a single electron as follows.[34] At time t,
the radiated power normalized by e2ω2/(4πc) per unit solid
angle is

dP(t)
dΩ

=

∣∣∣∣∣ |𝑛× [(𝑛−𝑢)×dt𝑢]|2

(1−𝑢 ·𝑛)6

∣∣∣∣∣
t ′
, (13)

with t = t ′+s0−n·r. t ′ is the electron time or retardation time.
s0 is the distance from the origin to the observer and r is the
position vector of the electron. The radiation energy accumu-
lation over each solid angle is the integral of the radiant power
over time, namely,

dW
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=
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Fig. 1. Schematic of relativistic nonlinear Thomson scattering.

3. Numerical results
Our laser wavelength λ0 is 1 µm, and the radiation is ob-

served on a spherical surface with a radius of 1 m with the
origin of the coordinates as the center. When studying the
variation of transverse acceleration, the process of electron–
laser interaction is normalized by the total interaction time. In
order to facilitate the comparison of different situations, the
radiation spatial angular distribution of RNTS is normalized
and projected onto a plane perpendicular to the laser propaga-
tion direction (shown in Fig. 2). In the plot of the radiation
space spectrum, the color and height represent the radiation
energy. To quantitatively describe the asymmetry of the spatial
distribution of radiation, the energy asymmetry coefficient is
applied, which means the ratio of the primary peak to the main
peak of radiation. The smaller its value, the stronger the radia-
tion asymmetry. The maximum radiation angle refers to the θ

value of the observation point with the largest cumulative radi-
ation energy relative to the origin in the entire RNTS process
described in the spherical coordinate system. The ray direction
from the origin through this observation point is the direction
of maximum radiation. The maximum radiation energy is de-
fined as the radiation energy in the direction of the maximum
radiation angle. We characterize the laser intensity by the max-
imum amplitude a0 of the laser pulsed electromagnetic wave.
The relationship between maximum amplitude and intensity I
is a0 = 0.85×10−9λ0

√
I.
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Fig. 2. Schematic of angles in the radiation space spectrum.

3.1. Beam waist

There are two obvious characteristics of the electron
transverse acceleration change process. With an increase in
time, the transverse acceleration of electrons fluctuates first
and then decreases. There is a certain interval between two
adjacent acceleration peaks in opposite directions of electron
motion. It can be seen from Fig. 3 that when the beam waist ra-
dius is slightly larger (that is, b0 ≥ λ0), the acceleration curve
of the electron motion almost coincides. This is consistent
with what was previously found in RNTS of circularly polar-
ized lasers.[25] The motion state of the electron is very similar
to that in a plane wave (with an infinite beam waist radius).
Similar acceleration processes imply similar spatial distribu-
tion of radiation. Figure 4 shows the radiation space distribu-
tion of b0 = 6λ0 and RNTS in plane waves. Apparently, they
are very similar in spatial structure, which is an asymmetric
double-peak structure.

As the beam waist radius decreases, the acceleration pro-
cess of electrons begins to change significantly. Nonlinear
characteristics begin to manifest in the spatial distribution of
radiation. The characteristic of tightly focused laser pulses is
that the effects of longitudinal fields become very pronounced
compared to plane waves. At the same time, the influence of
some higher-order terms of the laser on electron motion and
radiation cannot be ignored. In Fig. 3, it can be clearly seen
that when b0 = 2λ0, the acceleration decays very quickly in
the later stage of the relativistic drift motion of the electron.
The acceleration decay rate of electron motion in a tightly fo-
cused laser is greater than that in a non-tightly focused laser.
The spatial distribution of radiation also begins to bifurcate.

1.5

1.0

0.5

0

-0.5

-1.0

-1.5

d
t
u
x

0 0.2 0.4 0.6 0.8 1.0

t

b0=2λ0

b0=3λ0

b0=4λ0

b0=6λ0

b0=Inf

Fig. 3. Transverse acceleration of electron motion in lasers with different
beam waists. Here, the maximum laser pulse amplitude a0 = 8, the pulse
width L = 3λ0, and the initial phase ξ0 = 0.

It can be seen from the formula of the laser pulse vector
field in Eqs. (3) and (4) that the smaller the value of the beam
waist radius, the more severe the change in the vector poten-
tial with the position. Simplifying the vector field formula-
tion shows that b0 is in the denominator. This means that the
smaller b0 is, the greater the impact of its changes. This prop-
erty is also reflected in the quantitative analysis of the radiation
asymmetry coefficient and maximum energy. It can be seen
from Fig. 5 that the radiation asymmetry coefficient increases
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sharply with an increase in the beam waist radius, and then de-
creases slowly after reaching the peak at b0 = 4λ0. The maxi-
mum radiation energy increases monotonically, which is con-
sistent with the increase in the maximum acceleration value
of electron motion with increasing beam waist radius. It is
worth noting that the radiation energy first increases and then

decreases with increasing beam waist radius. This is consis-
tent with the change in electron transverse acceleration. It can
be seen from Fig. 5 that the maximum transverse accelera-
tion of electron motion increases with an increase in the beam
waist radius, and the increase is smaller and smaller. When
b0 < 4λ0, dW/dΩ ∝ b2

0, and when b0≥ 4λ0, dW/dΩ ∝ lnb0.

(a) b0=2λ0 (b) b0=3λ0

(c) b0=6λ0 (d) b0=Inf

Fig. 4. Radiated energy angular distribution in lasers with different beam waists. Here, the maximum laser pulse amplitude a0 = 8, the pulse
width L = 3λ0, and the initial phase ξ0 = 0.
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Fig. 5. Variation of maximum radiation energy and energy asymmetry
coefficient with beam waist radius.

In conclusion, the RNTS radiation in linearly polarized
light is convergent as the beam waist radius increases. Radia-
tion spatial distribution characteristics and energy values con-
verge to the case of plane waves. The radiation in the tightly
focused laser has obvious nonlinear characteristics and rich
properties, which we will study and analyze in detail in the
following.

Existing ultrashort ultra-intense laser pulses are mostly

tightly focused laser pulses[25,28] because, in the laboratory,
the generation of non-tightly focused lasers (plane waves) con-
sumes huge amounts of energy, while tightly focused lasers
consume relatively little energy. At the same time, in our
study, it can also be found that when the beam waist radius
increases to a certain extent, the radiation properties of RNTS
hardly change with the beam waist radius. Therefore, explor-
ing RNTS in tightly focused laser pulses has important guiding
significance for both theoretical research and experiments.

3.2. Laser intensity

The effect of increasing the laser intensity on the laser
pulse is that the value of the vector potential becomes larger.
Since a0 is on the exponential term coefficient of the vector
potential, an increase in a0 will cause the vector potential to
change more violently with the position; that is, the gradient
will become larger. For electrons, the drift motion along the
laser propagation direction will become significant under the
action of strong laser light, even comparable to the speed of
light.

It is evident from Fig. 6 that, as the laser intensity in-
creases, the electron motion driven by the stronger laser pulse
has a higher local maximum value of transverse acceleration
in the oscillation increasing stage. After reaching the maxi-
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mum value of the whole process, the acceleration of electron
motion in the stronger laser will decrease sharply by a larger
magnitude. The process of electron movement in a laser pulse
consists of two stages. In the first stage, the transverse ac-
celeration of the electron fluctuates upwards and eventually
reaches its maximum. In the second stage, the transverse ac-
celeration value fluctuations of the electrons decrease. When
the laser intensity is large (a > 5), in the first stage, the trans-
verse acceleration of the electron motion has a greater trans-
verse acceleration value and increased amplitude. However,
in the second stage, when a > 5, the transverse acceleration
decreases greatly, and the value of the transverse acceleration
becomes very small. When a0 > 5, the greater the laser inten-
sity, the smaller the local maximum transverse acceleration,
even smaller than the case of a0 < 5. This means that greater
laser intensities cause more drastic changes in electron accel-
eration. This is self-consistent with our deduction from the
point of view of the laser pulse vector potential (i.e., stronger
laser means larger gradient).

The drastic change in transverse acceleration leads to the
nonlinear nature of the radiation, mainly manifested as en-
ergy collimation and asymmetry. As can be seen from Fig. 7,
an increase in the laser intensity leads to a smaller radiation
angle range. After a0 is greater than 6, the spatial distribu-
tion of radiation appears bifurcated. Since the relationship be-
tween transverse acceleration and radiated power and energy
has been derived, it can be seen that larger transverse accel-
eration peaks mean stronger attosecond pulses (from the pre-
vious work, it is clear that the radiation emits an attosecond
pulse).[35] Due to the extremely high relativistic drift velocity
of electrons, it can be seen from the time spectrum of the radia-

tion in Fig. 8 that the time distribution of the radiation becomes
more distorted. The drastic changes in transverse acceleration
result in huge energy differences in radiation from different
angles. The radiation energy is decoupled. The asymmetry
is mainly because the increase in the strength causes the vec-
tor potential gradient to become larger, and the acceleration
difference at different positions is huge, so the asymmetry ap-
pears. It can also be observed from Fig. 8 that the radiation
power increases with the laser intensity. This is compounded
with the previous formula (P ∝ γ2F2

⊥).[34]

As the laser intensity increases, the relativistic drift mo-
tion of electrons along the direction of laser propagation (pos-
itive z-axis) becomes increasingly pronounced. This not only
results in an increase in radiation power and energy, but also
makes the full spatial distribution of radiation more inclined
to the z-axis. The elevation angle θ of the maximum radiation
direction also decreases with an increase in a0. Through the
formula arctanθ = u⊥/uz, we can foresee the existence of this
phenomenon.
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Fig. 6. Transverse acceleration of electron motion in lasers with different
laser intensities. Here, the beam waist b0 = 3λ0, the pulse width L = 3λ0,
and the initial phase ξ0 = 0.
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↼c↽ a/ ↼d↽ a/

Fig. 7. Radiated energy angular distribution in lasers with different laser intensities. Here, the beam waist b0 = 3λ0, the pulse width L = 3λ0,
and the initial phase ξ0 = 0.
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↼a↽ a/ ↼b↽ a/ ↼c↽ a/
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Fig. 9. Variation of maximum radiation energy and energy asymmetry
coefficient with laser intensity.

Figure 9 shows the variation law of the energy asymme-
try coefficient and the maximum radiation energy with a0. In-
terestingly, the energy asymmetry coefficient and the radiated
energy change in almost the same range, but the change trend
is opposite. Specifically, the radiation maximum energy in-
creases with an increase in a0, namely, dW/dΩ ∝ a5

0. The
energy asymmetry coefficient decreases faster and faster.

3.3. Pulse width

In Fig. 10, it can be seen that the increase in pulse width
has two effects on the transverse acceleration of electrons. On
the one hand, the transverse acceleration has a more inten-
sive number of changes. On the other hand, the maximum
transverse acceleration (that is, the amplitude of the transverse
acceleration variation) decreases with increasing pulse width.
Dense acceleration peaks imply a coupling phenomenon of
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Fig. 10. Transverse acceleration of electron motion in lasers with dif-
ferent pulse widths. Here, the beam waist b0 = 3λ0, the maximum laser
pulse amplitude a0 = 8, and the initial phase ξ0 = 0.
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Fig. 11. Radiated energy angular distribution in lasers with different pulse widths. Here, the beam waist b0 = 3λ0, the maximum laser
pulse amplitude a0 = 8, and the initial phase ξ0 = 0.
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radiation, which increases the angular range. The decrease in
the transverse acceleration value results in a decrease in the
radiated energy.

Obviously, the spatial distribution of the radiated energy
in Fig. 11 confirms our inference. The RNTS in the short-
pulse laser shows a narrow peak structure. As the pulse width
increases, the peaks of the radiation start to couple. Both the
angular range of the θ angle and the angular range of the φ an-
gle gradually increase. Forks are gradually reduced. Figure 12
shows the radiated maximum power as a function of pulse
width. Obviously, the larger the pulse width, the smaller the
maximum radiation energy. Mainly, dW/dΩ ∝ exp

(
−1/L2

)
.

It is worth noting that the downward trend of the radiated max-
imum energy is consistent with the position of L in the expres-
sion of the laser pulse vector potential, which is the denom-
inator of the negative exponential term exp

(
−η2/L2

)
(𝐸 ∝

exp
(
−1/L2

)
). The larger L is, the smaller the value of the

negative exponential term of e is, and the electromagnetic field
of the laser pulse decreases accordingly. The reduction in the
laser driving force reduces the transverse acceleration.

The radiated energy of the RNTS unfolded in terms of
time, i.e. the power time spectrum, is shown in Fig. 13. It can

be seen that the larger the pulse width, the greater the number
of radiated attosecond pulses. The radiation also lasts longer.
The attosecond pulse radiation power variation in long pulses
is gentle, while that in short pulses is drastic. This is the same
characteristic as transverse acceleration.

3.4. Initial phases

When the pulse width of the laser is greater than 2λ0, the
change in the spatial distribution of radiation with the initial
phase of the laser pulse is difficult to detect. In the ultrashort
pulse of L = λ0, the radiation properties of RNTS have an ex-
tremely interesting periodic variation with the initial phase.

From the analysis of the pulse width above, it can be seen
that the electrons in the long-pulse laser have more oscilla-
tion time. The radiation energy distribution can be viewed as
the superposition of multiple attosecond pulses. Therefore,
the effect of the initial phase is masked in the constant peri-
odic oscillation. However, the electrons in the ultrashort pulse
(L = λ0) have very little oscillation time, and the difference
between the attosecond pulses is large. Therefore, the effect
of the initial phase is well represented.

The 2π is equally divided into nine different initial phases
with π/4 as the interval in Fig. 14. As can be seen from
Fig. 14, the change in the transverse acceleration of the elec-
tron motion takes 2π as a period. That is to say, when the
initial phase increases or decreases by an integer multiple of
2π , the variation law of the electron transverse acceleration is
exactly the same. When the maxima of the transverse acceler-
ation induced by the laser with different initial phases are con-
nected, a symmetrical Gaussian envelope shape can be seen.
Transverse acceleration at intervals of π has the exact oppo-
site course of change. Specifically, at the same moment, the
transverse acceleration is the same in magnitude and opposite
in direction. Electron motion in lasers with initial phases π/2
and 3π/2 has the highest transverse acceleration maxima.
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Fig. 14. Transverse acceleration of electron motion in lasers with differ-
ent initial phases. Here, the beam waist b0 = 3λ0, the maximum laser
pulse amplitude a0 = 8, and the pulse width L = λ0.

Periodic changes in transverse acceleration result in peri-
odic changes in the spatial distribution of radiation. As can be
seen from Fig. 16, when the initial phase is between 0 and π ,
the radiant energy at φ = 0 keeps decreasing, while the radiant
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energy at φ = 180◦ keeps increasing. This can be seen as an
energy redistribution process. When ξ0 = π/2, the radiation
has a symmetrical double-peak structure, which means that the
two peaks have the same energy. When ξ0 > π , the two radi-
ation peaks show opposite trends; that is, the radiation energy
at φ = 180◦ keeps decreasing, while the radiation energy at
φ = 0 keeps increasing. When ξ0 = 3π/2, the two peaks show
symmetry again.

The change process of the two radiation peaks can be
characterized by the change in the energy asymmetry coeffi-
cient. The symmetrical periodic variation of the energy asym-
metry coefficient can be seen from Fig. 15. Interestingly, the
change in the radiated maximum energy and the change in
the asymmetry coefficient show an opposite trend, which is
dW/dΩ ∝ |cosξ0|. This process can be understood as the to-
tal energy of the two radiation peaks being a constant value,
and the asymmetry coefficient reflects the difference in the en-
ergy distribution of the two peaks. The stronger the asymme-

try, the greater the energy allocated to the larger peak and the
greater the maximum radiated energy.
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Fig. 15. Variation of maximum radiation energy and energy asymmetry
coefficient with initial phases.
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Fig. 16. Radiated energy angular distribution in lasers with different initial phases. Here, the beam waist b0 = 3λ0, the maximum laser
pulse amplitude a0 = 8, and the pulse width L = λ0.
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3.5. Spectrum

We also study the effects of various parameters on the
RNTS spectrum. In Figs. 17–19, we compare the spectrum in
the direction of maximum radiation of laser-induced RNTS ra-
diation for different intensities, pulse widths, and beam waist
radii. It can be seen that in tightly focused linearly polarized
light, the radiation spectrum shows significant nonlinearity.
The greater the laser intensity, the shorter the pulse width, the
greater the spectral width, and the more obvious the nonlinear-
ity.
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Fig. 17. Spectrum in the maximum radiation direction of RNTS in lasers
of different intensities, L = 3λ0, b = 3λ0.
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3.6. Relationship between maximum transverse accelera-
tion and radiation energy

In addition to the effect of acceleration on the radia-
tion spatial spectrum pattern mentioned above, there is also a
quantitative relationship between transverse acceleration and
radiation energy. Figure 20 shows the relationship between
the maximum radiation energy and the maximum transverse
acceleration. It can be clearly seen that the maximum ra-
diation energy of the RNTS increases with an increase in
the maximum transverse acceleration. Through data analy-
sis, we find that when the normalized maximum transverse

acceleration is less than 0.5, the radiation maximum energy
increases linearly with an increase in transverse acceleration
(dW/dΩ ∝ |dt𝑢x|). However, when it is greater than 0.5,
the maximum radiation energy increases nonlinearly. Namely,
dW/dΩ ∝ |dt𝑢x|4. It can be seen that the case of large accel-
eration corresponds to nonlinear Thomson scattering, and the
nonlinearity of the radiation becomes very obvious.
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Fig. 20. Variation of maximum radiation energy with maximum trans-
verse acceleration.

4. Conclusion and perspectives
In this paper, we study the RNTS radiation properties in

tightly focused linearly polarized Gaussian laser pulses with
different parameters from the perspective of transverse accel-
eration. The magnitude, direction, and changing frequency
of transverse acceleration play a decisive role in the spatial
and temporal properties of radiation. Using numerical simula-
tions, we find that the RNTS radiation in tightly focused laser
pulses has a more pronounced nonlinearity. Specifically, under
strong laser, the radiation has asymmetry and energy collima-
tion. The radiation in ultrashort pulses has obvious asymme-
try. Longer pulses lead to more radiation attosecond pulses
coupled with radiation. When the pulse width L = λ0, the ini-
tial phase has an obvious periodic effect on the radiation. Ra-
diation in linearly polarized pulses has the advantage of good
energy concentration. Using the laws we discovered, higher-
energy, better-collimated radiation can be obtained by adjust-
ing the laser intensity, pulse width, and initial phase. Our work
is of great significance for further understanding the mecha-
nism of RNTS and better utilization of RNTS (such as ray
sources).
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