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Ripple and Lotus Phenomenon: Radiation Pattern
Evolution of Nonlinear Thomson Scattering Under

Cooperative and Competitive Effects of Applied
Magnetic and Laser Field
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Abstract—This paper focuses on the scenario where relativis-
tic electron nonlinear Thomson forward scattering is driven by
circularly polarized laser pulses, using both theoretical analysis
and numerical simulations. For the first time, we investigate how
the magnetic flux density and beam waist radius jointly influence
the spatiotemporal properties of radiation. For the superimposed
field under different parameters, the forces exerted by the laser
field and the applied magnetic field on electrons will show cooper-
ative or competitive relationships at different moments of action.
And the transformation of this relationship promotes the evolu-
tion of the electron radiation pattern in the superimposed field,
which greatly changes the spatiotemporal properties of Thomson
scattering. Based on this, completely new spatial distributions of
radiation-ripple and lotus phenomena were discovered. In addition,
the combination of parameters with the best radiation properties
was selected through Big Data, and the quasi-periodicity of the
azimuth angle φp was discovered for the first time. These results
will contribute to the understanding of the radiation mechanism of
Thomson scattering in superimposed field and will be instructive
for laboratory modulation of ultra-high-performance X/γ-rays.

Index Terms—Laser-matter interaction, nonlinear thomson
scattering, radiation pattern evolution, ripple and lotus pheno-
menon, ultrafast optics and nonlinear effects.

I. INTRODUCTION

THE field of interactions of ultrashort, ultra-intense lasers
with matter has been of wide interest to physicists over

the past few decades [1], [2]. With the successive advent of
mode-locked lasers [3], [4], fiber lasers [5], [6] and chirped pulse
amplification (CPA) [7], [8], [9] laser pulses with intensity up
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to 1023 W/cm2 have further advanced the field of ultrafast laser
physics [10]. And nonlinear Thomson scattering has become a
hot research direction in this field due to its great application
prospects as a radiation source of high-energy ultrashort X-
rays and γ-rays [11], [12], [13]. It has a very wide range of
applications in the fields of biomedicine [14], [15], astrophysics
[16], [17], and laser detection [18], [19].

Thomson scattering is a scattering process of relativistic
charged particles in a strong electromagnetic field, and the
Doppler effect is the underlying cause of its remarkable non-
linearity. In the past works, Zhang et al. [20] and Yan et al. [21]
investigated the effects of pulse width and initial position of
electrons on the peak radiated power and spatial properties of
Thomson scattering, respectively. However, the improvement
of the radiated power is very limited, so Yang et al. [11]
proposed to obtain ultra-intense X-rays by nonlinear inverse
Thomson scattering (NITS) of off-axis electrons with intense
laser pulses. Xie et al. [22] and Faisal et al. [23] investigated
the electrodynamic properties of nonlinear Thomson scattering
and the spatial properties of forward radiation spectra after the
introduction of a constant background magnetic field into the
laser field, respectively. While Xie et al. [24] and Hong et al.
[25] studied Thomson backscattering in a superimposed field,
they theoretically realized the modulation of THz radiation in
this way. Nishiura et al. [26] studied the collective Thomson
scattering of an incident X-mode wave in magnetized electron
and positron pair plasma under a strong magnetic field, providing
an important theoretical foundation for understanding radiation
behavior in strongly magnetized plasma. Mushtukov et al. [27],
[28] studied the Compton scattering of polarized radiation and
the statistical properties of multiple Compton scatterings in a
strong magnetic field, which represents the extreme case of
nonlinear Thomson scattering. Based on the above research, this
paper proposes for the first time that the radiation properties of
nonlinear Thomson forward scattering (NTFS) can be greatly
improved by introducing an applied magnetic field.

Under the framework of classical electrodynamics, this paper
studies the spatiotemporal properties of NTFS pulses when cir-
cularly polarized laser pulses drive initially stationary electrons
to move relativistically under an applied magnetic field through
numerical simulation, as shown in Fig. 1. Based on special
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Fig. 1. Schematic of nonlinear Thomson forward scattering of a stationary electron in a circularly polarized Gaussian laser field with an applied magnetic field.

relativity and Lienard-Wiechert potentials, the coupling effects
of the pair of cross-parameters, magnetic flux density (radial
distribution of the magnetic field) and beam waist radius (lon-
gitudinal distribution of the laser field), on the spatiotemporal
properties are investigated in detail in all directions. We classify
three types of radiation patterns based on the spatiotemporal
properties of NTFS. And then the evolution of the radiation
pattern as the parameters are varied is analyzed in terms of the
competition and cooperation between the laser field and the
applied magnetic field. Interestingly, we found a new spatial
distribution of radiation - ripple radiation, which is different
from the radiation pattern whose spatial distribution of radiation
is annular or vortex [29]. The ripple phenomenon not only has ir-
replaceable advantages in practical applications due to its unique
spatial distribution, but also serves as a transitional phenomenon,
marking the boundary between different radiation patterns. In
addition, we selected a combination of NTFS parameters with
ultra-high power, good directivity and high collimation based
on ultra-large-scale numerical simulations.

II. THEORY AND FORMULATION

First of all, it should be noted that for all formulas and
definitions in this paper, the time and space coordinates are
normalized byω−1

0 = λ0/2πc (the reciprocal of the laser circular
frequency) andk−1

0 = λ0/2π (the reciprocal of the wave number
in the laser vacuum), respectively. λ0 = 1μm is the wavelength
of the laser in this paper. c is the speed of light in vacuum.

The schematic of the NTFS model is shown in Fig. 1. Based
on this model, we introduced a stationary single electron at
the origin and a circularly polarized Gaussian laser pulse along
the +z-axis with an incident angle σin= 0 at the −z-axis. At
the same time, to the laser field, we add a non-uniform magnetic
field pointing in the y direction with a magnetic field strength
proportional to x.

By solving the paraxial approximate solution of the Helmholtz
equation, we can describe the total vector potentiala of the above
superimposed field as [22], [25]:

a = A (η) +B (x)

A (η) = al

[
cos (ϕ)

⇀

x + δ sin (ϕ)
⇀

y
]

B (x) = B0 x
⇀

y (1)

where A(η) is a circularly polarized Gaussian laser
pulse and B(x) is an applied magnetic field. al = a0
exp(−η2/L2) exp(−ρ2/b2)(b0/b) and a0 is the peak amplitude
of the laser normalized by mc2/e. η = z − t is a phase factor
that reveals the variation of the electromagnetic wave in time and
space.L is the pulse width of the laser pulse. ρ = (x2 + y2)

1/2,
represents the off-axis distance of the electron. b0 is the beam
waist radius of the laser, i.e., the cross-section radius of the
narrowest part of the Gaussian beam (the beam waist is at z = 0
in this paper), and the beam at the beam waist is the most con-
centrated and has the highest intensity. b = b0 (1 + z2/z2f )

1/2

is the radius of the beam when the laser propagates to z, where
zf = b20 /2 is the Rayleigh distance of the laser. δ is the polariza-
tion parameter of the laser, and in this paper δ = 1 corresponds
to a circularly polarized laser pulse. The total phase of the laser
can be expressed as:

ϕ = η + ϕR − ϕG + ϕ0 (2)

where ϕR = ρ2 /2R(z), R (z) = z(1 + z2f/z
2) is the radius

of curvature of the wavefront. ϕG = tan−1 (z/zf ) is the Gouy
phase, which represents the additional nonlinear additive phase
shift produced by the laser as it passes through its beam waist.
ϕ0 = 0 is the initial phase of the laser, which represents the
phase when the electrons and the laser first interact. B0 is the
magnetic flux density of the applied magnetic field. The two
terms of (1) represent the laser field component and the magnetic
field component of the superimposed field, respectively. Where



ZHANG et al.: RIPPLE AND LOTUS PHENOMENON: RADIATION PATTERN EVOLUTION OF NONLINEAR THOMSON SCATTERING 3000512

exp(−η2/L2)(b0/b) in the first term corresponds to the longi-
tudinal Gaussian distribution of the Gaussian laser pulse, while
exp(−ρ2/b2) corresponds to the radial Gaussian distribution.

In the rectangular coordinate system, based on the Coulomb
gauge of the laser field ∇ ·A = 0, the normalized vector
potentiala of the superimposed field can be further decomposed
into radial and longitudinal fields:

ax = al cos(ϕ)

ay = al sin(ϕ) +B0x

aZ = 2al[−x sin(ϕ+ θ) + δy cos(ϕ+ θ)]/b0b (3)

where θ = π − tan−1(z/zf ). We find that the introduction
of an applied magnetic field changes the y-axis component of
the total vector potential a, which in turn affects the electron
trajectory and the radiation properties of the electron. This is also
the reason why a does not satisfy the Coulomb gauge. Based
on the above equations and the Hamiltonian description, the
equation of motion of a single electron in an electromagnetic
field can be described by the Lorentz equation and the energy
equation of the electron [11], [30]:

∂t(p − a) = −∇a(u · a)
dtγ = u · ∂ta (4)

where u is the electron velocity normalized by the speed of light
c, p = γu is the electron momentum normalized by mc, and
γ = (1− u2)

−1/2 is the Lorentz factor. where c = 2.998×
108m/s and the mass of the electron m = 9.109× 10−31 kg.
The subscript a in ∇a indicates that ∇ acts on a only. By
substituting (3) into (4), the partial differential equation is solved
through the 8-9 order Runge-Kutta algorithm to obtain the tra-
jectory equation and the motion state of the electron in all space
and time. At the same time, we introduced GPU parallel solving
based on CPU serial. Based on the serial-parallel combination,
adaptive and automated programming is carried out, thereby
obtaining a large amount of ultra-high-precision data.

In the spherical coordinate system, based on the motion state
of the electron at each time step, the radiated power per unit solid
angle can be derived from the Poynting vector of the relativistic
moving electron:

P (t)Ω =
dP (t)

dΩ
=

[
|n| × [(|n| − u)× dt|u|2

(1− n · u)6
]
t′

(5)

P (t)Ω is normalized by e2ω2/4πc. In the formula, the ra-
diation direction n = sin(θ) cos(ϕ) · x̃+ sin(θ) sin(ϕ) · ỹ +
cos(θ) · z̃, is a unit vector in the spherical coordinate system.
θ and ϕ represent the polar angle and azimuthal angle respec-
tively, as shown in Fig. 1. dΩ represents the solid angle on the
unit sphere. dtu represents the acceleration of electrons. The
subscript t′ = t−R0 + n · r, denotes the moment when the
laser interacts with the electrons, while t denotes the moment
when the radiation is observed at the observation point.R0 and r
denote the distance from the origin to the observation point and
the position vector of the electron, respectively. In this paper, the

NTFS is observed on a sphere centered at the coordinate origin
with a radius of 1m, i.e., R0 = 1m.

III. NUMERICAL RESULTS

In this paper, the wavelength of the incident circularly polar-
ized laser pulse λ0 = 1μm, and the normalized light intensity
parameter a0 = 5 (corresponding to the peak laser intensity
IL = 3.45× 1019 W/cm2). The pulse width L = 5λ0 and the
initial position of the pulse center at (0, 0,−6L). The beam waist
radius b0 = 2 ∼ 20λ0, the initial phase ϕ0 = 0. The magnetic
flux density of the applied magnetic field B0 = 0 ∼ 0.5. The
initial energy of the electron γ0 = 1. In the following section,
we reveal the evolution of the radiation pattern and find the
boundary phenomenon for pattern determination by studying
the full-angle radiation characteristics, electron trajectories, and
three-dimensional time spectrum of NTFS in the superimposed
field.

A. Electron Trajectories and Radiated Power Curves

In Fig. 2 we investigate the coupling effect of the crossover
parameter on the electron trajectory and the radiated power
throughout the process. One dimension is a gradual increase in
magnetic flux density from left to right, i.e., the radial influence
of the magnetic field is increasing. The other dimension is the
increasing beam waist radius from top to bottom, i.e., the slowing
down of the longitudinal strength decay of the laser field. The
laser field interacts more fully with the electrons, which we can
interpret as an increased effect of the laser field. The two compete
for the dominant factor in NTFS. We divide the superimposed
field into three parts based on the strength relationship between
the two in terms of their determinism of the electron radiation
pattern. That is, the superimposed field dominated by the applied
magnetic field (CDM), the superimposed field dominated by the
laser field (CDL), and the superimposed field in which the laser
and magnetic fields are evenly matched (CDLM). Correspond-
ing to the upper triangle, lower triangle and the transition area
framed by the black ladder in Fig. 2 respectively. Note that for
the column with a magnetic flux density B0 = 0, it does not
participate in the above division since it is only influenced by
the laser field.

In Fig. 3, we examine the trajectory properties of electrons
during relativistic motion in a superimposed field. Together
with Fig. 2, these figures show the electrodynamic properties
of the electron. Interestingly, Figs. 3 and 8 have exactly the
same division of the regions, and both are divided by cliff-like
mutations. This indicates that both the electrodynamic properties
of the electron and the radiation properties of nonlinear Thomson
scattering satisfy to the division into CDM, CDLM and CDL
regions, and any of these parameters can be used to quickly
determine the current radiation pattern of the electron.

Since the calculation of the motion parameters of the electron
is less than one ten-thousandth of the radiation properties, it
can be used as an important basis for quickly determining the
radiation pattern. More importantly, Fig. 3(b) is almost identical
to Fig. 8(a), which indicates that the maximum energy γmax of
the electron and the maximum radiated power PΩmax maintain
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Fig. 2. Trajectories of electrons in the superimposed field and their radiated power at their corresponding positions, where the color scale of each plot is separately
normalized by its own maximum radiated power. Figure matrix compares different magnetic flux densities B0 horizontally, and different beam waist radius b0
vertically. The black curves in the figure divide the radiation patterns of the NTFS, i.e., the different regions of the superimposed field (see Visualization 1).

Fig. 3. Under different magnetic flux density B0 and different beam waist radius b0, the maximum orbiting radius r⊥max of electrons when NTFS (a), the
maximum energy of electrons log10γmax (b).

the sameness when the parameter changes. It is instructive for
rough estimation of PΩmax. However, in the CDM region, the
distributions of Fig. 3(a) and (b) are not exactly the same. r⊥max

in Fig. 3(a) is not positively correlated with B0, but shows a
saddle surface, with a valley at B0 = 0.4.

Considering that this paper introduces a non-uniform mag-
netic field in relativistic electrodynamics, the forces on electrons
in it are totally different from the uniform magnetic field. The
electromagnetic tensor, four-dimensional Lorentz force, mag-
netic gradient force, etc. need to be considered in the actual
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numerical simulation. To simplify the analysis process, we de-
compose the Lorentz force orthogonally into a radial Lorentz
force f⊥ and a longitudinal Lorentz force fz to explain the
relevant mechanism.

Once the electrons start to move, the f⊥ of the applied
magnetic field on the electrons always points in the off-axis
direction, causing the orbiting radius r⊥ to tend to become
larger. Therefore, the radial work WM⊥ of the magnetic field
is constantly positive. Although fz keeps oscillating between
pointing to−z and+z, considering an oscillation period, the lon-
gitudinal work of the magnetic field WM⊥ and the change in the
electron’s own energyΔEE satisfy sgn (WMz) = sgn(ΔEE).
The work done by the magnetic field [31], [32] on the electrons
WM = WM⊥ +WMz . According to the energy conservation
theorem:

WL +WM +WR = ΔEE (6)

Where WL and WR are the work done on the electron by the
laser field and the energy lost by the electron due to radiation,
respectively. Differentiate (6) for time:

PL + PM + PR = ΔPE (7)

The above equation is the instantaneous power conservation
equation obtained by taking a single electron as a system. Where
PL and PM are the instantaneous power of the work done on
the electron by the laser field and the applied magnetic field,
respectively. |PL| ∝ |∂al/∂η|, PM⊥ ∝ uz and PM⊥ ∝ r⊥. PR

is the instantaneous radiated power of the electron, while ΔPE

on the right side of the equation corresponds to the instantaneous
amount of change in the electron’s own energy. At the rising edge
of the laser, the laser drives the electrons in a helical motion with
increasing pitch. BothPL andPM are positive, and the laser field
and the applied magnetic field are in a cooperative relationship.
At this time, most of the energy gained by the electrons in the
superimposed field is converted intoΔEE , and only a small part
is radiated as WR. At the falling edge, the relationship between
the two fields in different partitions is very different, according
to which three radiation patterns are differentiated.

In the CDL region, since the applied magnetic field is weaker
relative to the laser field, PR decreases sharply as soon as the
laser enters the falling edge (PL < 0), and ΔPE also decreases
with the decreasing electron velocity. This is corroborated by the
Gaussian distribution of the radiated power curves in the CDL
region in Fig. 2. It shows that the radiated power PR appears at
the maximum value PRmax near the intersection of the rising
edge and the falling edge of the laser pulse, which is recorded
as the peak radiated power. At this point, although PM⊥ > 0,
PM = PM⊥ + PMz < 0, the magnetic field also does negative
work on the electrons, and the laser and magnetic fields are
still cooperating. The electron trajectories in the CDL region
in Fig. 2. are extremely similar to those in the pure laser field.
On the one hand, it exhibits a quadratic symmetry about the
z-axis. On the other hand, it is symmetric about the left-right
symmetry of the cross section perpendicular to the z-axis at
the maximum orbiting radius r⊥max. The circularly polarized
property of the laser field and the approximate symmetry of
the rising and falling edges of the non-tightly focused laser

pulse are reflected, respectively. Since the laser field in the
CDL region plays a major role in the NTFS of electrons and
the radiation properties are extremely similar to those of the
pure laser field, we attribute the radiation pattern in the CDL
region to the laser field radiation. Fixing the beam waist radius
and gradually enhancing the magnetic field, the peak radiation
point is gradually shifted from the rising edge to the falling edge
of the Gaussian laser pulse. It can be found that the maximum
longitudinal displacement dzmax, and PRmax are all increasing
synchronously, and slight oscillations begin to appear at the peak
of the power curve.

The relationship of the superimposed field in the CDM region
is diametrically opposed. After the electrons start to interact
with the falling edge of the laser, even though the laser field
does negative work trying to decelerate the electrons, the strong
magnetic field provides f⊥ � 0 making PM⊥ > PL + PR. The
electrons continue to accelerate, PR and r⊥ continue to increase
and ΔPE > 0. As the center of the laser pulse moves away from
the electrons, the longitudinal component exp(−η2/L2) ≈ 0,
and thus PL ≈ 0. At the same time, the speed of the electrons
is extremely close to the speed of light, so that the energy of the
electrons is saturated and ΔPE ≈ 0. Therefore, PM = −PR,
meaning all the energy that the electrons gain from the magnetic
field is radiated out as electromagnetic waves. The electrons do
cylindrical solenoidal motion with a constant pitch. PR reaches
the peak of the whole process, and radiate electromagnetic waves
outward with constant power PRmax. The magnetic field is
in competition with the laser field. Since the magnetic field
prevails in the competition and all the final high-power radiation
originates from the magnetic field, we attribute the radiation
pattern in the CDM region to the magnetic field radiation.

B. Spatial Radiation Properties of NTFS

To investigate the spatial radiation properties of NTFS, we
studied the full angular distribution of the radiated power in the
angular plane. Firstly, for each unit solid angle, we calculated the
radiated power at each time point during the NTFS. We define
the maximum of these as the radiated power PΩ for that solid
angle. It is important to note that PΩ for different solid angles
are obtained at different moments. And the maximum of PΩ

for all solid angles is the maximum radiated power PΩmax, and
we define that solid angle (θp, φp). PΩmax = PRmax, but the
former reflects the spatial properties of the radiation while the
latter reflects the temporal properties of the radiation. Taking
the azimuthal angle φ = φp, defined on the main peak of radia-
tion, the polar angle difference between the two half-maximum
radiated power points PΩmax/2 is the collimation angle Δθ. In
this paper, we evaluate the merits of the radiation properties of
NTFS from three aspects, namely PΩmax, θp and Δθ, which
correspond to the intensity, directionality and collimation of the
radiation.

In Fig. 4, the spatial properties of the electron radiated power
show three typical angular distributions: the radiation in the
CDM region is concentrated in a ring with a very small ra-
dius and ring width, and the electrons radiate ultrahigh-power
electromagnetic waves outward with excellent directionality and
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Fig. 4. Full-angle distribution of electron maximum radiated power, where the color scale of each plot is individually normalized by its own peak radiated power.
Figure matrix compares different magnetic flux densities B0 horizontally and beam waist radius b0 vertically. The black curves in the figure divide the radiation
patterns of the NTFS, i.e., the different regions of the superimposed field (see Visualization 2).

high collimation. This is because when the radiation pattern is
magnetic field radiation, as shown in Fig. 2, the motion of the
electron at the peak radiated power is essentially stable, with
Δθ → 0. The denominator term (1− n · u)6 of (5) indicates
that the maximum radiated power is approximated to be in the
direction of tangent to the velocity. Thus when uz � u⊥, u is
approximately parallel to the +z axis and θ is small.

As the beam waist radius increases and gradually transitions
to the CDLM region, the ring width of the radiation angle dis-
tribution increases significantly, with obvious ripples observed.
Taking Fig. 4 (f6) as an example, arbitrarily selecting a θ, it can
be found that PΩ is continuous and basically constant in size
on φ. Arbitrarily selecting a φ and increasing from θ = 0 to
θ = π, PΩ first rises rapidly from a very small value to PΩmax,
and then decays to 0 in a step-like manner across several plateau
regions.

The spatial properties of the corrugation phenomenon can be
approximated as a multistage ring ladder comprising multiple
rings with the same center, where the radius is inversely propor-
tional to the height. At the same time, it is worth emphasizing
that for any B0 
= 0, the ripple phenomenon always exists. And
the larger the B0, the larger the b0 at which the phenomenon
occurs, which is because ripple radiation only occurs when the

intensity of the laser field and the applied magnetic field are
matched. When B0 = 0, we find that there will be a transition
state between b0 = 3 ∼ 4with radiation space properties similar
to ripples, allowing vortex radiation to smoothly transition to
cylindrical radiation. Therefore, we include Fig. 4 (b1),(c1) into
the black ladder as the transition state in the magnetic field-free
region.

Further increase the beam waist radius to enter the CDL
region. Compared with the CDM region, although both regions
have a hollow cylindrical angular distribution of radiation, the
radiated power, directionality and collimation of the CDL region
are far worse. This is because when the radiation pattern is laser
field radiation, the energy of electrons is much smaller than
magnetic field radiation, so θCDL > θCDM can be obtained
from θ ∝ 1/γ. At the same time, during the process of radiating
peak power in the CDL region, electrons move relatively from
the rising edge to the falling edge of the laser, with constant
changes in motion state, resulting in poor collimation.

C. Ripple Phenomenon

We define the brightest main peak of radiation in the cen-
ter on the angular plane as the core ripple, while rings of
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Fig. 5. On the left is a projection of the full angular distribution of the maximum radiated power of electrons in the cylindrical coordinate system. To highlight the
regions with significant radiation, only the angular plane of θ ∈ [0◦, 30◦] is shown on the plot. On the right are the electron trajectory and radiated power curves.
The magnetic flux density B0 = 0.5, the beam waist radius b0 is labeled in the center. The color scale of each frame is normalized by the peak radiated power of
that frame (see Visualization 3).

radiation with less power on its periphery are defined as the
outer ripples, and the inner one as the inner ripples. In Fig. 5
when b0 ≤ 6, the radiation in the angular plane is concen-
trated on the thin and narrow core ripple, and a small num-
ber of ripples diverge from the core ripple and slowly diffuse
outward into the outer ripples. From the colorbar, it can be
found that PRmax is essentially unchanged, and the radiation
pattern is still dominated by magnetic field radiation at this
time.

Continuing to increase b0, PRmax cliff attenuates by three
orders of magnitude, and the radiation pattern transitions from
magnetic field radiation to ripple radiation. The core ripple
spreads out in the direction where θ becomes larger, while a
circle of outer ripples surfaces successively from the inside out,
gradually becoming clearer. The r⊥max and dzmax of the elec-
trons decrease dramatically, and the trajectory segment where
radiates PRmax gradually translates forward from the end of the
trajectory to the front of r⊥max. The ripple phenomenon is most
obvious when b0 = 7. The outer ripples are gradually lit up from
the inside out, and the spatial range covered by the high-power
radiation reaches its widest. At the same time, the core ripple is
no longer the innermost ring ripple, but is slowly shifted outward
and its angular domain is replaced by the inner ripples. Then
the outermost ripples no longer spread outward, while the inner
ripples expand outward and keep fusing the ripples on the path.
At this time, it can be clearly observed that r⊥ at the end of
the electron trajectory is significantly smaller than r⊥max. And
PR at the end of the radiation curve is also decreasing, which
indicates that the electron starts to experience a deceleration
period.

When b0 = 8.25, PRmax stops decaying and starts to grow
slightly. The r⊥ at the end of the trajectory and the PR at the
end of the radiation curve are essentially 0. The full angular
distribution of the radiation returns to ring once again, which
indicates that the radiation pattern has been transformed into
laser field radiation.

Ripple radiation, as a transitional radiation pattern, completes
the shift from magnetic field radiation to laser field radiation
by diffusing and then fusing the ripples from the inside out.
The spatial distribution of radiation is transformed from a small
ring of ultra-high power to a large ring of low power. Based
on the step-like radiation properties of the ripple phenomenon,
the radiated power can be obtained by adjusting θ at different
levels. If θ&φ are adjusted simultaneously, radiated power of
any magnitude from 0 to PΩmax can be obtained. The most
important thing is that the above operation requires much less
angular accuracy of the detector than the usual ring radiation.

Based on the special spatial structure of ripple radiation,
there are potential practical applications in many fields. In the
biomedical field, the structure allows precise adjustment of the
radiation intensity for X-rays and γ-rays during the imaging
process, enabling hierarchical imaging and enhanced imaging
details. In addition, it is well suited for targeted radiation ther-
apy, such as Gamma Knife. In the field of laser detection, the
fine adjustment of power can better meet the requirements of
non-destructive testing of cultural artifacts. At the same time,
the stepped modulation properties enable flexible adjustment of
radiation intensity in remote sensing applications, thus obtaining
the best detection effect under different environmental condi-
tions. This is particularly important for atmospheric monitoring,
climate change research and other fields.

The evolution of the stages of the electron trajectories ra-
diating PRmax leads to the evolution of the radiation pattern.
The PRmax of the magnetic field radiation appears at the end
of the trajectory. While the PRmax of the laser field radiation
appears in the middle section of the trajectory when b0 is larger.
When transitioning from the CDL region to the CDM region,
the peak radiation point gradually shifts from the falling edge
of the Gaussian pulse to the junction of the rising and falling
edges of the Gaussian pulse. Understood in conjunction with
(5), the mechanism for radiating PRmax changes from relying
on no small acceleration based on a large velocity to a very
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Fig. 6. On the left is the full angular distribution of the maximum radiated power of electrons in the cylindrical coordinate system. To highlight the regions with
significant radiation, only the angular plane of θ ∈ [0◦, 30◦] is shown on the plot. On the right are the electron trajectory and radiated power curves. The magnetic
flux density B0 = 0.5, the beam waist radius b0 is labeled in the center. The color scale of each frame is normalized by the peak radiated power of that frame (see
Visualization 4).

large velocity supplemented by a very small acceleration. At this
point, a slight change in velocity will result in a large change in
PR, so the high-power radiation lasts for a very short time.

As a transitional state, ripple radiation has PRmax appearing
in a trajectory segment where the orbiting radius r⊥ continues to
increase. At this time, PM is slightly larger than PL + PR, and
the acceleration of the magnetic field is symmetrically offset by
the deceleration of the laser field. The ripple phenomenon can be
seen as the interface between the two. So the changes in velocity
and acceleration are slow and small, and the high-power radia-
tion will last for more optical circles, corresponding to a circle
of ripples in the spatial distribution. The larger Δr⊥ between
the red optical circles corresponds to the θ range covered by the
ripple radiation.

D. Lotus Phenomenon

The lotus phenomenon is a special spatial property obtained
by the superposition of the ripple radiation on θ with the high-
frequency oscillation of the radiated power on φ, which better
reflects the competitive relationship between the laser field and
the applied magnetic field. In Fig. 6, the evolution of the spatial
distribution of radiation at the initial time is exactly the same
as the ripple phenomenon. Due to the attenuation of PΩmax at
the core ripple, the normalized outer ripple climbs upward, and
the overall spatial distribution of the radiation shows a stepped
ring shape. When b0 = 5.9, the core ripple and the inner and
outer ripple on its edge begin to differentiate into petal-shaped
radiation peaks on φ. This corresponds to the intensive high-
frequency small-amplitude oscillations in the PRmax segment
of the radiation curve, which is the essential cause of the lotus
phenomenon.

On the one hand, we start from the deceleration of the laser
field. The radial factor of the laser field is neglected in the
CDLM region since r⊥max � b0. Considering again the lon-
gitudinal Gaussian distribution of the laser, it can be analyzed
that |PL| should increase first and then decrease according

to|PL| ∝ |∂al/∂η|. On the other hand, consider the acceleration
effect of the applied magnetic field. Since the current trajec-
tory segment radiates PRmax, ΔPE ≈ 0 and thus WMz ≈ 0
and Δuz ≈ 0. Therefore, we only need to consider PM⊥ ∝ r⊥
provided by the applied magnetic field. According to r⊥ in the
trajectory diagram on the right side of Fig. 6, PM⊥ should be
increasing and then decreasing before stabilizing. In the process
of ripple radiation, if the laser field parameters and magnetic
field parameters are selected appropriately, it will lead to a very
similar, or even almost the same, change process of |PL| and
PM⊥. At this time, in the trajectory segment where radiates
PRmax, the position of the dominant force continuously changes
between the two at high frequency, causing the longitudinal
acceleration of electrons to swing frequently between positive
and negative. This gives rise to high-frequency oscillations of
the electron radiation, resulting in the lotus phenomenon.

In addition, we discovered for the first time that NTFS has
quasi-periodicity in the azimuth angleφwith respect to the beam
waist radius b0. Thanks to the structure of the radiation peaks of
the lotus phenomenon, we can clearly observe the non-uniform
periodic rotation of the petals of the lotus on φ.

E. Full-Angle Distribution of NTFS Temporal Intensity

Fig. 7 is the θ-angle distribution of NTFS pulses per unit
time at the φp angle. Each of its radiation peaks represents one
revolution of the electron trajectory around the circle. Define the
total span of radiation peaks on θ in each plot as θBW . And the
difference of θ angle between two points half of the maximum
value of each radiation peak is ΔθFWHM , which can also be
used as a criterion for radiometric collimation.

In the CDM region, since electrons perform a stable relativis-
tic spiral motion approximately at the speed of light, the three-
dimensional temporal spectrum is a femtosecond pulse array,
showing excellent directionality and collimation. Connecting
the peak points of the pulse array, it is found that it is consistent
with the radiated power curves in Fig. 2. The radiated power in
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Fig. 7. The joint distribution of the NTFS in time and polar angle θ for an observation angle of (θ, φp), with each plot separately normalized by its own maximum.
Figure matrix compares different magnetic flux densities B0 horizontally, and different beam waist radius b0 vertically. The black curves in the figure divide the
radiation patterns of the NTFS, i.e., the different regions of the superimposed field (see Visualization 5).

the CDM region is three orders of magnitude higher than in the
other two regions.

And when transitioning to the CDLM region, Fig. 7 (f6)
clearly demonstrates both the laser field radiation and the mag-
netic field radiation. The time span between the radiation peaks
of magnetic field radiation is large, and they are distributed at
small polar angles with extremely small θBW . The time scale of
the laser field radiation is reduced by two orders of magnitude,
and the radiation peaks are gathered together to form a pulse
group. Each radiation peak in Fig. 7 (d4) corresponds to a ring of
ripple in Fig. 4 (d4). The θBW of the pulse group corresponds to
the radius difference between the outer ripples and inner ripples
in the full angular distribution of ripple radiation.

Unlike the vortex radiation [29] in Fig. 7 (a1), the directional
transformation of the spatial distribution is accomplished with
three radiation peaks through the larger ΔθFWHM of each
radiation peak. While the ΔθFWHM of the ripple radiation is
only slightly larger than that in the CDL region, which mainly
realizes the large θBW by increasing the number of radiation
peaks. As time increases, the angle between the radiation peak
and the θ axis (i.e., the x-axis) becomes larger and larger, from
parallel at the beginning to nearly perpendicular later. The two
influencing factors, the orbiting radius r⊥ and the electron radial

velocity u⊥, change synchronously. It is just that the influence
of r⊥ dominates before the appearance of the main peak, while
u⊥ dominates after the main peak.

In the CDL region, as the beam waist radius b0 increases, θBW

shrinks gradually and is much smaller than that in the CDLM
region. The angular distribution of θ is different from that in the
CDM region where the radiation peaks are on a straight line, or
in the CDLM region where the radiation peaks are symmetric
with the main radiation peak as the symmetry axis. The θ of the
main radiation peak in the CDL region is smaller than all the
secondary peaks, and so is the ΔθFWHM . And the pulse group
is axisymmetric on the time scale with the main radiation peak
as the symmetry axis, indicating the symmetric work process of
the laser’s rising and falling edges.

F. Coupling Effects of Magnetic Flux Density and Beam Waist
Radius on the NTFS

In this section, we investigate the coupling effect of the
magnetic flux density and the beam waist radius on NTFS.
Although the red and black lines in Fig. 8(a), (b), and (d) are
marked independently according to their respective radiation
properties, we find that the lines of the same color in each figure
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Fig. 8. Under different magnetic flux density B0 and different beam waist radius b0, the maximum radiated power of NTFS log10(dPΩmax/dΩ) (a), the polar
angle θp where PΩmax is located (b) and its projection (c), the collimation angle Δθ of the main radiation peak (d), the azimuth angle φp where PΩmax is
located (e) and its projection (f). The red line is the dividing line for the mutation of log10(dPΩmax/dΩ) (a), the dividing line for the mutation of θp (b), and the
maximum value of Δθ at each magnetic flux density B0 (d). The black line is the maximum value of log10(dPΩmax/dΩ) (a), the minimum value of θp (b), and
the minimum value of Δθ (d) at each magnetic flux density B0.

overlap nearly exactly. For the black line this indicates that for
any magnetic flux density B0, there is always a beam waist
radius b0 such that all three aspects of the radiation properties
are simultaneously optimized. The red line corresponds to the
parameter where the ripple phenomenon is most obvious and is
the dividing line between the CDL region (laser field radiation)
and the CDM region (magnetic field radiation), where a jump in
the radiation properties is experienced. Examining the envelope
and trend of the three plots as a whole again, (b) and (d) are
both in perfect agreement and perfectly complementary to (a).
This suggests that the superiority or inferiority of the various
aspects of the radiation properties is completely bound as the
parameters are varied. Thus, we can choose the parameter com-
bination based on which all the radiation properties of NTFS are
optimal at the same time, i.e., B0 = 0.5, b0 = 4.7. At this time,
PΩmax = 5.685× 1012 (which is normalized by e2ω2

0/4πc),
θp = 3.375◦ and Δθ = 0.125◦. PΩmax reaches the maximum,
while θp and Δθ reach the minimum, which is a very ideal
radiation source [33].

Fig. 8(a) is instructive for the selection of field parameters
based on modulation power. The black line shows a jump point at
B0 = 0.85, indicating that thePΩmax of the laser field radiation
is higher than that of the magnetic field radiation when the B0 is
small, and the largest possible b0 should be selected at this time.
As for the magnetic field radiation, the distribution of PΩmax is
approximately symmetric about the black line. At this time, a
moderate size of b0 should be chosen to deepen the cooperation
of the superimposed field at the rising edge and weaken the
competition at the falling edge, so that the electrons can obtain
as much energy as possible. It is also important to emphasize
that PΩmax is still vertically increasing by several orders of

magnitude at the red line, even when the z-axis coordinate is
logarithmic. This indicates the seminal importance of magnetic
field radiation for modulating ultra-high-power radiation.

Fig. 8(b) and (c) explore the effect of the crossover parameter
on the directionality ofPΩmax. The projection plot clearly shows
that θp is generally small in the CDM region, much smaller
than that in the CDL region. For magnetic field radiation, the
parameter has a negligible effect on its collimation. However,
for laser field radiation, increasing B0 can significantly reduce
θp. Interestingly, the red line in Fig. 8(d) is like a ridge. This
indicates that the Δθ at ripple radiation is much larger than the
other radiation patterns, which is related to its step-like spatial
distribution. When B0 = 2.6, a secondary peak appears in Δθ,
indicating that the radius difference between the inner and outer
ripples on the angular plane reaches the maximum at this time.
As the steps widen, the accuracy requirements for the detector
are further reduced.

Comparing the two projections Fig. 8(c) and (f), it is found
that the joint distribution of φp with respect to B0 and b0 is
divided in two by the ripple phenomenon as in the case of the
radiation properties. In the CDM region,PΩmax can be observed
at different azimuthal angles φ because the radiating PΩmax is
the red trajectory segment in Fig. 2 that does a steady winding
with constant pitch and r⊥. So φp is a random number between
[0◦, 360◦], which corresponds to the jagged and irregular distri-
bution of φp in the region in Fig. 8(e). And in the CDL region,
we discovered for the first time that NTFS has quasi-periodicity
in the azimuth angle φ with respect to the beam waist radius
b0, which is contrary to the common understanding of previous
researchers. As shown in Fig. 8(e), for any magnetic flux density,
φp varies continuously and periodically as b0 increases, and the
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rate of change is negatively correlated with b0. Since ϕ0 = 0
in this paper, (2) can be simplified to ϕ = η + ϕR − ϕG. And
again, since R(z) � ρ2 leads to ϕR being a very small quantity,
ϕ ≈ η − ϕG. On the one hand, whether it is laser field radiation
or magnetic field radiation, the phase factor η when radiating
PRmax is always close to η = 0 with the increase of b0, which
is the junction of the rising and falling edge of the laser. And the
closer η is to η = 0 the smaller is the magnitude of its change.
On the other hand, according to the abscissa of the trajectory
in Fig. 2, it is not difficult to find that the smaller b0 is, the
more orders of magnitude z/zfwill change when the unit b0
is changed, which will further affect the change rate of ϕG. It
is worth noting that since ϕG ∈ (0, π/2) and the slope is large
when z/zf is close to 0, the effect of η on ϕ dominates when b0
is small, while ϕG dominates when b0 is large.

Unlike the beam waist radius b0, the magnetic flux density
B0 has little effect on φp. Taking b0 = 10 in Fig. 8(e) as an
example, we can find that φp for different B0 is a wavy line
with tiny undulations. However, it can still be found that this
effect is greater the larger B0 is by the height of the wave
undulations. Meanwhile, according to a wave parallel to each
other and perpendicular to the B0 axis in the figure, it can be
concluded that the influence of B0 on φp is relatively constant
with respect to b0.

IV. CONCLUSION

In conclusion, based on Big Data, we studied in detail the
nonlinear Thomson forward scattering of relativistic electrons
in a circularly polarized laser field with an applied magnetic
field from the perspectives of spatial distribution and time
distribution. The coupling effect of magnetic flux density and
beam waist radius on electron trajectories, spatial distribution
and temporal structure of radiation are specifically investigated.
Based on the joint distribution of this pair of cross param-
eters, we classify three types of radiation patterns according
to the spatiotemporal properties of radiation. That is, magnetic
field radiation, ripple radiation and laser field radiation, which
correspond to the three partitions CDM, CDLM, and CDL,
respectively. We probe deeply into the process of radiation
pattern evolution from the perspective of electron trajectories,
the spatial and temporal spectrum of radiation. And we explain
the mechanism of radiation pattern evolution by the competition
and cooperation between laser and magnetic fields from the field
intensity relation of the superimposed field. We find that ripple
radiation structures and lotus phenomena appear when the forces
of two fields are matched. This unique spatial distribution not
only serves as an intuitive basis for judging the switching of
radiation patterns, but also significantly reduces the precision
requirements of the detector during actual detection, which
is more in line with the current laboratory conditions. It also
realizes the modulation of stepped radiated power or arbitrary
radiated power. In addition, we find that the radiation properties
of the magnetic field radiation are much better than those of the
laser field radiation, especially the maximum radiated power
can be increased by at least three orders of magnitude. A highly
collimated NTFS with the highest maximum radiated power and

the best directionality can be obtained when the magnetic flux
density B0 = 0.5 and the beam waist radius b0 = 4.7. This
provides a brand new modulation pathway for the laboratory
modulation of super intense X/γ rays. Interestingly, we break
the previous knowledge that the phase angle φp at maximum
radiated power has randomness by using Big Data. We find that
φp has a quasi-periodicity about b0, but is largely independent
of B0.
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