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The generation of terahertz (THz) waves by focusing a femtosecond pulsed laser beam at a distance is able to overcome
the strong absorption properties of air and has rapidly attracted the attention of industry. However, the poor directionality of
the THz wave radiation generated by this method is not conducive to THz wave applications. By controlling the morphol-
ogy of the ultrafast laser-excited plasma filament and its electron density distribution through coherent beam combining
technology, we achieve direct THz beam shaping and are able to obtain THz wave radiation of Gaussian or arbitrary trans-
verse distribution. The novel experimental approach proposed in this paper opens up the research field of direct THz wave
shaping using plasma. Moreover, it innovates multi-parameter convergence algorithms and, by doing so, has the potential
to find beam patterns with higher energy conversion efficiency and break the energy limit of THz waves emitted by lasers
at high power.

Keywords: femtosecond pulsed laser, coherent beam combining, terahertz wave, beam shaping, plasma
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1. Introduction
Terahertz (THz) waves generally refer to electromagnetic

waves with a frequency of 0.1–10 THz (1 THz = 1012 Hz), sit-
uated between microwaves and infrared waves in the electro-
magnetic spectrum. The pulse width of a femtosecond pulse
laser beam is between a few and hundreds of femtoseconds.
It has ultra-short time characteristics and can generate high
peak power. Femtosecond laser pulses with high pulse energy
(pulse energy greater than a few hundred mJ) interact with gas
atoms to excite free ions and electrons, creating a plasma. The
plasma then rapidly decays while producing THz waves in a
manner known as the ‘air method’. As this method has the ad-
vantages of being able to generate THz waves with high peak
power and a wide spectrum at long distance (several kilome-
ters away), it is very promising for applications and has at-
tracted a lot of attention from industry in recent years. How-
ever, the generation of THz waves using laser energy in this
way is still relatively inefficient, and the mechanism of THz
generation has not been fully explained. Thus, it is urgent to
find ways to improve the energy conversion efficiency of THz
waves. Researchers in this field have made many fruitful at-
tempts to enhance the efficiency of THz generation by using
two-color fields,[1,2] changing the focal length of the focusing
lens,[3] changing the wavelength of the laser[4] and the work-
ing medium,[5] and adding electric field bias,[6] etc.

Recently, we have noticed some reports on the study of

THz generation by special beams[7,8] and have carried out re-
lated studies. A Gaussian laser is shaped by a spatial light
modulator or phase plates. By controlling the air plasma ex-
cited by ultrashort laser pulses, the enhancement of THz con-
version efficiency and modulation of THz intensity distribu-
tion have finally been achieved. In 2022, Zhelin Zhang et al.
used Bessel beams to generate THz radiation with a Bessel
distribution.[8] These works have demonstrated that the THz
intensity distribution can be effectively controlled by modu-
lating the air plasma, which has the potential to achieve THz
shaping. However, these reports do not propose a controllable
shaping method to effectively seek the best laser mode. The
complex physical phenomena within the excited air plasma af-
ter the focusing of each type of special beam cannot be accu-
rately predicted, and we must rely on many experiments to find
verification and blindly search for a more suitable type of spe-
cial beam. Moreover, when using spatial light modulators or
phase plates to change the focal field to modulate THz waves,
the beam modulation devices cannot withstand the high power,
limiting the use and development of the system.

In this paper, a THz generation method based on laser co-
herent beam combining (CBC) is proposed for the first time.
Instead of a spatial light modulator or a phase plate, combining
the air plasma-based THz source with CBC technology[9–12]

to shape the laser beam can overcome the limitation of the
SLM threshold on laser power. The beam locator and phase
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shifter control the direction and phase of the laser beam in
each channel, and thus control the plasma filament morphol-
ogy and electron density distribution of the ultrafast excitation
laser. Finally, the shaping of THz waves is achieved.

This article will focus on methods to achieve THz shap-
ing using new techniques and will discuss the improvement
of energy conversion efficiency from laser to THz waves. We
use a THz camera for real-time acquisition of THz intensity
and distribution. By adjusting the beam direction and phase of
each channel, the traction control of the intensity distribution
of THz waves towards the target is completed, and the shaping
of THz waves is achieved. We use the convergence strategy of
stochastic parallel gradient descent (SPGD) to achieve closed-
loop regulation of the system. This method not only ignores
the complex physical processes such as the actual density dis-
tribution inside the plasma, but also overcomes the dynamic
perturbations of the system. The convergence process does not
require an understanding of the specific electron density dis-
tribution inside the air plasma, and does not need clarification
of all the physical principles, such as the coherence strategy
between the beams. It can still use the evaluation function to
control the convergence, which eventually realizes the regula-
tion of THz wave and completes THz beam shaping. We can
also use this method to find beam patterns with stronger energy
conversion efficiency by adjusting the evaluation function.

Traditionally, THz beam shaping has been performed us-
ing spiral phase plates,[13] holographic diffraction gratings,[14]

antenna arrays[15,16] and metamaterials,[17] but these methods
are generally cumbersome, inefficient and difficult to prepare.
Compared with conventional THz beam shaping techniques,
the new technique performs THz beam shaping directly via
plasma modulation, without energy loss and damage threshold
limitation on laser power, and achieves programmable beam
shaping by iterative algorithms.

This method can also be applied to THz modulation, since
the laser field of the focused femtosecond pulsed laser beam
correlates and corresponds to the optical field properties of
THz waves.[8,18] The intensity, distribution, divergence angle

or polarization characteristics of THz waves tend to be fixed
under specific optical field conditions. Therefore, by repro-
ducing a specific focal field, THz waves of a certain property
can be generated. The modulation of THz waves is achieved
indirectly through modulation of the laser field.

2. Optical path design
The first report of CBC was for continuous light

waves;[19] it was then gradually extended to the field of pulses,
with experiments related to nanosecond and femtosecond
pulses[20,21] and successful shaping of beams from femtosec-
ond pulses.[22] These studies have demonstrated that there are
no longer any technical obstacles to the technique in experi-
mental terms. In order to give the reader a clearer understand-
ing of the technique, we provide an example of an experimen-
tal optical path.

In order to achieve the purpose of shaping the combin-
ing beam, the array beam first needs to meet the basic condi-
tions of CBC, as follows. Each beam should have the same
intensity, wavelength and polarization direction and a constant
phase difference. The delay difference among these is zero
while the phase difference is constant. Moreover, the phase
and beam direction can be continuously controlled in a certain
range, and an ultrashort laser should meet the requirements of
generating THz waves. By controlling the beam phase and
beam direction of the array, the synthetic light field is con-
trolled. The electron density distribution of the air plasma ex-
cited by the ultrashort laser pulse is indirectly controlled to
achieve the control of the THz intensity distribution. On this
basis, it was investigated whether higher THz conversion effi-
ciency could be obtained.

To meet these requirements, we designed an optical path
for THz generation based on CBC technology, as shown in
Fig. 1. We separated the optical path into five parts: laser
CBC module, laser field detection module, THz generation
module, THz detection module and computerized numerical
control (CNC) terminal.

BS2Laser Chopper AmpPhaser Locators & 
collimators

Beam 
analyzer

Plasma

BS1

Filter

Lens BBO

Parabolic
mirror 2

Bolometer
array

Parabolic mirror 2

CNC terminal

Fig. 1. Schematic diagram of the optical path for THz wave generation based on CBC technology.
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The laser CBC module includes a seed laser, chopper,
beam splitter (BS), phase shifter, master oscillator power am-
plifier (MOPA), beam locator and collimator. Among these,
the seed laser uses a femtosecond pulse laser source to gener-
ate a seed beam with a pulse width of 50 fs, pulse repetition
rate of 1 kHz and line width of 1 GHz. It also needs to ensure
that the relevant parameters of the output Gaussian pulse laser
after power amplification collimation remain unchanged. This
module enables the control of multi-channel laser wavelength,
power, deflection direction, chopping frequency, phase and
other parameters, and completes the beam collimation emis-
sion. Through the THz generation module, the synthetic beam
excites air plasma to generate THz waves. The intensity and
distribution of the generated THz waves are detected by the
THz detection module, and the state of the laser field under
this THz intensity distribution is monitored by the laser field
detection module. The purpose of the CNC terminal is to sum-
marize the parameter information of the system, monitor the
system status, realize the control of the parameters of the array
laser and complete the closed-loop system.

We need to be aware that the laser power should meet the
minimum requirements for ionizing air. The power density re-
quired to ionize air and produce a plasma filament depends on
a variety of factors such as laser wavelength, pulse width and
air pressure. In general, a power density of at least 1 GW·cm−2

is required at the focal point to ionize the air to form plasma
and to satisfy the conditions for the generation of THz waves.

Theoretically this scheme is also applicable to monochro-
matic schemes; however, two-color laser schemes have been
shown to achieve higher energy conversion efficiencies and
have a rich theoretical basis,[1–3] so we have focused our re-
search on two-color schemes. From the description of the tran-
sient photocurrent model,[18,23] we know that when the relative
phase difference between the fundamental frequency and the
second harmonic is π/2 the laser field is able to produce maxi-
mum symmetry breaking of the electron drift velocity, exciting
the transient current and thus producing a THz wave. In exper-
iments, the relative phases of the fundamental and second har-
monics are usually controlled by adjusting the angle of laser
incidence and the distance from the beta barium borate (BBO)
crystal to the plasma. In general we need to adjust the position
and angle of the BBO crystal to the actual situation in order
to obtain maximum generation efficiency. Because the initial
phase of each beam in this system is controlled, the relative
phase combinations between the fundamental and second har-
monics of the different beams are more flexible and variable,
giving the opportunity to produce a greater degree of symme-
try breaking and to obtain stronger THz waves.

For two-color field schemes, the profile of the second har-
monic cannot be neglected. In general, the profiles of the fun-
damental frequency wave and the generated second harmonic

are not exactly the same. This is because the profile of the sec-
ond harmonic is influenced by various factors such as the prop-
agation characteristics of the laser in the crystal, the profile of
the incident laser field and the non-linear parameters of the
crystal. The profile of the incident laser field is influenced by
the laser input and the characteristics of the optical elements
in the laser path, while the non-linear parameters of the crys-
tal are influenced by the structure and chemical composition
of the crystal. During second-harmonic generation, the direc-
tion and intensity of laser propagation in the crystal changes
under the influence of non-linear optical effects, which affects
the profile of the fundamental frequency and the second har-
monic, resulting in a different distribution of the two beams.
If two beams with the same profile are to be obtained, a high-
precision optical system and a high-quality BBO crystal with
precise control of the laser propagation in the crystal are re-
quired. In some cases, for example when using shorter laser
path lengths (BBO crystal to plasma distance), the profile of
the two beams generated may be identical.

3. Theoretical simulation
3.1. Theoretical basis for the generation of THz waves us-

ing CBC technology

The frequency and the polarization direction of each
beam are the same, and they are all fundamental mode Gaus-
sian beams. Assuming that the Gaussian beams of N bunches
are arranged in a square array or hexagonal dense array in
the emission plane at z = 0, the center coordinates of the unit
beam are (x j, y j) and the emission direction is along the z-axis.
The light field distribution at the emission end (at the plane of
z = 0) can be written as

E0 (x,y,z = 0,Φ)

=
N

∑
j=1

A j exp

[
−
(x− x j)

2 +(y− y j)
2

ω2
0

]
exp(iϕ j)

×circ

[√
(x− x j)

2 +(y− y j)
2

d/2

]
. (1)

Here, (x,y) is the coordinate system of the array element, A j

is the amplitude of the jth beam, ω0 is the beam radius, ϕ j is
the initial phase of the jth beam at the emission plane, circ [ ]
is the function of aperture and d is the aperture diameter of the
jth beamlet. Also

Φ = [ϕ1 −ϕ1, ϕ2 −ϕ1, ϕ3 −ϕ1, . . . , ϕN −ϕ1] . (2)

When the configuration and parameters of the beam array are
determined, the relative phase vector decides the light field of
the combined beam Φ . Under the near-axis approximation, the
complex amplitude and intensity distribution of the combined
beam at z = L can be expressed as

Elaser (u,v,z = L,Φ)
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=

exp
[

ik
2L

(
u2 + v2

)]
iλL

×ℱ
{

E0 (x,y,z = 0;Φ)exp
[

ik
2

(
1
L
− 1

f

)(
x2 + y2)]} ,

(3)

Ilaser (u,v,z = L,Φ) = |Elaser (u,v,z = L;Φ)|2 . (4)

Here, (u,v) represents the coordinate of the laser CBC plane
and λ , f , L and ℱ { } represent the wavelength, focal length,
propagation distance and Fourier transform, respectively.

The laser field excites the air plasma to produce THz radi-
ation. We need to establish the relationship between the laser
field and the THz radiation field. We refer to the model pro-
posed by Kim et al.[18,24,25] and extrapolate backwards from
the THz wavefield to the laser wavefield

ETHz (p,q,Ω)

∝ kTHz ∫V A(u,v,z,Ω)sin [θ (p,q,u,v,z)]

× exp(ikTHzz)h(p,q,u,v,z,Ω) dudv, (5)

where (p,q) represents the coordinates of the THz receiving
plane, Ω is the THz frequency and A(u,v,z,Ω) is the ampli-
tude of the THz field generated at a point of the plasma at
all frequencies. The amplitude of the THz center frequency
is proportional to the square root of the plasma density, and
varies between the points inside the plasma. The overall am-
plitude of the spectrum is also proportional to the plasma elec-
tron density Ne, and the time derivative of the electron den-
sity Ne can be expressed as dNe/dt ≈ Ngw(t), where Ng is
the neutral particle density and w(t) is the ionization rate.
Keldysh and Perelomov et al. proposed a formula for calculat-
ing the ionization rate of the gas optical field based on the laser
wavelength and dielectric ionization potential,[26,27] where the
ionization rate is proportional to the laser intensity w(t) ∝

|Elaser|2. A ∝ J =
∫

e · ve (t)Ne (t) dt ∝
∫

eNgw(t)ve (t)dt ∝∫
eNg |Elaser|3 dt. Here, J is the photocurrent, e is the electron

charge, ve (t)is the electron velocity and ve (t) ∝ Elaser.
The sin [θ (u,v,z)] term describes the relative phase walk-

off between the fundamental and second-harmonic waves dur-
ing their propagation in the plasma, and the resulting mod-
ulation of the THz field amplitude. In the case of plasma
refractive index inhomogeneity, this phase difference can be
calculated as θ (u,v,z) = θ0 +

∫
z ∆n(u,v,z′)kω dz′, where the

refractive index difference ∆n can be expressed as

∆n
(
u,v,z′

)
=
[
nair,ω(u,v,z′)+nplasma,ω(u,v,z′)

]
−
[
nair,ω(u,v,z′)+nplasma,2ω(u,v,z′)

]
.

Here, the plasma refractive index is

nplasma,ω
(
u,v,z′

)
=
√

1−ω2
p (u,v,z′)/ω2.

The plasma frequency is

ω
2
p
(
u,v,z′

)
=
√

4πe2Ne(u,v,z′)/me,

where me is the electron mass and ω is the laser frequency.
h(u,v,z,Ω) represents the phase change obtained inside the
plasma by the generated THz radiation. At any point in the ray
trajectory between the source point and the receiving plane, if
the THz frequency is less than the plasma frequency, the THz
wave is blocked.

h(u,v,z,Ω)

=

{
0, Ω < ωp,

exp [i
∫

V kTHz [nTHz (u,v,z,Ω)−1] dudv], Ω ≥ ωp,

where the THz refractive index is

nTHz (u,v,z,Ω) =
1√

1−ω2
p (u,v,z)/Ω 2

.

We can deduce the relationship between the THz distri-
bution and the laser field distribution as

ETHz ∝ kTHz · e ·Ng

∫
V

[∫
|Elaser|2 dt

×
∫∫

(Elaser,ω −Elaser,2ω) dt dzexp(ikz)
]

dudv, (6)

and

ITHz = |ETHz|2 . (7)

We were surprised that Bessel beams could be used to gener-
ate THz waves that conform to the Bessel beam distribution.[8]

Therefore, we have reason to believe that the phenomenon can
be extended to complex laser field pumps to generate THz
waves of any mode by plasma modulation. Also, higher laser-
to-THz wave energy conversion efficiency was obtained by us-
ing a ring Airy beam,[7] and by the same token we believe that
beam types with higher energy conversion efficiency can be
found by modulation of complex laser fields by convergence
algorithms. We simulate the THz distribution generated by
Gaussian and Bessel beams by the same calculation. As shown
in Fig. 2, the simulation results are basically consistent with
the experimental results.[8,25]

There are four main physical processes involved from
the laser source to the THz wave detection plane. Namely,
the process of CBC of the array laser, the laser excitation of
the plasma, the generation of THz waves by the plasma and
the transmission of THz waves through the plasma and air to
the receiving plane. Due to the transient nature of the two-
color field plasma generation process, the complex non-linear
effects and the influence of frequency doubling crystals on
the second-harmonic profile, it is difficult to perform high-
precision surface array measurements of high-temperature
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plasma with existing measurement techniques, and even with
numerical simulations the actual density distribution inside the
plasma is still difficult to predict accurately. This is one of the
difficulties in further investigating the physical mechanism of
THz wave generation in plasma.
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Fig. 2. Schematic diagram of laser field intensity distribution and THz
intensity distribution. (a) Focal field light intensity distribution of a
Gaussian-type laser. (b) Intensity distribution of the THz wave gener-
ated by the Gaussian-type laser. (c) Focal field light intensity distribu-
tion of a zero-order Bessel-type laser. (d) Intensity distribution of a THz
wave generated by the zero-order Bessel-type laser.

These complex physical phenomena can be avoided by
using the SPGD convergence algorithm, which is very similar
to the ’black box process’ in deep learning models, where the
internal mechanism of the black box model is not transparent
but can still be used to obtain the desired results through a large
number of random perturbations. The user is only concerned
with the inputs and outputs of the model, not with the internal
mechanisms, and the evaluation function is set to guide the di-
rection of convergence. The mapping relationship is calibrated
by the two typical experimental phenomena described above
and used to perform simulations. This simplified mapping re-
lationship does not affect the logical process of convergence
of the closed-loop system. In other words, the convergence
method proposed in this paper can be applied even though the
actual situation is more complex than the simulated one.

By setting the objective function, namely the ideal THz
distribution function, the actual collected THz intensity dis-
tribution image is compared with the ideal distribution. The
degree of similarity between them is used as the evaluation
function of the convergence algorithm to guide the system to
achieve convergence and complete THz shaping. By analyzing
the convergence results, we can observe the optical axis of the
array beam and the phase information, as well as the relation-
ship between the intensity distribution of the laser focus field
and that of the THz wave. It provides a new way to explore the
plasma, which helps us to find more typical experimental phe-

nomena and further analyze the physical mechanism of THz
wave generation by plasma.

3.2. Evaluation functions and convergence strategies

In order to achieve the purpose of THz shaping, we use
the two-dimensional correlation coefficient between the target
matrix and the actual matrix as the evaluation function. The
correlation coefficient between the measured value A and the
target value B is calculated. The higher the correlation coef-
ficient is, the closer the measured value is to the target value.
When the correlation coefficient is 1, the measured values are
exactly the same as the target value. The formula for calculat-
ing the two-dimensional correlation coefficient function is

J =
∑m ∑n (Amn −A′′)(Bmn−B′′)√(

∑m ∑n (Amn −A′′)2
)(

∑m ∑n (Bmn−B′′)2
) . (8)

For the convenience of demonstration, we multiply the two-
dimensional correlation coefficient by 100% to describe the
similarity.

We can take different evaluation methods for different
needs, such as using the power in the bucket to find a stronger
peak intensity of the THz wave, and obtaining a higher con-
version efficiency from laser energy to THz energy.

The convergence strategy used in this paper is the SPGD
algorithm, which is a fast and effective gradient evaluation
method. By applying random perturbations to all control pa-
rameters in the performance evaluation function J (U), the
gradient estimation is completed according to the amount of
change in the evaluation function after the perturbation.

For THz shaping systems based on CBC technology, the
control signal output is an analog voltage signal. Three control
parameters are involved in the iterative process, which are hor-
izontal direction control parameters x, vertical direction con-
trol parameters y and phase control parameters p. The iterative
formula of the SPGD algorithm can be expressed as

U (n+1)
j (vx,vy,vp)

= U (n)
j (vx,vy,vp)+ rδJ(n)δU (n)

j (vx,vy,vp) , (9)

where U (n)
j (vx,vy,vp) is the control variable and (vx,vy,vp)

represent the horizontal direction control voltage, vertical di-
rection control voltage, and phase control voltage, respec-
tively: vx = [vx1,vx2,vx3, . . . ,vxN ], vy = [vy1,vy2,vy3, . . . ,vyN ],
vp = [vp1,vp2,vp3, . . . ,vpN ]. r is the iterative step, δJ(n) is the
amount of change in the performance evaluation function be-
fore and after the perturbation, J(n) is the value of the system
performance evaluation function before and after the perturba-
tion and δU (n)

j is the statistically independent random pertur-
bation.

When using the SPGD algorithm for control, the specific
implementation processes are as follows:
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1. Generate a pseudo-random code vector and convert it
to a voltage signal δU , with random perturbations satisfying a
mean of zero and equal variance.

2. Apply the random perturbation voltage δU to each
driver to obtain the value of the evaluation function J+ =

J (u+δU), and then apply a reverse perturbation voltage to
obtain the evaluation function of the negative perturbation
J− = J (u−δU).

3. Calculate the amount of change in the evaluation func-
tion δJ = J (U −δU).

4. Update the control parameters according to the formula
U (n+1)

j =U (n)
j + rδJ(n)δU (n)

j .
5. Repeat steps 1–4.

3.3. Simulation calculation and analysis

According to the theories described above, the simulation
model is established to explore the influence of beam array ar-

rangement, the number of array beam, disturbance step length,
parallel quantities and convergence strategy on THz shaping.

First, we tried two common structures, hexagonal dense
and square arrays. As shown in Fig. 3(a), the hexagonal dense
array structure has a higher duty cycle than the square array
structure. Under the same convergence strategy, we compared
three hexagonal dense arrays and square arrays with similar
beam counts. As shown in Figs. 3(b) and 3(c), we find that the
hexagonal dense arrays can achieve a faster and better conver-
gence effect than the square arrays. We attribute this advan-
tage to the superiority of the hexagonal dense array arrange-
ment. The hexagonal dense array has a higher duty cycle and
a better distribution because six beams are evenly distributed
around each beam. Although the square beam has eight beams
distributed around it, the distance between the middle beam
and each side beam is not the same, and this difference leads
to a significant difference in CBC results.
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Fig. 3. (a) A hexagonal dense array consisting of 217 laser beams at the top and a square distributed beam array consisting of 225 laser beams
at the bottom. (b) Convergence results for different numbers of hexagonal dense beam arrays and square arrays. The grayscale plot shows
the THz shaping results and the inset shows the laser array distribution. (c) Differences in convergence speed and convergence effect between
the hexagonal dense array structure and square array structure. The Six and the Squ in the illustration represent the hexagonal dense array
and the square array structures, respectively, and the following number represents the number of beams composing the array. (d) Effect of the
directional perturbation step on the convergence process. (e) Effect of the phase perturbation step on the convergence process.

The THz shaping process was simulated for hexagonal
dense arrays and square arrays with different numbers of
beams, respectively, and the results are shown in Fig. 3(c).
We found that the greater the number of beams composing the
array, the better the final THz shaping effect, but the disad-
vantage is that with increasing beam numbers composing the

array, the convergence speed slows down.
At the same time, we chose 127 laser beams arranged in

a hexagonal dense array to explore the influence of the optical
axis orientation perturbation step size and phase perturbation
step size on the convergence process using the same conver-
gence algorithm. Among these, the optical axis orientation
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disturbance includes horizontal disturbance and vertical dis-
turbance. As shown in Figs. 3(d) and 3(e), we find that, regard-
less of the type of perturbation, a larger perturbation step size
gives a greater advantage in the early stages of convergence
but ultimately does not give the best convergence. Although
the convergence speed of a small perturbation step is slow, it
can converge stably and obtain the best convergence effect.

Next, we further adjusted the convergence strategy. Be-
fore that, each time we only adjusted the perturbation of one
parameter of a beam and the convergence curve is shown as the
orange curve (SC, serial control) in Fig. 4. This serial control
method is inefficient, but it can achieve the effect of stable con-
vergence. We have successively tried an overall parallel strat-
egy in which each time a random perturbation is applied to all
adjustable parameters of all beams. The convergence curve is
shown as the yellow curve (FPC, full parallel control) in Fig. 4.
We find that this method cannot converge completely and usu-
ally falls into the trap of a local extremum. Subsequently, we
gradually reduced the number of parallel control parameters.
We selected different numbers of beams for perturbation con-
trol in the total beam array N. For example, the purple curve
(PC 50) in Fig. 4 represents the convergence curve for parallel
control of all control parameters of 50 beams. The green curve
(PC 25) represents that of 25 beams and the blue curve (PC 1)
represents that of one beam. We found that the convergence
rate slows down with the decrease in the number of beams and
the final shaping effect continues to improve.

As shown above, based on the effects of perturbation
step size, number of beams and array distribution on the con-

vergence process, we subsequently adjusted the convergence
strategy and adopted a dynamic optimization strategy. At the
early stage of convergence, large perturbation step sizes for
the optical axis and phase as well as multiple parallel control
can be used to quickly achieve initial convergence. During the
convergence process, the perturbation step sizes and the num-
ber of parallel channels are continuously adjusted according
to the convergence state. At the late stage, smaller perturba-
tion step sizes and single channel control are used to obtain the
best shaping effect. As shown in Fig. 4, the red curve (OS) rep-
resents the convergence curve with the dynamic optimization
strategy. The results demonstrate that the best convergence
effect and the fastest convergence speed can be obtained si-
multaneously by reasonably adjusting the control strategy.
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Fig. 5. Images of change in phase and beam deflection angle in convergence for two identical simulations: (a) image of phase change for the
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With the optimization algorithm, we performed simula-
tions for the same target matrix for an array of 217 hexago-
nal dense arrays twice, and the final similarity was over 90%,
with the change in phase and beam deflection angle shown in
Fig. 5. Looking closely at these images we have randomly se-
lected any channel in the laser array and highlighted the phase
and beam deflection angle variation curves corresponding to
two iterations of that channel, as shown in Figs. 5(a)–5(c) and
5(d)–5(f), respectively. It can be seen that the frequency and
intensity of the jitter decreases as the number of iterations in-
creases. The reason for this phenomenon is that the optimiza-
tion algorithm can adjust the number of parallel channels and
the step size according to the convergence state, from multi-
ple parallel channels with large step size in the early stage to
single serial channels with small step size in the later stage, en-
suring that the model can achieve fast convergence in the early
stage and the best convergence in the later stage. Furthermore,
we found that although the same convergence was achieved
twice, by observing the changes in phase and beam deflection

angle of the randomly selected beam we found that the change
paths and final states before and after the two convergences
were completely different. Therefore, we can judge that the
convergence process is random and the problem is actually a
multi-solution problem.

The discussion on the convergence strategy will not stop
here. We will try to use intelligent methods such as deep re-
inforcement learning in subsequent studies, and try to obtain
more intelligent convergence methods.

The simulation was carried out using a hexagonal dense
array of 217 laser beams for different objective functions by
means of an optimization algorithm. As shown in Fig. 6(a),
we have tried Chinese characters, Gaussian distribution and
hollow beams with different apertures. As shown in Fig. 6(b),
the similarity between the convergence result and the target is
more than 90%, and they are all successful. These attempts
further illustrate the universality of this method and have great
application prospects in scientific research and production pro-
cesses.
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Fig. 6. (a) Comparison of convergence results with the target distribution. The first row is the convergence result and the second row is the target
distribution. (b) Convergence curves for Fig. 6(a).

This method not only achieves THz shaping but also finds
the beam patterns with higher energy conversion efficiency
and breaks the energy limit of THz waves at high power. As
the energy of a single laser pulse increases, the intensity of
the THz yield tends to encounter an upper limit.[18] The up-
per limit is mainly due to the absorption and shielding of THz
waves by the plasma. The higher the laser single pulse energy
that is used, the higher the electron density of the excited air
plasma and the higher the plasma frequency that is obtained.
Eventually, the THz waves in the high electron density region
in the plasma are completely absorbed and shielded, and the
effective plasma that actually generates the THz waves does
not increase with increase in the single pulse energy. There-
fore, we can divide the laser-excited air plasma into two cat-
egories. One is the effective plasma that can generate THz
waves. The other is the ineffective plasma that has a strong
absorption and shielding effect on THz waves. The enhanced

laser-to-THz wave conversion efficiency by using long-focus
lens focusing[28] and special beams[7] is in fact an increase
in conversion efficiency that can be reached by increasing the
number of effective plasmas, which can be evaluated using
the number or volume of plasma electrons. In this way, our
pursuit of the energy conversion efficiency of THz radiation
can be converted into pursuit of the increase in the effective
plasma quantity. CBC technology is an excellent solution to
this problem. In fact, the system could be directed toward get-
ting stronger THz wave energy simply by changing the eval-
uation function of the system, for example using the power in
the barrel as the evaluation function.

4. Conclusion and perspectives
Generally, the THz radiation generated by traditional

Gaussian laser beams has a hollow distribution due to co-
herence and plasma absorption, which is not conducive to
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the propagation and application of THz waves. THz shap-
ing technology based on laser coherent synthesis enables the
advantages of ‘air method’ THz wave sources to be fully ex-
ploited. It can directly complete THz shaping by controlling
the plasma electron density distribution and flexibly adjust the
THz distribution according to the actual demands.

Compared with traditional methods, the use of laser CBC
technology can not only achieve modulation of the excited
plasma through the modulation of the laser field, and thus
achieve THz shaping, but can also further break the upper limit
of the energy conversion rate from high-power laser to THz
wave. It can also achieve THz mode modulation by reproduc-
ing certain plasmas with a special distribution state to excite
THz radiation with a desirable distribution. At the algorith-
mic level, we pioneered the application of the two-dimensional
correlation coefficient function as an evaluation function to the
SPGD iterative algorithm. Compared with methods such as
the mean square difference method, this method does not eas-
ily fall into local extremes and converges quickly. In sum-
mary, this technology bridges the gap in the field of high-
intensity THz generation and beam shaping technology. It is
also expected that the physical mechanism of THz generation
in plasma through this technology will be further investigated
to obtain THz sources with a better quality; this will be very
valuable for scientific research and practical application.
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