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Numerical simulation of angled
surface crack detection based on
laser ultrasound

Shiwei Han1,2, Yudong Lian1,2,3*, Luyang Xie1,2, Qi Hu1,2,
Jie Ding1,2,3, Yulei Wang1,2,3 and Zhiwei Lu1,2,3

1Center for Advanced Laser Technology, Hebei University of Technology, Tianjin, China, 2Hebei Key
Laboratory of Advanced Laser Technology and Equipment, Tianjin, China, 3Tianjin Key Laboratory of
Electronic Materials and Devices, Tianjin, China

As an important branch of non-destructive testing, laser ultrasonic testing has

attracted increasing attention in the field of material testing because of its

instantaneity, non-contact and wide adaptability. Based on the finite element

method, the process of laser-excited ultrasonic signal is numerically simulated,

and the influence of angled cracks on the ultrasonic signal is analyzed. In this

paper, the effects of the time function, pulse width, and spot radius of a

Gaussian light source are analyzed through the transient field. The different

modes of the ultrasonic signal are used to fit the crack’s angle, depth, and width

to complete the characteristic analysis of the surface angled crack. The results

show that the displacement peak-valley difference of the direct Rayleighwave is

negatively correlated with the crack angle. The displacement extremes of the

transmitted Rayleigh wave boundary are negatively correlated with crack depth

and width, while the transmitted Rayleigh wave is positively correlated. This

paper presents a method for the quantitative analysis of surface-angled cracks

and provides a theoretical basis for further experimental verification.

KEYWORDS

laser ultrasound, nondestructive testing, angled crack, Rayleigh wave, stress
displacement

1 Introduction

Nondestructive testing has been widely employed in engineering applications as an

important tool for evaluating the safety of materials [1–4]. With the development of laser

technology, laser ultrasonic testing has become an important nondestructive testing

technology [5–8]. This technology has a bright future because of its non-contact [9], wide-

band [10], instantaneous [11, 12], and high-sensitivity characteristics [13]. It is not only

suitable for remote detection in severe environments [14, 15] but also for real-time online

analysis of micro-cracks [16, 17]. In the transmission process of ultrasonic signals,

transmission waves, reflection waves and mode conversion waves will appear due to the

influence of cracks. We can judge the defect information of the sample by analyzing the

reflection or transmission waveform of the crack.

Early researchers analyzed laser ultrasonic detection based on the thermoelastic

mechanism through numerical simulation. I. Arias presented a two-dimensional
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theoretical model for solving the thermoelastic problem and

analyzed the effects of the spot radius and pulse width in

generating ultrasonic signals [18]. Xu analyzed the thickness

detection of an aluminum plate by laser ultrasound in terms of

temperature and displacement [19]. Wang analyzed the effects of

thermal diffusion and finite spatial and temporal shape pulses of

lasers on the generation of elastic waves in non-metallic materials

[20]. Guan studied the relationship between the half-width of a

pulsed line source laser and the displacement signal

characteristics of Rayleigh and Lamb waves [21]. S. Rajagopal

studied the effect of the optical attenuation coefficient and laser

pulse duration on acoustic pulses [22]. However, the analysis

between laser parameters and the excitation ultrasound signals is

limited to the displacement field, which should also include the

transient temperature field and stress field.

In recent years, laser ultrasonic testing has been widely

used for detecting defects. A. Cavuto built a complete axle-

wheel detection model that considered the propagation of

ultrasound waves into both the solid and air domains [23]. L.

Bustamante proposed a hybrid laser and air-coupled

ultrasonic method and achieved an error tolerance of

13.6%–17.6% [24]. Before experimental validation,

mathematical analysis utilizing the finite element method is

an important aspect of the procedure to better understand the

physical process of laser ultrasonic detection. There are many

studies on laser ultrasonic numerical simulation of angled

surface cracks [25, 26]. Based on the finite element method, B.

Dutton verified that the transmission and reflection

coefficients are related to the Angle and length of the

defect [25]. Zeng observed the changes in the amplitude

and spectrum of Rayleigh waves to determine the angle of

surface cracks [27]. Zhou used the method of fitting the

transmission coefficient and reflection coefficient of the

Rayleigh wave to quantitatively identify surface-breaking

cracks [28]. Wang proved that the peak-to-valley difference

of the Rayleigh echo and the crack depth can be linearly fitted

[29]. Most of the research only focuses on a specific defect

characteristic, which requires systematic quantitative

research.

In this paper, a two-dimensional cross-sectional model of

aluminummaterial is established for crack detection. First, the

effects of the time function, pulse width, and spot radius on

laser ultrasonic detection are verified through transient fields.

Second, the quantitative detection of inclined cracks is carried

out. The angle, depth, and width of the surface crack are

obtained by numerical fitting of different modes of Rayleigh

waves. The larger the difference between the peak and valley of

the Y displacement of the direct Rayleigh wave (RW), the

smaller the crack inclination angle. The displacement extreme

value of the transmitted Rayleigh wave boundary (TRW-B)

increases as the crack depth or width increases, while the

transmitted Rayleigh wave (TRW) decreases. The simulation

results show that the maximum error of fitting data of

different modes is 4.7%.

2 Theory and numerical models

2.1 Theoretical basis

The ultrasonic signal produced by the pulse light source can be

classified as an ablation or thermoelastic mechanism. Ablation occurs

when the laser power density exceeds the material damage threshold,

evaporating a small amount of plasma and damaging the material in

the process. When the laser power density is lower than the material

damage threshold, a thermoelastic phenomenon will occur. This

thermoelastic mechanism is suitable for nondestructive testing. It

can generate ultrasonic waves such as shear-wave (SW), longitudinal-

wave (LW), and RW to meet the detection of different defects. Under

this mechanism, the material’s surface absorbs light energy rapidly

and produces a heating source. The heat energy is continuously

conducted to the far-field region and forms an irregular temperature

field. The thermoelastic stress generated by temperature-induced

thermal expansion becomes the source of excitation for ultrasound.

Since the spatial distribution of the laser beam irradiated

on the isotropic sample material is axisymmetric, the physical

model can be simplified to solve the two-dimensional plane

problem. While ignoring the influence of thermal convection

and radiation between the material and environment on the

temperature variation, the heat conduction formula can be

expressed as [30, 31]:

ρc
›T(r, z, t)

›t
� 1
r

›

›x
(rk ›T(r, z, t)

›r
) + ›

›z
(k ›T(r, z, t)

›z
)
(1)

where ρ is the material density, c is the specific heat capacity of

the material, T(r,z,t) is the temperature distribution at time t, k is

the thermal conductivity coefficient, and ρc∂T/∂t represents the
heat required for the differential body to heat up per unit time.

The boundary conditions of thermoelastic theory can be

described as:

−k ›T(r, z, t)
›z

|z � 0 � I0f (x)g(t) (2)

where I0 is the laser peak power density, and the space function

f(x) and time function g(t) can be expressed as [32–34]:

f (x) � exp((x − x0)2
r20

) (3)

g1(t) �
t
t0
exp(− t

t0
) (4)

g2(t) �
t
t0
exp( − t2

t20
) (5)
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where x0 is the abscissa of the pulse action point, r0 is the laser

spot radius, and t0 is the rise time of the pulsed laser.

The transient displacement field excited by thermoelastic

expansion is expressed as [30, 31]:

μ∇2U(r, z, t) + (λ + 2μ)∇(∇U(r, z, t)) − α(3λ + 2μ)∇T(r, z, t)
� ρ

∂2U(r, z, t)
∂t2

(6)
where U(r, z, t) is the transient displacement vector of the

ultrasonic wave. α(3λ + 2μ)T represents the transient force

source generated by the temperature gradient. α is the thermal

expansion coefficient, and λ and µ are lame constants.

The laser thermoelectricity equation is solved by the finite

element method. Eq. 7 is expressed as the laser heat conduction

finite element equation under the thermoelastic regime:

[K]{T} + [C]{T}• � {Rq} + {RQ} (7)

where [K] is the conduction matrix, [C] is the heat capacity

matrix, {T} is the temperature vector, and { _T} is the rate of change

of temperature with time. {Rq} is the heat flow vector of the

material. {RQ} is the heat source vector of the material.

For the propagation of ultrasonic waves, under the condition

of ignoring the damping effect, the finite element equation under

the linear thermoelastic mechanism is

[M]{U}•• + [K][U] � {Rext} (8)

where [M] is the mass matrix of the material, { €U} is the vector
acceleration, [K] is the stiffness matrix, and [U] is the vector

displacement. {Rext} is the thermal stress vector.

2.2 Numerical model

Since the overall structure is symmetrical, the process can be

converted from three-dimensional to two-dimensional analysis,

and the laser can be converted from a line source to a point

source. In this paper, the two-dimensional interface of an

aluminum plate is used as the numerical model to simulate

the process of laser-excited ultrasound and crack detection. The

detection model of laser ultrasound is shown in Figure 1. The

whole model is axisymmetric, the length is 20 mm and the width

is 7 mm. The origin of the coordinate system was at the center of

the aluminum material. The excitation point was set at (0, 3.5),

the detection points were set on the surface at (x, 3.5). The vertex

of the defect with angle θ is at (7, 3.5).

In this model, Gaussian time functions, pulse width and spot

radius are studied employing control variables. The influence of

these characteristic properties on the excitation process is studied

through the transient temperature field, stress field, and resulting

displacement. The parameters of the excitation pulse light as well

as the physical properties of the aluminum material used in the

model are shown in Tables 1, 2. The equations should be inserted

in editable format from the equation editor.

3 Simulation results and analysis

The laser excited ultrasound simulation process has two

parts: physical thermal and structural mechanics. The pulsed

laser is loaded on the aluminum material’s surface and generates

a quick heat source. Transient temperature fields are formed due

to the rapid accumulation of heat. The heat energy is imparted to

the aluminum through thermal expansion, resulting in a

transient stress field. The efficiency of excitation can be

reflected in the form of stress displacement in the stress field.

Therefore, the transient temperature field, stress field, and stress

displacement can be used to determine the efficiency of laser

excitation ultrasonic signals.

3.1 Laser ultrasonic signal generation

3.1.1 Effect of time function
It is one of the critical parts of the simulation to select

reasonably the time function of the Gaussian pulse. Therefore,

Gaussian pulse light sources of g1 and g2 with the same energy are

analyzed, whose pulse peak power density is P1 and P2, as shown

FIGURE 1
Laser ultrasonic detection model: (A) without crack; (B) with angled crack.
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in Figure 2. The pulse power spectrum density of the laser is

considerably varied under the same space function as well as

different time functions with the same upper and lower limit

parameters. Figure 2A has pulse durations of approximately

60 ns, while (B) has a pulse duration of approximately 20 ns

However, the maximum value of P1 is less than that of P2. It can

be seen that the laser’s power density increases as the time

function narrows. As a result, selecting a time function should

be based on personal experiment.

Different time functions induce changes in the

temperature field, as seen in Figures 2C,D. The maximum

temperature of the g1 function is greater than that of the g2
function at all detection points. The narrower the time

function is, the less time there is for light energy to be

converted into heat energy. This results in a lower

temperature for the laser with a narrow time function at

the same energy. Heat conduction causes a decrease in

temperature away from the laser radiation point, which

leads to differences in temperature at different detection

points. The temperature field flattens out within 0.3 μs,

which suggests that the temperature gradient is

instantaneous. The time function g1 was employed in this

simulation because of the higher temperature with a low

power density.

3.1.2 Effect of pulse width
After a pulse energy of 0.7 mJ, and a spot radius of 0.4 mm,

the pulse width of the laser was adjusted from 1 to 100 ns to

evaluate the impact on the laser excitation ultrasound waves.

The temperatures of different positions detected by the probe

in the transverse and longitudinal directions are shown in

Figure 3. Different probes are spaced 2 μm apart in both

directions. 533, 483, 456, 423, 403, 389, 378, and 351 K are

the maximum temperatures produced by pulse lengths of

1–100 ns at (0, 3.5). The farther away from the (0, 3.5)

point, as shown in Figure 3, the lower the temperatures are

both transverse and longitudinal. We consider that the

difference of the pulse width causes the peak power density

to change, resulting in a different temperature acting

instantaneously on the sample surface, leading to a change

in the transient temperature field.

The displacements of pulse widths detected by the probe in

different directions are shown in Figures 3C,D. Figure 3C

indicates that a pulse width of 1 ns reduces the displacement

from 22.6 nm at point (0, 3.5) to 16.8 nm at point (0.01, 3.5),

while a pulse width of 100 ns reduces the displacement from

10.25 to 8.33 nm. This shift is more noticeable in the longitudinal

direction; the displacement created by the laser with a pulse of

1 ns grows from 6.25 to 22.6 nm, whereas the displacement

produced by the pulse of 100 ns increases from 1.05 to

4.15 nm, as shown in Figure 3D. The temperature field

determines the stress field in the laser radiation region, and a

larger temperature gradient results from a faster shift in the

longitudinal temperature field; hence, longitudinal stress

displacement is more variable. Due to the causal relationship

between temperature and stress displacement, the overall trends

of temperature and thermal stress wave displacements are

similar. That is, the total displacement will decay away from

the laser irradiation point. Therefore, it can be seen that the

narrower the pulse width of the laser is, the higher efficiency of

exciting the ultrasound.

3.1.3 Effect of spot radius
Figure 4 shows the temperature field of the domain probe

with varied spot radii after setting a pulse energy of 0.7 mJ and a

pulse width of 10 ns The power density of the laser is directly

affected by the size of the spot radius. The smaller the spot is, the

higher the power density, which causes the temperature to

increase. This trend is more noticeable in the smaller radius.

In the case of lower than the damage threshold of the sample, the

laser with a small spot radius should be selected as much as

possible for exciting the ultrasound.

The displacement caused by thermal stress can intuitively

reflect the ultrasonic wave’s amplitude. The laser’s incident

point was detected to obtain displacement, the X component

of which is illustrated in Figure 5A and the Y component in

Figure 5B. The thermal expansion force generated by thermal

energy interacts with the impeding force in the normal

temperature area, resulting in a relatively complex value of

the X displacement component. In Figure 5A, the X

TABLE 1 Parameters of pulsed laser.

Monopulse-energy (mJ) Pulse width (ns) Spot radius (μm) Peak power-density

0.7 10 400 1.3926 × 1011W/m2

TABLE 2 Physical properties of aluminum materials.

Characteristic Aluminum

Coefficient of thermal expansion 23.4 × 10–6 K−1

Constant pressure heat capacity 900 J/(kg*K)

Density 2,700 kg/m3

Thermal Conductivity 201 W/(m*K)

Young’s modulus 69 × 109 Pa

Poisson’s ratio 0.33

Relative permeability 1
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displacement after 1 μs is expanded, while the 0.05 mm

displacement is masked for clarity. As heat energy is

transmitted within the material, the X displacement

becomes more noticeable. The spot radius is shown to be

inversely linked with the X displacement. The longer the X

displacement component exists, the smaller the radius is. In

Figure 5B, the Y displacement corresponding to the spot

radius of 0.3–1.0 mm is magnified for easy observation. The

maximum Y displacements from 0.05 to 1.0 mm are 343.2,

142.4, 53.4, 28.4, 17.6, 11.9, 8.6, and 3.3 nm, showing a

negative correlation. The smaller the spot is, the more

energy is accumulated and the higher the power density.

This will result in greater stress displacement in two

directions. Usually, the data required in the actual

detection is the Y displacement because it can be visualized

to reflect the ultrasonic wave.

The wide spectrum and high amplitude of ultrasonic is one of

the reasons why it is used to detect information. The influence of

light spot radius on spectrum under the condition of same energy

and same energy density is analyzed here. Figure 6A

demonstrates that when the laser loading energy is constant,

the smaller the spot, the greater the amplitude of the ultrasonic

spectrum, and the information it can contain is easier to be

extracted. Figure 6B shows that the spectrum amplitude of the

ultrasonic wave will increase with increasing spot radius while

the energy density of the laser remains constant. This is because

FIGURE 2
Gaussian pulse and temperature field of different time functions: (A) Gaussian pulse of time function g1; (B) Gaussian pulse of time function g2;
(C)Temperature field of time function g1; (D) Temperature field of time function g2.
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the spatial function of the Gaussian pulse is inversely

proportional to the square of the radius of the laser spot, and

the size of the radius of the laser spot radiates with the same

energy density without attenuation.

3.2 Angled surface crack detection

Angled surface cracks are common surface defects with

random angles, widths, and depths, which makes quantitative

detection difficult. The surface wave excited by the laser has a

good function in detecting defects that is very suitable for the

quantitative detection of surface angled cracks. The ratio of

the depth of the defect to the ultrasonic center wavelength (D/

λ) is used to reflect the detection in various cases to increase

rigor [25].

3.2.1 Angle detection
The propagation of ultrasonic waves and the mode transition

that occurs following ultrasonic contact with the fracture are

illustrated using a 70° crack model. Figure 7A shows different

ultrasonic signals after laser irradiation for 2.0 μs The surface

wave that directly reaches the crack is defined as the Rayleigh

wave (RW), whose waveform is relatively apparent. At 3.1 μs, the

ultrasonic waves reach the crack in Figure 7B, where the mode

transition occurs. Some waves penetrate the edge of the crack and

create a TRW, while other waves are reflected by it. A tiny

percentage of waves are changed into mode transition shear or

FIGURE 3
Temperature field and displacement field: (A) Temperatures in Transverse; (B) Temperatures in Longitudinal; (C) Total displacement in
Transverse; (D) Total displacement in Longitudinal.
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longitudinal waves after reflection; however, the vast majority of

waves form crack-reflected Rayleigh wave (CRW). In Figure 7C,

when the time reaches 3.75 μs, the TRW on the right side of the

crack is reflected by the boundary, and its propagation direction

reverses. After reflection, this waveform is called TRW-B.

Figure 7D shows that the right-propagating reflection wave

will also reflect through the right boundary.

If no special circumstances are specified, the default feature of

the crack is that the angle is 70°, the depth is 0.3 mm, the width is

0.3 mm and Rayleigh waves have a wavelength of 890 μm.

Different detection points are set to determine the angle of

the crack. The Y displacement components obtained from

these detection points are shown in Figure 8A. The Y

displacement of these detection points from (2, 3.5) to (6, 3.5)

is approximately −0.18 to 0.1 nm, while the Y displacement of the

detection point (7, 3.5) is a maximum of 4.12 nm and aminimum

of −4.7 nm, making it the largest of the detection locations. This

phenomenon occurred at both acute and obtuse angles, with

acute being the most noticeable. The tilt angle of the surface

cracks in the numerical simulation is changed from 20° to 160° for

different angle detection. The position (7, 3.5) was chosen as the

detecting point to better examine the Y displacement

components.

The Y displacements at different angles are shown in Figures

8B,C, which mainly reflects the variation in the RW waveform

during this period of time. From 20° to 90°, there is a time delay in

RW whose amplitude of Y displacement changes significantly as

well. Part of the ultrasonic energy is blocked by the angled crack

and continuously accumulates at the left end of the crack, which

leads to the amplitude change as well as time delays of the RW. If

the angle is greater than the right angle, the energy of the RWwill

no longer accumulate but will directly pass which is only reflected

in the amplitude of the ultrasonic Y displacement. Therefore, the

main change of the RW is in the displacement amplitude with

angle changing from 90° to 160°.

It is a great method to fit correlation curves to solve the

problem. The relationship between the angles and RW is

obtained by fitting the difference between the peak and valley

of RW. The relevant result is shown in Figure 8D. The curve from

20° to 80° is steeper, and the Y displacement difference between

the peak and the valley drops from 0.714 to 0.0701 nm, as seen in

the figure. The curve from 80° to 160° is flatter, whose Y

displacement decreases from 0.714 to 0.0250 nm. The

nonlinear curve fitting’s mean square error value (MSE) is

1.771810–9. The fitting regression coefficient R2 reaches

99.947%. The expression of the fitted curve is:

FIGURE 4
Transient temperature field with different spot radii.

FIGURE 5
Stress displacement: (A) X displacement in the lateral direction; (B) Y displacement in the longitudinal direction.
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ΔY � 0.0248836 + 10.68 × exp( θ

−24.68562)
+ 58462092 × exp( θ

−1.02959) (9)

where ΔY is the peak-to-valley displacement difference of the RW

and θ is the degree of surface crack. It can be concluded that the

higher the peak-valley difference of Rayleigh waves is, the smaller

the surface tilt angle. Table 3 shows the data of some defect tilt

angles and peak-to-peak values of direct Rayleigh waves under

different crack depth/wavelength (D/λ) ratios. The trend is

consistent in the case where the ratio of D/λ is less than 1.11.

If the depth-wavelength ratio changes, then the peak-to-peak and

Angle fitting expressions need to change as well. The quantitative

FIGURE 6
Spectrum of different spot radii: (A) Same impulse energy; (B) Same energy density.

FIGURE 7
Rayleigh waves at different times: (A) 2.0 μs; (B) 3.1 μs; (C) 3.75 μs (D) 4.0 μs
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FIGURE 8
Y displacement and Fitting curve: (A) Y displacement components detected by different detection points at 70°; (B)Displacement of cracks with
inclination angles from 20° to 90°; (C) Displacement of cracks with inclination angles from 90° to 160°; (D) Peak-valley displacement difference.

TABLE 3 Peak-peak vlaue of different ratios.

Angle Peak-peak-displacement (nm)

D/λ = 0.11 D/λ = 0.34 D/λ = 0.56 D/λ = 0.79 D/λ = 1.01 D/λ = 1.11

30° 2.60 3.47 3.91 4.16 4.16 4.22

45° 1.44 1.93 1.97 1.87 1.77 1.78

60° 0.82 1.16 1.13 1.07 0.99 0.97

90° 0.44 0.57 0.56 0.57 0.59 0.58

120° 0.32 0.33 0.32 0.33 0.33 0.33

150° 0.26 0.25 0.26 0.26 0.26 0.26
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correlation between the surface angle crack and Y displacement is

obtained by fitting the curve, proving that it is a feasible analysis

method.

3.2.2 Depth detection
By fixing the angle and width of the crack, the depth of the

crack was increased from 0.1 to 0.6 mm. The identification of

crack depth was discussed in the case that the detection point

and excitation point are on the same side and opposite side.

The change of crack depth will cause the change of D/λ ratio,

so the depth detection will include a variety of ratios.

The detection point and the excitation point were (7, 3.5)

and (0, 3.5), which constituted the excitation detection on the

same side of the crack. The Y displacement component based

on the detection point is shown in Figure 9A. The portion of

the displacement from 2.40 to 2.58 μs was RW. The Y

displacement from 4.5 to 5.5 μs indicates TRW-B. When

TRW-B returns to the detection site, there is a time delay,

and the Y displacement gradually decreases. It can be

concluded that the deeper the depth is, the longer the

propagation path along the crack. Most Rayleigh waves

change into body waves, resulting in a decrease in the

amplitude of TRW-B, which is more obvious with the

increase of crack depth.

The maximum Y displacement of TRW-B and the peak-

peak displacement of RW were fit to estimate the crack depth.

The fitting result was shown in Figure 9B. The RW does not

exhibit a monotonous change with increasing depth: it

increases and then decreases slightly. The Y displacement

decreases from −0.903 to −5.571 nm for TRW-B as the

crack depth increases from 0.1 to 0.6 mm, which shows a

negative correlation between displacement and crack depth.

The expression of the TRW-B and RW fitting curve is:

Y 1 � −0.063264 + 0.185148 × exp( −D
0.51517

) (10 − 1)
Y2 � 0.1373 + 7.02 × D − 24.09 × D2 + 35.7 × D3 − 19.7 × D4

(10 − 2)
where Y1 is the maximum Y displacement of TRW-B, Y2 is the

peak-peak displacement of RW,D is the depth of crack. The MSE

of the fitting curves are 1.392×10–12 (Y1) and 1.221×10
–11 (Y2), the

fitting regression coefficient R2 is 99.853% and 99.889%. The

maximum error of TRW-B’s fitting data is 2.42% and that of RW

is 0.38%. Therefore, TRW-B and RW is suitable for defect depth

identification. And the higher the fitting correlation coefficient,

the more accurate the fitting result.

To place the excitation and detection sites on both sides of

the crack, point (8, 3.5) was chosen as the detection point. As

the RW goes through the crack, the depth feature information

will be included in the waveform. Detecting the Y

displacement of TRW or TRW-B on the right side of the

crack can provide the necessary information. Figure 10A

shows the Y displacement components of the detection

points at different times. TRW is the figure from 0.25 to

0.32 μs, and TRW-B is the figure from 0.39 to 0.45 μs TRW

and TRW-B are two waveforms of transmitted waves that

occur at distinct times. When stress propagates to the right

boundary, the propagation direction is reversed, and the

original negative stress becomes positive. The stress-related

Y displacement is changed from a negative to a positive value,

revealing a difference in displacement between the two

waveforms.

FIGURE 9
Y displacement and Fitting curves: (A) Y displacement of different depths on the same side; (B) Fitting curves of TRW-B (bule) and RW’s Peak-
peak (brown).
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These two waveforms were fitted into the same graph, as

shown in Figure 10B. TRW’s displacement value increases

from −0.1128 to −0.0328 nm when the crack grows from 0.1 to

0.6 mm, while TRW-B’s displacement value drops from

0.0826 to 0.0333 nm. The trend of these two waves is

symmetrical, but there is a tiny difference in displacement

because the stress is somewhat lost due to the resistance

during propagation. Here are the two fitting expression:

Y3 � 0.0319678 + 0.0922522 × 0.00267D (11 − 1)
Y4 � −0.0340272 − 0.178835 × 0.000317D (11 − 2)

where Y3 is the extreme value of the Y displacement of TRW-B,

and Y4 is Y displacement of TRW. The fitting curves were

convergent, TRW-B with better fitting effect was introduced.

Its MSE is 1.03764 × 10–12, and the fitting regression coefficient R2

is 99.591%. The maximum fitting error is 2.7% at a depth of

0.3 mm. TRW-B’s displacement is negatively associated with

depth as it increases. The measured Y displacement and

fitting the expression can yield the specific defect depth,

demonstrating that the depth can be quantitatively detected

by fitting the curve. TRW-B is therefore convenient for

determining the quantitative depth of cracks on either the

same or the opposite side. At the same time, it is also suitable

for the D/λ range of 0.11 to 0.67 (depth of 0.1 to 0.6 mm).

3.2.3 Width detection
The angle and depth of the crack were fixed, and the

width was increased from 0.1 to 0.6 mm. The identification

analysis of the width is still in the same and opposite cases.

The ratio of defect depth to Rayleigh wavelength

remained 0.34.

Point (6, 3.5) was taken as the detection point to keep the

excitation and detection points on the crack’s left side. If the angle

and depth of the crack remain unchanged, the structure impeding the

propagation of RW will remain unchanged. With the increase in the

crack width, the component of the RW converted to transmitted

waves will be larger than the component converted to CRW. The Y

displacement components at different times are shown in Figure 11A.

The waveform at 3 μs is a direct CRW. The waveform at 5 μs is the

right CRW, which is reflected by the boundary. To distinguish these

two waveforms, they were called CRW-L and CRW-R, respectively.

The Y displacement figure from 4.8 to 5.1 μs was magnified to make

the relationship between CRW-R and width easier to see. Since the

CRW-R wave will pass through the crack twice, the maximum Y

displacement of the wave is selected for fitting, whose fitting result is

shown in Figure 11B. The expression of the fitting straight line is:

Y5 � 0.0237416 − 0.0198169 × W (12)

where Y5 is the Y displacement corresponding to CRW-R andW

is the crack width. The fitting regression coefficient R2 is 99.149%.

The residual sum of squares is 5.0562 × 10–13. When the crack

width is 0.2 mm, the simulated value is 1.93936 × 10–2 nm, and

the fitted value is 1.977822 × 10–2 nm, which is the farthest point

from the fitted straight line with an error of 1.98%. CRW-R is

linearly and negatively linked with crack width, according to the

fit results. This negative correlation also exists at other inspection

points on the left side of the defect.

The detection point was (8, 3.5) to keep excitation and

detection points on both sides of the crack. The Y

displacement components of (8, 3.5) at different times are

shown in Figure 12A. The waveform of 2.5–3.0 μs in the figure

corresponds to TRW, and the waveform of 4.0–4.5 μs

corresponds to TRW-B.

The extreme displacement values of TRW and TRW-B are

still selected for fitting, as shown in Figure 12B. The

displacement of TRW increases

FIGURE 10
Y displacement and Fitting curves: (A) Different depths on the opposite side; (B) Fitting curves for TRW (red) and TRW-B (blue).
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from −0.0631 to −0.0369 nm as the crack width grows,

indicating a positive correlation between displacement and

width. TRW-B’s displacement falls from 0.0559 to 0.0413 nm,

indicating a negative correlation.

Y6 � −0.0740181 × exp( −W
0.74738

) + 0.00134864 (13 − 1)

Y7 � 0.0280565 × exp( −W
0.032585

) + 0.0354521 (13 − 2)
where Y6 is the min Y displacement of the TRW and W is the

width of the crack. Y7 is the TRW-B. TRW with better fitting

effect was introduced here. The fitting curve’s fitting regression

coefficient R2 is 99.846%. MSE is 1.30148 × 10–13. The maximum

fitting error is 1.18% at a width of 0.4 mm. The essential crack

width information can be obtained by detecting the TRW’s Y

displacement extremes and substituting the calculation, which

also proves that TRW can quantitatively identify the width while

the D/λ is 0.34.

4 Discussion

Most researchers rely on expensive scanning equipment and

interferometers to analyze defects in metals. Their method is

effective, but it is also costly, which is one of the reasons why laser

FIGURE 11
Y displacement and Fitting curve: (A) Different widths on the same side; (B) Fitting curve of CRW-R.

FIGURE 12
Y displacement and Fitting curves: (A) Different widths on the opposite side; (B) Fitting curve of TRW (purple) and TRW-B (red).
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ultrasonic inspection has not yet reached the industrial scale. In

the past, researchers have often used frequency spectrum or

correlation transmission or reflection coefficients to qualitatively

analyze the defects on metal surfaces without quantitative

analysis. This paper proposed a simpler method to

quantitatively detect surface angled defects.

This method aims at the mode transformation and the

related waveform displacement signal change during the

propagation of ultrasonic waves for the angled cracks, which

has good applicability. Not only did the approach of fitting

different waveform displacements complete the angle

detection, but it also accomplished the depth and width

detection. As a result, this method can be used to

quantitatively characterize metal surface defects and the

maximum error between fitting and simulation is only 2.7%.

The advantage of this method is that a certain defect-

displacement fitting expression can be obtained according to

the relationship between the measured ultrasonic displacement

and the defect. According to these fitting expressions, the defect

information can be obtained from the measured displacement in

the subsequent measurement, reducing a certain amount of

work, and all the data are carried out in the time domain.

The method could be confirmed with a low-cost transducer

and lead to the use of laser ultrasound as a simple industrial

detection approach.

In the simulation model, parameters such as 0.7 mJ, 10 ns,

and 0.4 mm were chosen to match the laser equipment used in

later studies. The physical structure of the model was isotropic

material and was analyzed using the a-scan results. The research

will be more inclined to detect multilayer materials or composites

in future experiments and investigations.

5 Conclusion

In this paper, the finite element model is used to simulate

the process of laser ultrasonic testing. The effects of time

function, laser pulse width and spot radius on the excitation

ultrasound signals were investigated. Different time functions

have a considerable impact on the power spectrum density,

according to the simulation results. The narrower the pulse

width and the smaller the spot radius, the more efficient it is to

excite the ultrasound signals, and this trend is more

pronounced for small pulse width or radius parameters.

Different Rayleigh wave modes can be useful in detecting

surface-angled cracks. The peak-to-valley difference of the Y

displacement component of the RW is related to the angle of

the crack. When the excitation and detection points are on the

same side of the crack, the width and depth of the crack can be

quantified by fitting the Y displacement of the CRW. The

maximum error of the fit is 1.98% for defect feature values

within 0.5 mm. When the excitation and detection points are

on the opposite side, the extreme value of the Y displacement

of TRW or TRW-B is related to the depth and width of the

crack, whose max error of the fitting curve is 2.7%.

This paper provides a feasible method for quantitative crack

analysis. The method has the potential to reduce detection

analysis time and could facilitate the application of laser

ultrasound detection.
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Design of a mobile 3D imaging
system based on 2D LIDAR and
calibration with
levenberg–marquardt
optimization algorithm

Ruikai Miao1,2, Xinyue Liu1,2, Yajun Pang1,2* and Liying Lang1,2

1Center for Advanced Laser Technology, Hebei University of Technology, Tianjin, China, 2Hebei Key
Laboratory of Advanced Laser Technology and Equipment, Tianjin, China

LIDAR is an excellent means to obtain the information of buildings, forests,

bridges, tunnels and many other big scenes, but the high price of 3D LIDAR

currently limits its further application. To meet this challenge a mobile 3D

imaging system based on 2D LIDAR is proposed. The system has the

characteristics of large imaging range and low cost. The composition and

implementation principle of each module of the system are introduced in

detail and a calibration method for the 3-axis assembly error is proposed. In

thismethod Levenberg-Marquardt (LM) optimization algorithm is used to obtain

the optimal value of the 2D LIDAR 3-axis attitude angle, which is used to

compensate for the point cloud distortion caused by the assembly error. The

experimental results show that the proposedmethod can effectively reduce the

point cloud distortion caused by assembly error. This system can meet the

application demand of big scenes 3D imaging.

KEYWORDS

lidar, 3D imaging, point cloud, calibration, mobile

Introduction

3D imaging technology can accurately obtain environmental digital information, and

is also the key to realize the “digital twin” technology [1]. Indoor buildings such as rooms

and tunnels are essential parts of human life, and these environments have rich structural

features. 3D reconstruction of the interior of such buildings can achieve geometric

parameter measurement, facilitate monitoring and evaluation of static and dynamic assets

to achieve optimal decision-making, such as providing environmental data support for

VR, AR and mobile robot navigation.

As a kind of high-precision active detection technology with high resolution and

strong anti-interference capability, LIDAR [2] has received wide attention from

researchers, which is widely used in autonomous driving [3], remote sensing [4] and

3D reconstruction [5]. 3D LIDAR is certainly capable of 3D detection, but the current

high price leads to its poor cost-performance radio in some specific applications. While
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2D LIDAR [6] is inexpensive and has achieved more mature

commercialization, it is widely used in simultaneous localization

and mapping (SLAM) [7] for mobile robots. Compared to 3D

LIDAR, 2D LIDAR has higher cost-performance and a more

flexible field of view [8], but it can only obtain 2D plane

information. If 3D information can be obtained by combining

another dimension movement of 2D LIDAR, such a scheme will

be more competitive.

At present, the widely used method is to combine 2D LIDAR

with a rotating device [9, 10] such as a Pan-Tilt Unit to achieve

low-cost 3D scanning of the environment by supplementing the

third dimension with rotational scanning of the device. Although

such solutions can achieve 3D scanning of the environment,

these solutions have the disadvantage of poor detection range.

Considering that the actual working environment may be

complex or narrow scenes (e.g., offices and hallways), there

may also be some obstacles and other objects in the

environment. Thus there will be problems such as occlusion,

resulting in partial absence of the point cloud, making it difficult

to achieve a complete image of the environment in one scan. The

device must be moved at multiple locations for multiple scans.

The complete point cloud can only be formed after registration at

a later stage. So we can see that such operation is complicated,

inefficient and may generates registration errors.

Two key points [11] need to be solved in the scheme using 2D

LIDAR as the core sensor: one is to reduce the point cloud

distortion due to the assembly error [12], and the other is to carry

out accurate motion estimation of the device during scanning.

Inaccurate motion estimation and assembly errors of the attitude

angle will lead to significant point cloud deformation, resulting in

global point cloud images unusable.

In view of the characteristics and shortcomings of the

above methods, a low-cost 3D imaging system based on 2D

LIDAR is proposed in this paper. The 2D LIDAR is mounted

vertically on the mobile platform. The scanning plane of the

2D LIDAR is perpendicular to the horizontal plane, and the

range data of the vertically mounted 2D LIDAR is combined

with the movement data of the mobile platform. When the

scanning plane sweeps across a volume in space, the 3D scene

information is obtained. This solution overcomes the

scanning range of the fixed device and is capable of large-

scale scanning task. In this paper, we propose the composition

of each module of the system, the implementation principle,

and the calibration method for the 3-axis attitude angle.

Various experiments are performed to test the superior

performance of the system. The experiment results show

that point cloud distortion caused by the assembly error of

the system is significantly improved and can be used in the

measurement of regions and in the complete scene

reconstruction.

The remainder of this paper is organized as follows: the

components and parameters of the 3D imaging system are

described in Section 2, the working principle of the system

including the transformation relations between coordinate

systems, and the mathematical model for motion estimation,

are described in Section 3, Section 4 focuses on the

calibration method of the 3-axis attitude angle and revises

the complete coordinate generation formula after

calibration, Section 5 presents our experimental validation

in different scenes to verify the excellent performance of our

system. Finally, the summary of our work is outlined in

Section 6.

FIGURE 1
Hardware and software structure of the 3D imaging system.
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System overview

Hardware system

The whole hardware structure of the system is shown in

Figure 1. The hardware consists of 2D LIDAR, step motors,

IMU, STM32 driver board, Raspberry Pi 3B and power supply.

The 2D LIDAR is installed vertically on the center of the mobile

platform. The step motors are controlled by STM32 driver board

The speed of step motors is read by its optical encoder. The speed is

used to achieve wheel odometer. 2D LIDAR, step motors, IMU

obtain 2D point cloud, speed and attitude angle respectively. The

obtained information is transmitted to Raspberry Pi 3B, and fused to

generate thewhole 3D point cloud bymulti-sensor fusion algorithm.

The 2D LIDARwe use in this study is YDLIDAR X4, this sensor

is based on the laser triangulation principle. The built-in rotating

module drives the ranging module to rotate 360° to achieve 360°

rotational scan, then the sampled laser points information of the

ranging distance and its scanning angle can be obtained. The

definition of the scanning angle is shown in Figure 2. The

scanning angle is the angle between the laser measurement optical

path and the vertical direction. The specific parameters are shown in

Table 1. It has high cost-performance and can meet the performance

requirements of general indoor applications. The IMU is HI 219, and

its specific accuracy is shown in Table 2. The speed accuracy of the

step motors is 1% per meter.

Software system

Our software system is based on Robot Operating System

(ROS), and the software system is divided into three levels,

namely, hardware driver, coordinate transformation, and multi-

sensor fusion. The software architecture is shown in Figure 3.

The hardware driver is responsible for controlling and

reading the range data from 2D LIDAR, pose data from IMU,

and sending velocity control commands to the STM32 driver

board. And the driver board controls the motor speed through

PID algorithm and receives motor velocity which is transmitted

back to Raspberry Pi for motion estimation of the wheel

odometer. The relative position of each sensor is defined in

the coordinate transformation module. And the coordinate

transformation module is also responsible for fusing the pose

data from IMU and the wheel odometer to complete motion

estimation of the platform by Extended Kalman Filter (EKF). The

data fusion module fuses the transformation matrix obtained

from the motion estimation and the range data from 2D LIDAR

to generate the coordinates in the world coordinate system. The

complete point cloud is generated by adding up the coordinates

in the world coordinate system frame by frame.

Operation principle

Coordinate system model

In this section we define the coordinate systems of multiple

sensors in the system, and the coordinate systems are all in

Cartesian right-handed coordinate system. The transformation

relationship between the coordinate systems is elaborated.

As shown in Figure 4, we define Body as the center of motion,

Laser as the coordinate system of 2D LIDAR, and Imu as the

coordinate system of IMU. The coordinate system Body is used

as the origin to establish the reference coordinate system. The

world coordinate system is the geodetic coordinate system, which

coincides with the initial position of the Body coordinate system.

As shown in Figure 4, h is the distance from the origin of the 2D

LIDAR coordinate system to the xOy plane of the reference

coordinate system, wheel_distance is the distance from the center

of the wheel to the center of motion, l1 is the displacement from

the center of the 2D LIDAR coordinate system to the reference

coordinate system along the x-axis direction, and l2 is the

FIGURE 2
The definition of the scanning angle.

TABLE 1 The specific parameters of YDLIDAR X4.

Parameter Distance range Distance accuracy Angular resolution Sample frequency (kHz) Scan frequency (Hz)

Value 0.12–10 m <1% 0.5° 5 7

TABLE 2 The specific accuracy of HI 219.

Parameter Roll/pitch (static) Roll/pitch (dynamic) Yaw

Value 0.2°–0.4° 0.5°–2.0° 0.5°
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displacement from the center of the IMU coordinate system to

the reference coordinate system along the x-axis direction. A 2D

point in the lidar frame is obtained by converting a range

measurement ρ from polar to Cartesian coordinate using the

current position of the lidar rotating angle θ in Eq. 1.

⎧⎪⎨⎪⎩
xLi � 0

yLi � ρi × cos θi
zLi � ρi × sin θi

. (1)

Wheel odometer

The motion of the platform can be regarded as the rigid body

plane motion, which can be decomposed into two kinds of motion:

translation and rotation, which contains the translation in x-y

direction, and the rotation around z-axis. So the motion of the

platform can be decomposed into 3 degrees of freedom. When the

speed of the left and right drivingwheels are the same, the position of

the platform changes and the heading direction remains the same,

while different, the position and the heading direction both change

at the same time.We use the optical encoder on the drivingwheels to

read the rotational speed of the left and right driving wheels. The

wheel odometer model is established based on the rotational speed

of the two wheels, respectively.

The velocity of the geometric center is [vc ω]
T. The linear

velocity vc is positive when the heading direction is the same as

the x-axis direction, and negative when opposite; the angular

velocity ω is positive when the car rotates counterclockwise, and

negative when opposite.

FIGURE 3
Software architecture of the 3D imaging system.

FIGURE 4
The schematic design and parameters of the 3D imaging system.
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[ vc
ω
] �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1
2

1
2

1
2 × wheel distance

− 1
2 × wheel distance

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦[ vrvl ]

(2)
Then we have the kinematic recurrence relation matrix

⎡⎢⎢⎢⎢⎢⎣XO(k)
YO(k)
θO(k)

⎤⎥⎥⎥⎥⎥⎦ � ⎡⎢⎢⎢⎢⎢⎣XO(k − 1)
YO(k − 1)
θO(k − 1)

⎤⎥⎥⎥⎥⎥⎦ + ⎡⎢⎢⎢⎢⎢⎣ cos θO −sin θO 0
sin θO cos θO 0
0 0 1

⎤⎥⎥⎥⎥⎥⎦⎡⎢⎢⎢⎢⎢⎣dXO

dYO

dθO

⎤⎥⎥⎥⎥⎥⎦ (3)

Where [XO(k) YO(k) θO(k) ]T is the position of the platform

in the world coordinate system derived by the wheel odometer at

the current moment, [XO(k − 1) YO(k − 1) θO(k − 1) ]Tis the
position of the platform in the world coordinate system derived

by the wheel odometer at the previous moment, and

[ dXO dYO dθO ]T is the kinematic increment solved at the

current moment. Where,

⎧⎪⎨⎪⎩
dXO � vcdt cos θO
dYO � vcdt sin θO

dθO � ωdt
. (4)

Extended kalman filter

Since wheel slippage is inevitable, using the wheel

odometer model alone for track deduction will result in

errors, leading to inaccurate motion estimation. To obtain

more accurate motion estimation, we use an EKF to fuse the

wheel odometer and IMU.

Extended Kalman Filter is divided into two parts: prediction

and update.

The complete state variables of the platform are defined as

xk � [Xk, Yk, θk]T, control variables are defined as uk � [v,ω]T.
The complete state of the platform is used as the prediction

model, and the wheel odometer and IMU are used as the

observation model.

The equation of state of the system is defined as:

xk � [Xk−1 + vk−1dt cosθk−1 Yk−1 + vk−1dt sinθk−1 θk−1 + ωk−1dt ]T.
(5)

Then the system state transfer equation is defined as:

xk � f(xk−1, uk) + wk−1. (6)
Where f(xk−1, uk) is the state transfer matrix of the system at

moment k-1.uk is the system control input and wk−1 is the

Gaussian noise of the system at moment k-1. zk is the

observation equation of the system

zk � h(xk) + vk. (7)

Where h(xk) is the observed model transfer matrix, vk is the

observed Gaussian noise.

1) Prediction. Calculate the predicted value x̂k � f(x̂k−1, uk)
and covariance matrix P̂k � Fk−1Pk−1FT

k−1 + Qk−1. Where F is the

Jacobi matrix of the state transfer function and Q is the variance

of the normal distribution at moment k-1.

2) Update. Calculate Kalman gain, optimal estimate and error

covariance matrix:

Kk � PkH
T
k [Rk +HkPkH

T
k ]−1; (8)

x̂k � x̂k−1 + Kk[zk − h(x̂k−1)]; (9)
Pk � [I −KkHk]P̂k. (10)

In this section we define the coordinate systems of

multiple sensors in the system, and the coordinate systems

are all in Cartesian right-handed coordinate system. The

transformation relationship between the coordinate systems

is elaborated.Where Hk is the Jacobi matrix of the sensor

function and Rk is the variance of the normal distribution at

moment k.

Extended Kalman Filter can get more accurate coordinates of

the car in the world coordinate system. So the transformation

matrix from the reference coordinates to world coordinates can

be obtained as follows

A �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
cos θi −sin θi 0 Xi

sin θi cos θi 0 Yi

0 0 1 0
0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (11)

Then we can obtain the global point cloud coordinate

equation.

PW � A(PL + T1). (12)

Calibration method and strategy

Calibration method

The quality of the point cloud depends on the accuracy of

its coordinates which are obtained by the precise

transformation matrix between coordinate systems [13].

Since assembly errors will inevitably exist during assembly,

it is not physically possible to install the 2D LIDAR perfectly

vertically. So angular deviations will inevitably occur, that is,

the actual 2D LIDAR coordinate system L′ may not coincide

with the theoretical coordinate system L. The bias includes

three rotational degrees of freedom (coordinate system

rotational angle γ along the x-axis, angle β along the y-axis,

angle α along the z-axis), which will result in the ideal

scanning plane being different from the actual, as shown in

Figure 5.

Therefore, the bias will cause the actual rotation matrix to be

different from the theoretical rotationmatrix, which in turn will lead

Frontiers in Physics frontiersin.org05

Miao et al. 10.3389/fphy.2022.993297

2423

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.993297


to distortions in the global point cloud. When the car drives along a

complete circle, the certain object will be repeatedly scanned twice

and this distortion becomes a particularly noticeable ghost image, as

shown in Figure 6. We can find distortion between two parts of the

ceiling and the vertical wall after two scans.

Therefore, it is necessary to calibrate the three-axis attitude

angle of the 2D LIDAR accurately to obtain the accurate

transformation matrix between the actual and ideal coordinate

systems. The traditional measurement-based methods are

difficult to obtain accurate calibration results, so after the

equipment is built, real point cloud need to be collected for

calibration. Some calibration methods have been proposed for

such problems. The methods provided in the literature [14–16]

require the addition of camera and checkerboard, etc. For

calibration, which is complex to operate and the added

sensors may introduce more uncertainties. The method

provided in the literature [17] calibrate only one angle rather

than three, so the final result still has some errors. The calibration

method based on planar alignment proposed in this paper is able

to perform a complete calibration of the three-axis attitude angle

without adding another sensor, and obtain an accurate three-axis

attitude angle.

The rotation matrix of the 2D LIDAR is defined as

R � ⎡⎢⎢⎢⎢⎢⎣ cos α cos β cos α sin β sin γ − sin α cos γ cos α sin β cos γ + sin α sin β
sin α cos β sin α sin β sin γ + cos α cos γ sin α sin β cos γ − cos α sin γ
−sin β cos β sin γ cos β cos γ

⎤⎥⎥⎥⎥⎥⎦
(13)

So the complete coordinate transformation is defined

correctly as

P′
W � A(RPL + T1). (14)

Calibration is carried out according to the following steps:

1) Actuate the car to drive along a circle at a constant rate;

2) Extract the calibration target and determine the

corresponding points, establish the cost function;

3) Calculate the three-axis attitude angle when the cost

function is minimized using the LM nonlinear optimization

algorithm;

4) Adjust the transformation matrix according to the

calibration results and regenerate the point cloud;

5) Fit the ceiling plane using the RANSAC algorithm and

analyze the fitting effect.

The calibration target is stuck on the window so that it is

convenient to extract the target plane. When the car is actuated

according to the above steps, and the point cloud of the calibration

target can be obtained after two scans. As the car drives along a circle

at a constant rate, the calibration target is actually scanned twice,

which can be used to construct two point clouds. However, the

corresponding points of the two scans cannot be overlapped due to

the bias of the 2D LIDAR, as shown in Figure 7.

LM Optimized Algorithm.

We define the distance between the corresponding laser

points in the two point clouds as

d � ����PW1
′ − P′

W2

����. (15)

Where PW1
′ and PW2

′ are the corresponding points of the two

scans in the world coordinate system, respectively. The purpose

of the calibration is to find the three-axis attitude angle of the LIDAR

to make the corresponding points of the two scans coincide,

FIGURE 5
The comparison of the ideal and actual laser scanning plane due to the angular error about the three axes (A) x-axis (B) y-axis (C) z-axis.

FIGURE 6
Original scan captured by our system without calibration,
visible distortion is marked in red box (A) distortion in ceiling (B)
distortion in wall.
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specifically to optimize the minimum distance d between the

corresponding laser points of the two point clouds, as shown in

the following equation:

[α, β, γ] � argmin
α,β,γ

{F(α, β, γ)}. (16)

Where the cost function is defined as

F(α, β, γ) � 1
m
∑m

k�1d(k)2 �
1
m
∑m

k�1
����P′k

W1 − P′k
W2

����2

� 1
m
∑m

k�1
�����Ak

1(RPk
L1 + T1) − Ak

2(RPk
L2 + T1)�����2 (17)

Four corresponding edge points are selected in each scan, as

shown in Figure 7B. The selected four matching pairs of points

are used in Equation 17 to obtain the optimal calibration

parameters. The calibration problem is a nonlinear

optimization problem, and we apply the LM algorithm to solve it.

Experiments and analysis

After the establishment of system and the calibration model,

we performed the calibration experiment and scanning

experiment in practical indoor environment, and analyzed the

measurement accuracy of the system respectively.

Calibration experiment

In the calibration experiment, we actuate the car according to

the steps mentioned in Section 4, the radius of the driving circle

of the center of motion is 0.83 m, and the calibration target is

placed in the environment, as shown in Figure 7A. The LM

algorithm is used to optimize the calibration formula, and the

mean square error variation curve of the point cloud and the

variation curve of the three-axis attitude angle with the number

of iterations during the iteration are shown in Figure 8.

After adopting LM algorithm, the final result is α =

-0.0058 rad, β = 0.0126 rad, γ = 0.0355 rad. We use the

calibration results into Equation 14 to reconstruct the point

cloud. As shown in Figures 9A,B, the distortion of the ceiling

and wall has been improved significantly. To characterize the

accuracy of the calibration, we calculate the deviation and normal

vector between the measured plane and the actual plane to

evaluate the accuracy of our method, where the plane normal

vector is obtained by plane fitting using RANSAC algorithm, and

the obtained normal vector is (-0.012,0.011,0.099)T, which is very

close to (0,0,1)T. As shown in Figure 9C D, the deviation

comparison of calibrated and uncalibrated plane is visualized

by histogram.

Similarly, we performed a comparison test in a stairwell, an

environment with more structured scenes for observing the

aberrations. We controlled the car to scan a specific area twice

and calibrated the point cloud distortion according to the optimal

value in Section 5.1. By comparing the point clouds obtained

before and after calibration, we can see that the distortion of the

point cloud has improved significantly. The results of the test are

shown in Figure 10.

Scanning experiment

We performed a complete scan of the laboratory, tested the

good performance of Extended Kalman Filter, point cloud

density and measurement accuracy. The environment is a

10*5*2.5 m room, the car drives in a closed loop, moving at a

speed about 0.20 m/s. The experiment scene and results are

shown in Figure 11. Due to the wheel odometer’s error, the

trajectory is inaccurate and the loop cannot be closed. During the

scanning process, some areas were scanned twice and we can see

some mismatch in those areas. As shown in Figures 11C,D, we

can see some details in the zoomed-in region, which shows the

improvement of the EKF optimization. After the application of

EKF optimization, the trajectory is more accurate, so the

mismatch of the point cloud is significantly improved. As

shown in Figures 11E,F, some objects in the lab can be

displayed in the point cloud, but some objects cannot due to

the different scattering and absorption of the laser by the object

material.

We used a representation based on the average distance to

represent the sparsity of the point cloud distribution. In a

point cloud C with number of points N, dis(p,q) denotes the

distance between point p and any other point q, and dp
denotes the minimum distance between point p and other

points, then the average distance density of the point cloud is

defined as

FIGURE 7
Experiment environment and different views of the point
cloud obtained by two scans of the calibration target (A)
experiment environment (B) front view (C) side view (D) top view.
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�d � 1
N

∑N
p�1

dp. (18)

Where

dp � min(dis(p, q)), q � 1, 2,/, N, p ≠ q. (19)

The smaller the �d, the denser the point cloud distribution,

and vice versa. The obtained point cloud density �d is 0.1325.

In order to evaluate the measurement accuracy of the system,

we first filter the point cloud to reduce noise, and then use

RANSAC algorithm to fit different wall and ceiling planes to

FIGURE 8
LM algorithm optimization results of calibration (A) optimization results of three-axis attitude Angle under different iterations (B) MSE of two
point clouds.

FIGURE 9
Deviation comparison of the uncalibrated plane and the calibrated plane, respectively (A) ceiling plane (B)wall plane (C) ceiling plane histogram
(D) wall plane histogram.
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obtain the plane equations of the corresponding planes, as shown

in Figure 12A. The fitting results are listed in Equations 20–24.

Then, we use the distance of the corresponding plane to represent

the experimental value of L1, L2 and L3 respectively. The

statistical results are presented by boxplots, as shown in

Figure 12B.

P11: − 1.0000x − 0.0072y + 0.0061z + 6.2418 � 0 (20)

P12: 0.9998x + 0.0189y + 0.0055z − 4.1121 � 0 (21)
P21: 0.0081x − 1.0000y + 0.0042z − 1.0315 � 0 (22)

P22: − 0.0396x + 0.9992y + 0.0049z + 4.9593 � 0 (23)
P3: 3.1652e − 4x + 0.0018y − 1.0000z + 2.3575 � 0 (24)

The comparison of experimental and actual value is shown in

Table 3. From the results, we can see that the accuracy of the

system is acceptable.

FIGURE 10
Deviation comparisons in a stairwell. The ladder plate and platform beam are used as the contrast objects, namely, Target one and Target 2 (A)
the experiment scene: stairwell (B) target point cloud before calibration (C) target point cloud after calibration (D) deviation comparison of Target
1 (E) deviation comparison of Target 2.
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FIGURE 11
Different views of the point cloud (A) the experiment environment (B) top view of the point cloud (C) the mismatch before EKF optimization (D)
the mismatch after EKF optimization (E) worktop (F) laboratory casework.

FIGURE 12
Accuracy results (A) plane segmentation results (B) measurement statistical results shown in boxplots.
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Conclusion

In summary, this paper proposes a low-cost mobile 3D

imaging system based on 2D LIDAR. The software and

hardware components are introduced, and the theoretical

model is derived. The system can realize a wide range of 3D

scanning of the environment, which can be used for big scenes

3D mapping and reconstruction. For this system, the assembly

error of 2D LIDAR is an important cause of point cloud

distortion. To solve this problem, we propose a calibration

method based on targeted calibration plane registration, which

can calibrate the 3-axis error angles without adding extra

sensor. LM nonlinear optimization algorithm is used to

calculate the results. The experiments verify the superior

performance of the system and the validity of the calibration

method. The system not only reduces the cost but also ensures

the accuracy. It is anticipated that this system will greatly

expand the availability of LIDAR in a wide range of

applications.
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single-pixel imaging
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Single-pixel imaging is a novel imaging technique that can obtain image

information through a single-pixel detector. It can effectively avoid the

problem of lack of high-quality area array detectors in the terahertz band,

and has attracted the attention of a large number of researchers in recent years.

In this paper, the basic imaging principles, terahertz beammodulation methods

and typical image reconstruction algorithms for terahertz single-pixel imaging

are introduced and discussed, as well as its research progresses and developing

trends.

KEYWORDS

terahertz imaging, single-pixel imaging, terahertz beam modulation, compressed
sensing, reconstruction algorithm

1 Introduction

Terahertz [1] (THz) waves (0.1–10 THz, 3 mm-30 um) have the characteristics of

high penetration, low photon energy and spectral resolution, which makes terahertz

imaging a widely technology used in various fields, such as nondestructive testing [2–4],

safety monitoring [5–7] and medical applications [8–10].

According to different detection methods, terahertz imaging can be divided into array

imaging and point-by-point scanning imaging [11]. Array imaging usually uses CCD

cameras [12], CMOS cameras [13] or microbolometer cameras [14] as the detectors,

which has advantages of high integration and real-time imaging. However, due to the

limitation of THz array detectors, the resolution of array imaging cannot be very high.

Point-by-point scanning imaging [15] scans the sample mechanically to obtain the value

of every pixel, thereby realizing the imaging of the object. Its spatial resolution is higher

than that of array imaging, but the scanning speed will limit the imaging efficiency. So it is

impossible to realize high-speed imaging. Based on the shortcomings of the above imaging

methods, some researchers applied single-pixel imaging in the field of terahertz imaging.

Single-pixel imaging [16] is a new computational imaging technology, whose basic idea is

to use a single-pixel detector to collect spatial intensity information of objects and then

reconstruct the image using the correlation calculation of intensities between the collected

light and the original light with a specific spatial distribution. Since only a single-pixel

detector is needed to obtain the image of the object, the system structure can be simplified

and the cost can be reduced, which provides a new method for terahertz imaging [17].
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2 Basic principle

Single-pixel imaging is a computational imagingmethod that can

be described by amathematicalmodel. An image can be regarded as a

one-dimensional matrix I with a size of 1 × N. The mask pattern is

Pi (i � 1, 2, . . . , M represents the i − th measurement), which

modulate the light source spatially. So the intensity of the

detected light Si can be expressed as Pi × Ii. Using a single-pixel

system for M measurements, linear equations can be obtained:

S � P × I . (1)

Where P is the measurement matrix with a size ofM × N, and S
is a one-dimensional matrix composed of M measured intensity

values. By this way, the problem of reconstructing the object

image is transformed into the problem of solving N independent

unknowns by using M linear equations. Generally speaking,

when M � Nand P is an orthogonal matrix, the image can be

reconstructed according to Eq. 2, otherwise Eq. 1 is an

underdetermined equation. Image reconstruction is the

process of matrix inversion:

I � P−1S (2)

When the measurement matrix adopts random matrix, it

takes more measurement time to recover the object image with

considerable quality.

3 Development of terahertz single-
pixel imaging

According to the basic principle of single-pixel imaging, the

key points is the spatial modulation of the beam, the selection of

modulation matrix and the reconstruction algorithm of the

image. In the view of the beam modulation methods and

imaging algorithms, this section introduces the development

of terahertz single-pixel imaging.

3.1 Spatial modulation of terahertz wave

The existing spatial light modulators, such as digital

micromirror devices and liquid crystal spatial light

modulations, generally work in visible and infrared bands,

which cannot directly be used to modulate terahertz waves.

Therefore, studying the spatial light modulation methods in

the terahertz band is a very important topic to THz single-

pixel imaging. Recently, researchers have put forward a great

many different solutions to this challenge.

3.1.1 Metallic masks modulation
As metals have strong absorption and reflection properties

for terahertz waves, it is an effective method to modulate

terahertz waves by metal masks. As shown in Figure 1AChan

et al. partially printed copper on the transparent PCB as a

random mask [18] and combined it with the CS algorithm to

achieve 32 × 32 pixels terahertz single-pixel imaging. However,

making a large number of masks is cumbersome and its

mechanical switching speed limits the imaging speed of the

system. Duan et al. [19] proposed a metal mask structure that

shares the adjacent mask matrices and used a linear motor to

drive a metal plate to achieve automatic modulation of terahertz.

The imaging system uses a terahertz Tunable Parametric

Oscillator (TPO) as the radiation source and obtains

identifiable results for hole imaging of the circular, rectangular

and shape image letter “H.” The sharing mode of adjacent mask

matrices greatly simplifies the complicated process of making a

large number of mask plates, improves the switching speed of

mask matrices, and eliminates the problem of optical path

alignment caused in the process of mask replacement.

However, with the improvement of resolution, the length of

mask will greatly increase, which makes the whole system

cumbersome.

Some researchers have proposed the use of rotating masks to

modulate terahertz waves. In 2012, the University of Liverpool

[20] demonstrated for the first time that continuously rotating

PCB circular disks with masks can be used to rapidly modulate

terahertz. For terahertz imaging, 160 measurements (about 16%)

can provide images with acceptable quality. Similarly, Vallés et al.

[21] used metal ring with a series of direct perforation random

masks to realize 2D imaging with high pixel resolution (1200 ×

1200) in the entire terahertz frequency range (3–13 THz).

Moreover, the Chinese Academy of Sciences uses the rotation

of double amplitude modulation plates [22, 23] to generate

reusable measurement matrices, which further improved the

acquisition speed of the measurement matrix and imaging

quality (7 mm resolution).

3.1.2 Optically controlled semiconductor
modulation

In addition to the direct modulation of terahertz waves by

metal mask, there is also photo-induced semiconductor

modulation technology [23, 24] to be commonly used in

recent years. As shown in Figure 1B, its modulation

mechanism is that the area of the semiconductor illuminated

by light will excite the internal photo-generated carriers, forming

a transient region with high absorption or high reflection of

terahertz waves, so that the modulation of terahertz waves is

converted into modulation of the current carrier in the

semiconductor. Therefore, the modulation of terahertz waves

can be realized by combining traditional spatial light modulators

and semiconductors. Because of its own characteristics, silicon

has a band gap width suitable for laser pumping and it is the first

time semiconductor material that has been proved to be used to

realize optically controlled terahertz modulation devices. In
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addition, materials such as germanium and gallium arsenic have

also been proved to be used as modulation semiconductors.

Busch et al. applied the modulation technology of optically

pumped semiconductor materials (25% modulation depth) to

terahertz beam control and imaging [25], and obtain a 64 ×

64 pixels image of a cross-shaped aluminum sheet by using a

series of masks. Hendry’s group [26] used spatially modulated

femtosecond laser pulses to pump high-resistance Si, and

achieved single-pixel imaging of terahertz with a spatial

resolution of 103 μm ± 7 μm(~ λ
4, the central wavelength of the

terahertz pulse λ � 375 μm) under a 115 mm thick silicon wafer.

Subsequently, they also studied the effect of silicon wafer

thickness at this resolution [27]. By reducing the silicon wafer

thickness to 6 μm, a resolution of 9 (± 4) μm (~ λ
45) can be

achieved, which is about 3 times faster than scanning imaging.

In a similar way, Stantchev [28] et al. used a continuous wave

source to optically excite charge carriers in high-resistance silicon

to form a light-controlled terahertz modulator with depth of up

to 80%. By optimizing the modulation geometry (total internal

reflection TIR) and post-processing algorithm, a single-pixel

fiber-coupled photo-conductive detector was used to obtain a

real-time terahertz video with a resolution of 32 × 32 at a speed of

about 6 frames per second. Besides, Zanotto et al. proposed far-

field imaging based on single-pixel imaging with THz-TDS

system [29]. Without mechanical grating scanning, they

reconstructed the terahertz electric field waveform in the time

domain at each spatial position of the object, and obtained the

time-of-flight images of high-density polyethylene samples with

different thicknesses. This achievement combines the powerful

functions of THz-TDS and compressed sensing, and the

sampling efficiency is greatly improved.

To improve the modulation depth of silicon-based

modulators, many researchers have used micro-nano

structures to cover the silicon surface, such as graphene [30],

metal gratings [31], and so on. Zhu et al. performed a

comparative analysis of the THz imaging results between a

micro-structure silicon modulator and a conventional high-

resistance silicon modulator [32]. The results showed that the

micro-structure greatly improved the absorption and utilization

rate of silicon for laser and improved the imaging effect.

Graphene has also been proved to be useful for the

modulation of terahertz waves due to its unique structure and

high carrier mobility. Wen et al. designed a graphene based all-

optical spatial terahertz modulator [33]. They transferred a layer

of graphene on the top of doped germanium, and controlled the

transmission of terahertz waves by irradiating the germanium

substrate with a laser to generate carriers to diffuse into the

graphene layer, thereby realizing the modulation of terahertz

waves. The maximum modulation depth of the optically

controlled modulator is as high as 90%. In addition, Shenzhen

FIGURE 1
(A) Terahertz single-pixel imaging based on metal mask modulator [18], (B) Terahertz single-pixel imaging based on optically controlled
semiconductor modulation [25], (C) Terahertz single-pixel imaging based on metamaterial modulation [38].
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Institute of Advanced Technology used the mono-layer graphene

on a high-resistance silicon substrate illuminated by a coded laser

beam as a terahertz modulator to realize Fourier single-pixel

terahertz imaging [34]. Though the sampling ratio is only 1.6%,

the image reconstruction can be completed with a signal-to-noise

ratio as large as 5.11. The modulation depth of graphene

combined with semiconductor is still limited and its working

frequency is narrow. Tianjin University [35] proposed to

integrate sub-wavelength metallic grating into silicon on

sapphire to design a high-efficiency, ultra-thin and fast THz

SLMwith high modulation depth (over 60% THz peak amplitude

modulation depth at the pump flux of 80 μ J/cm2). Besides

silicon, vanadium dioxide, a phase change material, is also a

common used material. The University of Science and

Technology of China proposed to exploit the photo-metallic-

insulating phase transition properties of the phase-changing

material vanadium dioxide (VO2) to achieve efficient spatial

modulation of coherent terahertz pulses [36]. They achieved a

modulation depth of 60% and the THz single-pixel imaging with

a spatial resolution of 4.5 μmwas realized by using VO2 with a

thickness of 180 nm. Moreover, the spatial resolution exceeded

less than one percent of the central wavelength ( λ0133).

3.1.3 Metamaterial modulation
Artificial metamaterials combined with tunable semiconductor

structures can realize high-speed terahertz modulators. This class of

modulators mainly involves fabricating metallic metamaterial

structures on semiconductor materials and controls the resonant

strength of the metamaterial structure by applying a bias voltage

between the metamaterial and the substrate. In 2006, Chen et al.

proposed a terahertz modulator [37] with a semiconductor

metamaterial structure to obtain a modulation depth of 50% at

0.72 THz. As shown in Figure 1C, Padilla’s team proposed a

reconfigurable terahertz spatial light modulator based on

metamaterial absorber in 2014, which uses an electronically

controlled 8 × 8 mask. In the mask each pixel is composed of

dynamic, polarization sensitive absorbers, so real-time adjustment

of terahertz wave transmittance can be achieved [38].

Terahertz SLMs (Spatial Light Modulator) are widely adopted in

single-pixel imaging, in Table 1, we summarize the representative

results of current THz single-pixel imaging. The metal mask

controllability over terahertz is not strong, which affects the

quality of reconstructed images. The photo-induced carrier

concentration in photo-induced semiconductor modulation will

directly affect the modulation efficiency. At present, it is difficult

for the existing semiconductor materials to meet the requirements of

modulation speed andmodulation depth at the same time. Therefore,

how to improve the carrier concentration in photo-induced

semiconductors is a research hotpot. Artificial metamaterial

modulation can better control the transmission of terahertz waves,

but the design is complex and provides very few controllable pixels.

3.2 Imaging algorithm

Another important factor that affects the imaging quality of

terahertz single-pixel is the post-imaging reconstruction algorithm.

With the development of single-pixel imaging, many reconstruction

algorithms have been proposed to improve imaging quality and

efficiency, which can be broadly classified as follows: traditional

TABLE 1 Comparison of modulation methods in THz single-pixel imaging.

Research units System Modulation mode Modulation
efficiency

Rice University [18] Fiber-coupled antennas (100 GHz) PCB 100%

Tianjin University [19] Terahertz parametric oscillator Coded sheet metal 100%

University of Liverpool [20] IR and THz Rotating circular disks with masks 100%

Chiba University [21] Monochromatic terahertz source A perforated metallic ring mask —

Philipps-Universität Marburg [25] fiber coupled THz-TDS system DMD + fs laser pump high resistance
silicon

25%

University of Glasgow [26] THz-TDS system DMD + fs laser pump high resistance
silicon

>90%

Chinese University of Hong Kong [28] CW and single-pixel photoelectricity
Conductive antenna

DMD pumped triangular silicon ~80%

Institut National de la Recherche Scientifique [29] THz-TDS system DMD + fs laser pump Si-plate 95%

University of Electronic Science and Technology of
China [33]

THz-TDS system Germanium-based monolayer
graphene

94%

Tianjin University [35] Wideband pump probe THz-TDS system Metal gratings are integrated into SOS >60%
University of Science and Technology of China [36] THz-TDS system VO2 60%

Los Alamos National Laboratory [37] THz-TDS system Split-ring resonators 50%

Boston University [38] Blackbody radiation (>4.6 THz) Metamaterial THz absorber 33%
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terahertz single-pixel imaging algorithms developed from

computational ghost imaging algorithms, single-pixel imaging

algorithms based on compressed sensing, single-pixel imaging

algorithms based on base scanning, single-pixel imaging algorithm

based on deep learning, etc.

Computational ghost imaging based on spatial light

modulation was proposed by Bromberg et al. [39] in 2008. In

terms of imaging nature, conventional terahertz single-pixel

imaging and computational ghost imaging are mathematically

equivalent, as in Eq. 3, which uses an iterative approach for image

reconstruction based on correlation algorithms.

I � 1
M

∑M

i�1(Si − 〈S〉)(Pi − 〈P〉) (3)

It can be seen from the formula that the reconstructed image is

equivalent to a weighted sum ofmodulationmasks, where the weight

is the detection value of a single-pixel. Usually, this method can only

obtain images with high SNR for a larger number of measurements

(M≫N). In order to improve the quality of terahertz single-pixel

imaging, some researchers have proposed differential ghost imaging

[40] and normalized ghost imaging [41] based on the traditional

imaging algorithms. Differential ghost imaging removes noise by

using the differential value of the barrel detector instead of the total

light intensity value to improve the SNR of the imaging results.

Normalized ghost imaging improves the noise immunity of the

system by normalizing the detection value of the signal optical path

with the total intensity value of the reference optical path, and this

method has a similar SNR to differential ghost imaging. Although

these methods further improve the imaging quality, they are still

inferior to traditional imaging methods and require a very large

number of samples.

In order to overcome the problems of large amount of sampled

data and long time in imaging, some studies have proposed

combining compressed sensing (CS) techniques with optically

controllable terahertz spatial light modulators in single-pixel

imaging. Compressed sensing theory [42–44] was first proposed in

2006 by Candès andDonoho et al. It breaks away from the traditional

Nyquist sampling theoremby exploiting the sparsity of natural images

in the orthogonal transform domain to accurately reconstruct the

original target image using a small number of sampledmeasurements.

The CS theory solves the problem of solving the uncertain inverse

problemwithmore unknown values than the available data. In single-

pixel imaging [17], thismeans that the number ofmask patterns is less

than the total number of pixels used to restore the image, which

provides a new method for single-pixel imaging. After the CS theory

was proposed, Rice University [45] conducted a single-pixel imaging

experiment using the theory, which used a digital micromirror array

to modulate visible light, combined the pre-designed observation

matrix with the one-dimensional measurements obtained from the

single-pixel detector, and then used the compressed sensing

reconstruction algorithm to obtain the original image.

Although the introduction of CS algorithms [38, 46, 47] reduces

the number of samples and effectively reduces the imaging time, it

requires a long time for computation and high computational

complexity in the image reconstruction process. In addition to the

random matrix modulation, terahertz single-pixel imaging can also

be modulated with deterministic orthogonal bases, such as Fourier

bases [34, 48, 49], Hadamard bases [50–52], discrete cosine bases

[53], and wavelet transform bases [54, 55], etc. This imaging method

is also known as base-scan terahertz single-pixel imaging. Since these

substrate patterns are orthogonal, by determining the illumination

projection of the patterns, the spatial information of the object image

in the transform domain can be obtained and the corresponding

inverse transformation can be performed to recover the target image.

In addition, taking advantage of the sparsity of natural images in the

transform domain, it is possible to reconstruct clear images using

under-sampled data by measuring coefficients of larger amplitude.

Although the base-scan terahertz single-pixel imaging approach

effectively solves the problem of long data acquisition time, the

sampling frequency is subjectively selected in the sampling process,

which leads to selective loss of image information and does not

always exactly match the frequency distribution of the image. In

recent years, many researchers have demonstrated the advantages of

deep learning [56–63] in the field of single-pixel imaging, which is

widely used in the fields of information encryption [64] and image

super-resolution [65]. For single-pixel imaging, the image quality is

proportional to the number of samples, and how to get effective

recovery of the target image under low sampling is an important issue

nowadays. Combining deep learning with single-pixel imaging and

relying on the deep learning ability of the model can obtain better

image quality. In 2017, Lyu et al. applied deep learning [66] to a

traditional computational ghost imaging algorithm by using a large

number of reconstructed low-quality images at low sampling rates as

network inputs and the original images as labels for the network, and

iteratively trained the network to obtain high-quality target images at

10% sampling rate. In addition, some researchers used the single-

pixel detection signal sequence as the input of the neural network and

the image reconstruction result as the output of the neural network to

train the neural network to achieve deep learning single-pixel

imaging [67]. In terahertz waves single-pixel imaging, most of the

existing research uses deep learning techniques to improve the quality

of imaging [68–70], and it is also a research direction to investigate

how to train modulation masks suitable for terahertz single-pixel

imaging to improve the imaging speed in response to the current

problems.

4 Discussion and conclusion

Applying single-pixel imaging technique to THz imaging

can effectively solve some problems existing in traditional

method. With the continuous development of spatial

modulation techniques, many terahertz single-pixel

imaging techniques have been investigated as described

above. This paper summarizes the initial physical metal

masks to later methods based on light modulation in
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semiconductors and artificial metamaterial modulation. In

terms of imaging algorithms, the main imaging algorithms

applied to terahertz single-pixel imaging are introduced,

including the traditional terahertz single-pixel imaging

algorithm developed from computational ghost imaging

algorithm, single-pixel imaging algorithm based on

compressed sensing, single-pixel imaging algorithm based

on basic scanning and single-pixel imaging algorithm based

on deep learning. At present, how to improve the sampling

speed to achieve real-time imaging while ensuring the image

SNR is the problem that needs to be solved for terahertz

single-pixel imaging. In addition, further improvement of

terahertz modulation techniques and exploration of more

optimized algorithms are the two most important research

directions for terahertz single-pixel imaging.
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GaInSn liquid nanospheres as a
saturable absorber for an Er:CaF2
laser at 2.75μm
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Ke Zhang1, Shande Liu1* and Jinlong Xu2*
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High-quality GaInSn liquid nanospheres are successfully fabricated by the

ultrasonic method as a novel saturable absorber in the mid-infrared range.

An open-aperture Z-scan technique is applied to study the saturation

absorption property, presenting a modulation depth of 34.3% and a

saturable fluence of 0.497 GW/cm2 at 2.3 μm, respectively. With GaInSn

nanospheres as a saturable absorber, a stable Q-switched Er:CaF2 crystal

laser operating at 2.75 μm is realized. The maximum Q-switched output

power of 361 mW is obtained under the absorbed pump power of 2.9 W.

The shortest pulse width of 500 ns and the highest repetition rate of 67 kHz

are generated, corresponding tomaximum peak power and single pulse energy

of 10.78 W and 5.39 μJ, respectively. These findings indicate a promising

potential of GaInSn nanospheres SA for generating nanosecond mid-infrared

laser pulses.

KEYWORDS

3 μm mid-infrared laser, GaInSn nanospheres, liquid metal, passively Q-switched
lasers, saturable absorber

Introduction

The mid-infrared (MIR) pulsed lasers play a crucial role in technological developments

because of its wide application value in environmental monitoring, optoelectronic

countermeasure, space communication, frontier physics, and so on [1–5]. Especially, the

high absorption coefficient of water at 3 μm makes it great potential to be utilized in medical

treatments. An effective and concise way to acquire high energy pulsed lasers is the passively

Q-switched (PQS) method in which the saturable absorber (SA) is the key component. For the

past few years, SAs based on one-dimensional (1D) and two-dimensional (2D) materials have

attracted much attention and some encouraging application results in the mid-infrared region

have been demonstrated [6–10]. However, there are still some intrinsic drawbacks which limit

their further application. For example, the weak absorption efficiency of graphene, the selective

absorption of carbon nanotubes, the heavy inherent defects of TIs, and the instability of BP in

the ambient environment need to be improved [11]. Besides, zero-dimensional metal

nanoparticles have been studied and then applied to realize mid-infrared pulsed lasers due

to their localized surface plasmon resonance (LSPR). In 2018, Duan et al. realized a 734 ns
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Q-switchedHo,Pr:LLF laser at 3 μmbyusing gold nanoparticles (Au-

NPs) as a SA [11]. In addition, a 2 μmQ-switched laser based on Ag-

NPs SA has also been developed [12]. Nevertheless, the disadvantage

of the high cost of these noble metals has limited the incentive for

further research.

In recent years, a novel nano-liquid metal material, GaInSn,

has attracted great attention due to its excellent physico-chemical

properties [13–16]. Nevertheless, most studies on GaInSn have

focused on electrons and thermal conductivity, while few

researches have been done on its nonlinear optical properties.

Similar to the properties of most zero-dimensional materials, the

saturation absorption characteristics of GaInSn nanospheres are

also caused by LSPR [17]. It is worth noting that the amorphous

form and high ductility of the liquid metal materials could

produce diverse plasma microcavities, which may exhibit a

broader LSPR response region than the traditional

nanometals, such as Au-NPs and Ag-NPs. In 2020, Zhang

et al. reported broadband saturation absorption characteristics

of the GaInSn nanospheres and successfully realized Q-switched

laser operations at 1.3 μm and 2 μm, separately [17]. Considering

its broader LSPR response range, the nonlinear optical properties

at ~3 μm, especially its performance as a SA applied in a

Q-switched pulse laser, need to be further investigated.

In this paper, high-quality GaInSn nanospheres were successfully

prepared by the ultrasonic method. The saturation absorption

property of the GaInSn nanospheres was measured via the open-

aperture Z-scan technique, presenting a modulation depth of 34.3%

and a saturable fluence of 0.497 GW/cm2, respectively. By utilizing

GaInSn nanospheres as a SA in a 2.75 μm all-solid-state laser, a

maximum Q-switched output power of 361 mW was obtained with

the shortest pulse width of 500 ns.

Characterization of liquid metal GaInSn
nanospheres

The GaInSn nanospheres were fabricated by the ultrasonic

method. The ultrasonic method is a simple, rapid, and large-scale

FIGURE 1
(A) GaInSn liquid alloy encapsulated in needle tubing. (B) As-prepared suspension of the GaInSn nanospheres. (C) TEM image. (D) The
corresponding size distribution.
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method for the preparation of liquid metal nanospheres. First,

the three metals were mixed with the proportions of 68%Ga, 22%

In, and 10% Sn and then heated for 10 min at 350°C to form

GaInSn alloy. The prepared alloy was encapsulated in a needle

tubing, as shown in Figure 1A. To comminute it into

nanospheres, the alloy was subjected to ultrasonic in acetone

for 20 h. By optimizing the ultrasonic process parameters and

multiple sedimentations, GaInSn nanospheres with uniform

shapes and diameters less than 100 nm could be obtained.

Figure 1B displays the suspension of the GaInSn nanospheres.

The morphology of GaInSn nanospheres was characterized by

transmission electron microscope (TEM), as described in

Figure 1C. The TEM image showed that the as-prepared

GaInSn nanospheres were almost spherical and the

corresponding size distribution was illustrated in Figure 1D.

To explore the nonlinear saturable absorption property of the

as-prepared GaInSn nanospheres, the open-aperture Z-scan

technique was employed. The longest wavelength of the

optical parametric laser applied in our Z-scan measurement is

at 2.3 µm with a pulse width of 120 fs and a repetition rate of

5 kHz. The saturation absorption curve at 2.3 µm was fitted by

the following formula [18]:

T(I) � 1 − ΔR
1 + I/Is − Ans

where Is, ΔR, and Ans represent saturable fluence, modulation

depth, and non-saturable loss, respectively. The saturation

fluence and modulation depth of the as-prepared GaInSn

nanospheres was fitted to be 0.497 GW/cm2 and 34.3%,

respectively. The fitting curve was shown in Figure 2. The

experimental results confirm that the GaInSn nanospheres

possess excellent saturation absorption characteristics and

could be adopted as a saturable absorber in the mid-infrared

range.

Experimental setup

The experimental setup of the GaInSn nanospheres

Q-switched Er:CaF2 laser was illustrated in Figure 3. A 3 ×

3 × 11 mm3 Er:CaF2 crystal with a doped concentration of 1.7 at

% was employed and both end surfaces of the laser crystal were

well polished. To mitigate the thermal load, the laser crystal was

wrapped with indium foil and embedded in a copper fixture. The

copper was water-cooled with a temperature of 12.8°C. A plane-

concave laser cavity was selected with the cavity length of 23 mm.

The input mirror (IM) had a curvature radius of R = −100 mm

with anti-reflectivity (AR) coated around 972 nm and high

reflectivity (HR) coated near 3 μm. Three plane mirrors were

adopted as output couplers (OCs) with different transmittance of

FIGURE 2
The normalized nonlinear transmittance versus the pump energy intensity.
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2%, 5%, and 10% at 2.8–3.0 μm. The pump source was a

commercial 972 nm fiber-coupled laser diode (LD) with a

numerical aperture (N.A.) of 0.22 and core diameter of

200 μm. The pump light was focused into the Er:CaF2 crystal

with a diameter size of 400 μm by an optical couple lenses.

Moreover, a dichroic beam splitter was placed behind OCs to

filter the residual pump light.

Results and discussions

The CW laser output power was first achieved by using the

three different transmittances of OCs. The absorption efficiency

of the Er:CaF2 crystal at 972 nm was measured to be about 54.8%.

Figure 4A shows the variation of average output powers with

absorbed pump powers. In order to prevent the crystal from

thermal damage, the absorbed pump power was limited to 2.9 W.

Under a maximum absorbed pump power, a maximum average

output power of 0.493 W was achieved with an output mirror

transmittance of 2%, corresponding to a slope efficiency of 18.2%

and an optical-to-optical conversion efficiency of 9.6%.

The GaInSn nanospheres were directly spin-coating on the

two output couplers with the transmittance of 2% and 5%, which

can reduce insertion loss. The relationships between Q-switching

output powers and absorbed pump power are displayed in

Figure 4B. Under a maximum absorbed pump power of

2.9 W, the highest Q-switching output power of 0.361 W was

achieved with the transmission of 2%, corresponding to a slope

efficiency of 14%. The slope efficiency is much higher than the

previous result obtained by Graphene as SA [19], which may

attribute to the low insertion loss of the GaInSn nanospheres.

A mid-infrared detector (VIGO System S.A., PVI-4TE-6)

with a response time of 50 ns was used to detect the signal and the

Q-switched pulses were synchronously displayed on a digital

FIGURE 3
Schematic diagram of the GaInSn nanospheres Q-switched Er:CaF2 laser.

FIGURE 4
The dependence of output power on absorbed pump power for (A) CW laser, (B) PQS laser.
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oscilloscope (Rohde & Schwarz, RTO2012, 1 GHz bandwidth,

10 Gs/s sampling rates). Figure 5A,B show the pulse width and

pulse repetition frequency as a function of the absorbed pump

power. The pulse repetition rate increased with increasing

absorbed pump power, while the pulse width decreased.

Under the maximum absorbed pump power, the shortest

pulse width and maximum pulse repetition rate with the

transmittance of 2% are 500 ns and 67 kHz, respectively. A

maximum single-pulse energy was reached to 5.39 μJ,

corresponding to a maximum peak power of 10.78 W, as

FIGURE 5
Pulse repetition rate and pulse duration versus absorbed pump power at (A) T = 2%, (B)T = 5%; the dependence of pulse energy and peak power
on the absorbed pump power at (C) T = 2%, (D)T = 5%.

FIGURE 6
Typical pulse trains and single pulse profiles (A) T = 2%, (B) T = 5%.
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described in Figure 5C,D. Typical pulse trains and a single pulse

profile in Q-switching operation are illustrated in Figure 6. The

output performance of Q-switched laser is obviously superior to

that of graphene and graphdiyne as SA [19–21]. Beyond the

absorbed pump power of 2.9 W, the pulse width increased, which

resulted from the full saturation of the SA and the thermal lens

effect in the gain medium. The regular Q-switched pulse could be

recovered by slightly decreasing the pump power.

Conclusion

In conclusion, high-quality GaInSn nanospheres were

fabricated by employing the ultrasonic method. The saturation

absorption property and its application as a Q-switcher in the

mid-infrared region were demonstrated. The saturation

absorption property at 2.3 μm was studied through the open

aperture Z-scan technique, presenting a saturable intensity and a

modulation depth of 0.497 GW/cm2 and 34.3%, respectively.

Using the OC transmittance of 2%, the maximum

Q-switching output power of 0.361 W was obtained,

corresponding to a slope efficiency of 14%. The shortest pulse

width of 500 ns was generated with the highest repetition rate of

67 kHz. The corresponding maximum peak power and single

pulse energy were 10.78 W and 5.39 μJ, respectively. The findings

indicate that the GaInSn nanospheres could act as an outstanding

optical switcher device at 2.75 μm, which may help to explore

potential applications in mid-infrared nonlinear optics.
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Aiming at the application requirements of spectral imaging technology in

satellite remote sensing, biomedical diagnosis, marine detection and

rescue, agricultural and forestry monitoring and classification, military

camouflage identification, etc., this paper uses 532 and 650 nm lasers as

light sources, and uses multi-spectral intensity correlation imaging

equipment—snapshot spectroscopic cameras based on ghost imaging via

sparsity constraints (GISC) enable precise identification of targets. In this

paper, the principle of snapshot GISC spectral imaging is expounded, and

the experimental research work of GISC spectral imaging target recognition

technology based on active laser illumination is carried out. The

experimental results show that using a 532 nm laser as the light source

to illuminate the target object can accurately identify the green target letter

“I”; using a 650 nm laser as the light source to illuminate the target object

can accurately identify the red target letter “Q”. And gives spectral imaging

results of the color target “QIT” acquired by the GISC spectroscopic camera

through a single exposure at the wavelength range from 446 to 698nm, with

both pseudo-color map and color fusion map. In order to further illustrate

the feasibility of the experiment, the spectral distribution of the

reconstructed image is analyzed, which has important practical

significance and engineering value.

KEYWORDS

ghost imaging (GI), spectral imaging, target recognition, compressed sensing (CS),
laser active lighting

1 Introduction

Spectral imaging technology based on ghost imaging via sparsity constraints

(GISC) is a brand-new imaging system [1], which has the advantages of non-locality

and strong anti-interference ability, and has great application potential in the fields of

remote sensing imaging, microscopic imaging and medical imaging [2]; [3]. In GISC
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spectral imaging, the spectral image information can be

retrieved from the high-order correlation between detected

light fields and pre-measured light fields, thus it is actually a

variant of the ghost imaging [4]; [5]; [6] system. In 1988, [7]

proposed spontaneous parametric downconversion (SPDC) to

generate entangled two-photons, and proposed an entangled

two-photon quantum correlation imaging scheme. Later, both

ghost image and diffraction were demonstrated to be realized

by intensity correlation using classical light sources [8]; [9];

[10]. Also, apart from the correlation algorithm, other

reconstruction algorithms have been further developed. In

2017, Situ Guohai [11] proposed a “GIDL” scheme based on

computational quantum correlation imaging and deep

learning, which is one of the representative works in the

domestic quantum correlation imaging field combined with

cutting-edge technologies. In 2018, [12] combined

computational imaging technology with artificial

intelligence, providing a new perspective for imaging

technology, which has important application prospects in

the fields of sensors and data analysis. In the same year, Xu

Zhuo et al. [13] proposed a new type of deep learning quantum

correlation imaging combined with artificial intelligence

technology, which can obtain faster and more accurate

target images at low sampling rates. In addition to those

studies on active illuminating ghost imaging schemes, the

researchers found that collecting light information of objects

illuminated by natural light can also achieve image restoration

through correlation computing, which is called passive

quantum correlation imaging. Furthermore, the associated

image formed by this light source-less imaging mechanism

has the function of a single exposure, and can obtain a

multispectral, three-dimensional image. In 2014, the

research group of Han Shensheng of the Shanghai Institute

of Optics and Mechanics [14] proposed a snapshot-type

sparsely constrained quantum correlation imaging (GISC)

spectral imaging system, and verified the feasibility of the

imaging scheme in principle through compression imaging

experiments. In 2018, the research group [15] used an 800-m-

high tethered balloon to carry a snapshot-type GISC

spectroscopic camera to achieve snapshot-type passive

optical multispectral quantum correlation imaging of

natural scenes. In the same year, the research group [16]

proposed adding a flat-field grating to the snapshot GISC

spectroscopic camera, which can increase the spectral

resolution to 1 nm and realize the imaging function of the

GISC hyperspectral camera, but the system structure is

complex, which is not conducive to engineering

applications. From 2020 to 2021, the research group will

improve the anti-noise capability and imaging signal-to-

noise ratio of the GISC spectroscopic camera through the

optimized design of the hyper-Rayleigh speckle field and

polarization characteristics [17]; [18]. In this paper,

532 and 650 nm solid-state lasers are used as the light

source [19], and the GISC snapshot spectroscopic camera is

used to realize the accurate identification of the target and

carry out experimental research work.

2 Theoretical analysis

The optical path of the GISC spectral imaging system

based on active laser illumination is shown in Figure 1. The

coherent light source required for the test is provided by a

solid-state laser, and the reflected light irradiated on the

target object is 50% reflected and 50% transmitted through

the beam splitter. The transmitted light images the target

scene on the area array photodetector CCD1, which is an RGB

camera and is used to determine the target shooting area. The

reflected light passes through the filter, so that the light beam

in the range of 440–700 nm is transmitted. The diffraction

optical element (DOE) randomly phase modulates the light

field emitted by each point on the broadband image on the

pre-imaging surface, and after modulation, forms a speckle

pattern in which two-dimensional spatial information and

one-dimensional spectral information are aliased. The

detection signal is obtained on the area array

photodetector CCD2, and then according to the detection

signal and the calibration obtained measurement matrix, a

high-performance server is used to obtain a three-

dimensional multispectral image by means of

computational imaging.1

The detection process of the GISC spectral imaging system

can be expressed by the following formula [1]; [20]:
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1 For the calibration, amonochormatic point source is used as the object
rather than a real target, and a series of responses of the GISC camera
system to the point source at different positions and wavelengths can
be achieved by performing scanning-type pre-measurements.
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In the formula, Xλs
pq(p � 1, . . . , P, q � 1, . . . , Q)

represents the multispectral image information

reconstructed by s(s � 1, . . . , S) in the s spectral bands of

the pixels in the pth row and the q column on the object

surface, and aλsmn, pq(m � 1, . . . , M, n � 1, . . . , N) represents
the point light source used for the calibration of the imaging

system on the pth row and qth columns on the object surface.

When moving up, the light intensity value obtained by the

pixel in the mth row and nth column of the CCD on the

detection surface. ymn represents the intensity distribution of

the detection signal in the mth row and nth column on the

detection surface during imaging, ε represents probe signal

noise. According to Eq. 1, the reconstruction of multispectral

images can be achieved by solving the following optimization

problem [21]; [1]:

min
x

Y − AX‖‖ 2
2 + μ1 ∇i,jX

�������� 1
+ μ2 X‖‖ p, s.t. X≥ 0, (2)

where ‖∇i,jX‖1 is the gradient norm, which is equivalent to

extracting the segmented edge of the image, making the

transformed image more sparse; ‖X‖p is the matrix nuclear

norm, indicating the low rank of the multispectral image

matrix; μ1, μ2 ≥ 0 is the constraint item weight factor. In

this paper, the TV-RANK compressed sensing algorithm is

used for image reconstruction.

3 GISC spectral imaging scheme and
experiment based on active laser
illumination

3.1 Experimental setup

The GISC spectral imaging experimental system based on
active laser illumination is shown in Figure 2. Among them,
(1) is the imaging system; (2) is the target to be measured; (3)
is the 532 nm solid-state laser. The experimental parameters
are set as: the spectral range of the GISC camera is
440–700nm, there are 16 spectral channels, the spectral
resolution is < 20 nm, and the pixel resolution is ≥ 0.5
mrad. The exposure time of the camera is 1 s, and the
exposure time of the RGB camera is 0.3 s. The target to be
tested is the color letter “QIT”, and the height of the letters is
3.3 cm. A 532 nm solid-state laser is used as the illumination
light source, the target object to be measured is 3.5 m away
from the imaging system, and the imaging field of view is
61 mm × 619 mm wide.

FIGURE 1
Optical path diagram of GISC spectral imaging system based on active laser illumination.

FIGURE 2
The left subfigure shows GISC spectral imaging experimental
system based on active laser illumination, lights from the laser (3)
pass through a reflector and an expander to illuminate the object
(2), and the illuminated object is detected by theGISC camera
(1). The subfigure in the right shows appearances of those three
experimental parts in the left subfigure.
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3.2 Experimental results and data analysis

Figure 3 shows the experimental results of spectral

imaging of the target object irradiated by a 532 nm laser.

When the average number of electrons recorded by the CCD

is 402e-, the CCD detection signal obtained by the GISC

camera through a single exposure is shown in Figure 3A. The

image is shown in Figure 3B; the pseudo-color

corresponding to the wavelength is added to Figure 3B,

and its multispectral image is shown in Figure 3C;

Figure 3D is 445, 460, 475 nm, 490, 500, 515, 530, 545,

560, 580, 590, 615, 635, 655, 675, 700 nm, the color fusion

map of the 16 spectral channels is compared with Figure 2 in

Figure 2, the shape and spectrum of the letter I The

information restoration degree is high.

Figure 4 shows the experimental results of spectral

imaging of the target object irradiated by a 650 nm laser.

When the average number of electrons recorded by the CCD

FIGURE 3
Experimental results of spectral imaging of the target object irradiated by a 532 nm laser. (A) Detection signal; (B) Spectral grayscale image; (C)
Multispectral false color image; (D) Multispectral fusion image.

FIGURE 4
Experimental results of spectral imaging of the target object irradiated by 650 nm laser. (A) Detection signal; (B) Spectral grayscale image; (C)
Multispectral false color image; (D) Multispectral fusion image.
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is 693e-, the CCD detection signal obtained by the GISC

camera through a single exposure is shown in Figure 4A. The

image is shown in Figure 4B; then add the false color

corresponding to the wavelength to Figure 4B, which are

446, 461, 4745, 487, 501, 515, 530, 545, 561, 578, 590, 614 nm,

633, 653, 674, 698 nm, the multi-spectral grayscale image of

16 spectral channels is shown in Figure 4C; Figure 4D is the

color fusion map compared with Figure 2 in Figure 2, the

shape of the letter Q and spectral information reduction

degree is high.

In order to further illustrate the feasibility of the

experiment, the spectral distribution of different colors in

the target object from 440 to 700 nm was tested using the

USB4000-VIS-NIR spectrometer, as shown in Figure 5A. The

USB4000-VIS-NIR spectrometer was tested at 532 nm, and

the intensity value of the target letter “Q” was 1264, the

intensity value of the letter “I” was 14919, and the intensity

value of the letter “T” was 2530. The intensity value of the

letter “I” is the highest at 532 nm, so the target letter “I” can be

accurately identified by irradiating the target object with

532 nm laser light. The spectral distribution curve of the

letter “I” in the reconstructed image of the target object

irradiated by 532 nm laser light is shown in Figure 5B. The

USB4000-VIS-NIR spectrometer was tested at 650 nm, and

the intensity value of the target letter “Q” was 5118, the

intensity value of the letter “I″ was 852, and the intensity

value of the letter “T” was 405. The intensity value of the letter

“Q” is the highest at 650nm, so the target letter “Q” can be

accurately identified by irradiating the target object with

650 nm laser light. The spectral distribution curve of the

letter “Q” in the reconstructed image of the target object

irradiated by 650 nm laser light is shown in Figure 5C.

Those intensity value data representing spectral

information of targets are detailed listed in Table 1.

FIGURE 5
Spectral distribution of USB4000-VIS-NIR spectrometer and color targets in multispectral images. (A) The spectral distribution curve of letter
QIT in the test target of USB4000-VIS-NIR spectrometer (B) The spectral distribution curve of the letter “I″ in the reconstructed image of the target
object irradiated by 532 nm laser (C) The spectral distribution curve of the letter “Q” in the reconstructed image of the target object irradiated by
650 nm laser.
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4 Conclusion

Aiming at the problems of low detection sensitivity, many

sampling times and serious light energy loss in traditional

spectral imaging technology, a GISC spectral imaging target

recognition scheme based on active laser illumination is

proposed. This scheme combines laser technology, spectral

imaging technology, correlated imaging technology and

compressed sensing. The combination of theory has the

advantages of high energy utilization rate and fast

information acquisition efficiency. The imaging principle

of GISC camera is theoretically analyzed, and the GISC

spectral imaging target recognition experiment based on

active laser illumination is completed in the laboratory

environment. The results show that by selecting the

appropriate wavelength of the laser light source, the GISC

spectral imaging technology can be used to accurately

identify the target spectral information. Next, how to

establish the imaging quality evaluation and analysis

system of the experimental results is a problem that needs

to be solved in the future work.
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TABLE 1 List of intensity values of targets “Q” and “I” corresponding to Figure 5. Bold numbers show that the reconstructed intensity values of both
letters reach the highest at the wavelengths correspond to the illuminated lasers.

Wavelength/nm Letter “I” Letter “Q”

Illuminated by LED Illuminated
by 532 nm laser

Illuminated by LED Illuminated
by 650 nm laser

446 4680 565 1470 43

461 4793 1217 907 90

474 4664 1869 852 130

481 5054 3130 847 260

501 11347 5000 1048 521

515 15670 8000 1213 695

530 15126 10913 1233 1173

545 10282 8695 1240 2217

561 4526 6043 1303 3521

578 1949 4000 1789 5478

590 1270 2565 7318 7652

614 940 1608 10195 9217

633 917 869 7649 10434

653 737 652 4628 11000

674 807 565 2966 6304

698 740 434 1758 2500
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Theoretical studies of
high-power laser beam
smoothing via stimulated
brillouin scattering in plasma

Hang Yuan, Jianing Hao, Ziqiang Dan, Chengyu Zhu* and
Yuxin Li

National Key Laboratory of Science and Technology on Tunable Laser, Harbin Institute of Technology,
Harbin, China

To achieve uniform irradiation, the focal spot from a high-power laser system

must be homogeneous; thus, laser beam smoothing is required. In this study,

we theoretically demonstrated a novel spatial smoothing method based on

stimulated Brillouin scattering (SBS) in a plasma. As SBS is sensitive to pump

intensity, the area of higher intensity in the laser beam has a higher reflectivity,

leading to amore homogeneous passed beam. From the theoretical simulation,

the laser beam modulation significantly decreased in SBS, while the fluence

contrast decreased from 15.9% to 9.7%.

KEYWORDS

stimulated brillouin scattering, beam smoothing, high power laser, plasma, nonlinear
optics

Introduction

Inertial confinement fusion requires perfectly controlled laser beams to compress a

deuterium-tritium target and achieve nuclear fusion. Laser fusion has extremely high

energy requirements. From theoretical analysis, the laser energy deposition must be above

1 MJ, and is spread to dozens of beams. Generally, the energy of a single beam is

approximately 10 kJ in high-power laser systems, such as the National Ignition Facility

(NIF) [1], Laser MegaJoule [2, 3] and SG-III [4, 5].

The construction of such a system requires specific development of optical techniques.

Before the laser energy is deposited at the target, the laser beam undergoes a frequency

conversion of the third harmonic (3ω) to 351 nm. After the third harmonic, the UV

optical module has the highest risk of damage to the entire system. In actual laser system

operation, the laser flux is far below the optical element bulk damage threshold, and most

optical damage originates from defects in the subsurface microstructure [6–8]. The laser

spatial modulation caused by frequency conversion and beam coherence increases the

local laser light intensity, which further increases the optical damage risk.

To reduce the optical damage risk, optical beam smoothing techniques such as liquid

crystal spatial light modulators (SLMs) can help improve the near-field beam quality

before the main amplifier system [9, 10]. A continuous phase plate (CPP) [11] and

OPEN ACCESS

EDITED BY

Baitao Zhang,
Shandong University, China

REVIEWED BY

Xinmin Fan,
Weifang University, China
Hong Zhang,
Sichuan University, China

*CORRESPONDENCE

Chengyu Zhu,
zhuchy@hit.edu.cn

SPECIALTY SECTION

This article was submitted to Optics and
Photonics,
a section of the journal
Frontiers in Physics

RECEIVED 15 August 2022
ACCEPTED 12 September 2022
PUBLISHED 28 September 2022

CITATION

Yuan H, Hao J, Dan Z, Zhu C and Li Y
(2022), Theoretical studies of high-
power laser beam smoothing via
stimulated brillouin scattering in plasma.
Front. Phys. 10:1019480.
doi: 10.3389/fphy.2022.1019480

COPYRIGHT

© 2022 Yuan, Hao, Dan, Zhu and Li. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Brief Research Report
PUBLISHED 28 September 2022
DOI 10.3389/fphy.2022.1019480

5352

https://www.frontiersin.org/articles/10.3389/fphy.2022.1019480/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1019480/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1019480/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1019480/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.1019480&domain=pdf&date_stamp=2022-09-28
mailto:zhuchy@hit.edu.cn
https://doi.org/10.3389/fphy.2022.1019480
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.1019480


smoothing via spectral dispersion [12] have been developed and

applied in engineering to realize homogeneous focal spots.

However, SLMs have low laser energy transmittance [13]. The

smoothing element (e.g., CPP) itself also suffers from damage

risk. Moreover, such elements involve complex processing

procedures, so any corresponding damage is difficult to repair.

The processing of traditional optical materials has faced

bottlenecks: plasma, as an ionized substance, has almost no

damage threshold. Accordingly, the plasma density and

temperature span are extremely large, which significantly affect

interaction of the laser [14–16]. Therefore, making full use of the

plasma is crucial to improve laser beam performance [17].

In this study, we developed an optical smoothing method

with high energy efficiency based on stimulated Brillouin

scattering (SBS) in plasma. SBS, excited by the interaction of

the standing wave acoustic field formed by ions, can be applied

for beam smoothing. Because SBS has a significant threshold

characteristic, scattering is proportional to the square of the

injected laser intensity [18–21]. The transmitted light power is

restricted to a certain level. Thus, high-frequency modulation of

the near-field of the laser can be reduced, and optical smoothing

can be achieved.

Theory

During propagation of a 351-nm (3ω) laser with high photon
energy, traditional liquid or solid medium are not suitable. For

liquid Brillouin medium, the weaker chemical bonds in medium

(eg., heavy fluorocarbon) has a greater probability of being

directly broken down. For solid Brillouin medium, this pump

intensity is easily to cause irreversible damage to components.

The nonlinear effect in the plasma can manifest an “optical

limiting” effect, demonstrating beam smoothing. In comparison

with the traditional liquid or solid Brillouin medium, the

backscattering angle of the SBS in plasma will be larger. The

effect of nonlinear scattering further destroys the spatial and

temporal coherence of the main laser and enhances the beam

smoothing effect.

To theoretically simulate laser beam smoothing in plasma,

coupling of the electromagnetic wave equation and the ion

acoustic wave equation was realized as follows:

( z2

zt2
− c2∇2 + ω2

pe) �As � −4πe
2

me
~ne �A0 (1)

( z2

zt2
− C2

s∇
2)~ne � − Zn0e2

mimec2
∇2( �A0 · �As) (2)

where �A0and �ASare the incident and scattered light wavefield

vector potentials, respectively; ~n0/~nerepresents the density

disturbance of the plasma; Cs is the ion speed of sound; Z is

the ionic charge; mi is the ion mass; me is the electron mass; and

ωpe is the plasma frequency.

At the strong damping limit, the vibration and density

perturbation of electrons can be expressed using the same

formula for both the electron plasma wave and the ion

plasma soundwave as:

~ne � − k2e2

m2
ec

2ω2
pe

χe(1 + χi)
ε

a0a
*
s (3)

where a0 and as represent the ramping amplitudes of the pump

and scattered light, respectively; χe and χi represent the electron

and ion polarizability, respectively; and ε = 1+χe+χi is the

dielectric function of the plasma.

The energy flow is expressed as: J0 � ω0vg0|a0|2, and Js �
ωsvgs|as|2.

Under one-dimensional (1D) conditions, ignoring the time

differential term yields the following equation:

z|Js|
zx

� k2e2

m2
ec

2ωsvgs
Im[χe(1 + χi)

ε
]|a0|2 (4)

The above equation was solved to obtain:

|JS(0)| � |JS(L)| × exp(G) (5)

G � −∫L

0

k2e2|a0|2
m2

ec
2ωsvgs

Im[χe(1 + χi)
ε

]dx (6)

GSBS ≈
1
8
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ne
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v20
v2te

ωIAW

vIAW
L (7)

where ne/nc is the electron density normalized to the critical

density of the interaction wavelength. The scattering intensity

and energy reflectivity of the plasma SBS can be estimated using

the gain, and the influence of nonlinear scattering on the light

field distribution can be numerically analyzed.

The injected and the scattered light are given by:

J0(x) � J0(0) + JS(0) − JS(x) (8)
z|�JS|
zx

� −Γ[1 − |�JS(0)| + |�JS|]|�JS| (9)

Γ � k2e2|a0|2
m2

ec
2ωsvgs

Im[χe(1 + χi)
ε

] (10)

Using the above 1D model, SBS of light and the respective

properties could be theoretically simulated.

Numerical simulation and analysis

A schematic of plasma SBS beam smoothing is presented

in Figure 1. The laser beam was amplified, and the third

harmonic was obtained before it was focused on the target.

The plasma-smoothing cell was placed in the focused path to

realize nonlinear effects in the plasma, which requires a high-

power laser, and the plasma was excited using a femtosecond

laser. A laser beam with space modulation was introduced

into the plasma-smoothing cell. Additionally, an isolator was
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employed to prevent scattered light. Owing to the threshold

properties of the SBS, hotspots in the laser beam exhibited

higher reflectivity. The transmitted laser was then smoothed

according to this optical limiting property.

For SBS in plasma, the Stokes signal arises from the ion

acoustic wave that interacts with the injected laser. Figure 2A

presents the theoretically simulated ion acoustic wave (IAW)

with SBS at the pump intensity of 1017 W/cm2 and FWHM

Gaussian laser pulse of 2 ps. The intensities of the driven

waves were plotted as a function of time, and t = 0 refers to the

peak of the pump pulse. In theoretical simulation, since the

electron mass is much smaller than the ion mass, the

temporal evolution of EPWs(electron plasma wave) has a

short relaxation time. When the pump laser injection is over,

it doesn’t last for a while like IAW, but it decays quickly and

fades away. It can be observed that IAWs grow slowly and

develop over 3 ps before reaching the saturation area. As the

pump pulse falls, IAWs remain in the plasma and dampen

slowly. The IAW decay time is much longer than the pump

laser falling time, which is comparable to that of Landau

damping Te>>Ti, and no ions move at the phase velocity rate.

Thus, in the simulation, the ion movement can be regarded as

a steady state.

By numerically solving the electromagnetic wave

equation and the ion acoustic wave equation, the SBS

reflectivity was found to vary with the injected laser

intensity at different temperatures, as detailed in Figure 2.

The normalized electron density ne/nc was set to 8%. As can

be seen in Figure 2B, the SBS threshold decreased with an

increase in the plasma temperature. Apparent optical limiting

characteristics can be achieved by controlling the laser

intensity distribution around 0.5–1.5 × 1015 GW/cm2.

FIGURE 1
Schematic of simulated Brillouin scattering in plasma for beam smoothing.

FIGURE 2
Theoretical simulation results of SBS proprieties in plasma. (A) Temporal evolution of scattered intensities of ion acoustic waves (IAWs) and
electron plasma wave (EPW) driven by the 2-ps laser pulse. (B) Reflectivity results as a function of laser intensity for Te of 0.6, 0.8, and 1.0 keV. (C)
Intensity at which SBS reaches 1% (intensity threshold) as a function of plasma density.
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Using these simulation results, the pump laser and plasma

parameters could be set.

Figure 2C shows that the intensity threshold strongly

depends on the plasma density. The electron density was

simulated in a 1-mm-long target and varied from 3% to 25%

nc. The plasma temperature was maintained at 1 keV. The

SBS reflectivity above was determined as the SBS threshold.

This indicates that the SBS threshold decreased quickly

before 10%nc. In the density range of 10%nc, the

thresholds decreased slowly with increasing plasma

density. Instantaneous backscatter was determined at the

saturation part of the IAWs. It was demonstrated that the

increase in scattering was sensitive to the laser intensity and

plasma density.

Based on the simulation results in Figure 2, the properties of

SBS in plasma depend on the plasma temperature and density.

SBS in plasma is driven by the ion acoustic waves. The intensity

of ion acoustic waves are affected by the plasma temperature and

density and will significantly affect Brillouin gain in plasma.

These parameters significantly influence the SBS reflectivity and

threshold values [18, 19]. To apply this beam-smoothingmethod,

these parameters must be matched with the intensity of the

injected laser to achieve optical limiting and reduce the energy

loss of SBS scattering.

As shown in Figure 3, the beam intensity distributions

were numerically investigated through the plasma SBS

theory. The mean intensity of the injected light was set to

1 × 1015 GW/cn2, the beam size was set to 2 mm × 2 mm, the

plasma length was set to 2 mm, the electron density was 8%nc,

and temperature Te was 1 keV. Figures 3A,D present the 2D

and 1D distributions of the pump light, (b) depicts the

scattered light, and (c) and (e) show the distributions of

the smoothed light. It is clear that the beam distribution was

smoothed by transmission through the plasma.

FIGURE 3
Intensity distributions of laser beam: (A) injected laser beam; (B) scattered laser beam; (C) output smoothed laser beam; (D) 1D curve of injected
light; (E) 1D curve of output light. To quantitatively analyze the beam smoothing effect, the fractional power above intensity (FOPAI) was evaluated
using Eq. 11.

FIGURE 4
Fractional power above intensity (FOPAI) comparisons for the
smoothed beam and the input beam.
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FOPAI(I0) �

∫∫
If(xf,yf)≥ I0∧(xf,yf)∈A

If(xf, yf)dxfdyf

∫∫
(xf,yf)∈A

If(xf, yf)dxfdyf

(11)

The resulting FOPAI plots for the input and smoothed beams

are displayed in Figure 4. In general, if the FOPAI curve is closer

to the left side, the proportion of high-intensity laser beams is

lower. As shown in Figure 4, the high-intensity hotspot inside the

beam was effectively suppressed after beam smoothing via SBS.

The initial fluence distribution was relatively dispersed, with the

fluence contrast degree of 15.9%. After beam smoothing, the

fluence distribution was more centralized with the contrast

degree of 9.7%.

The potential optical damage strongly correlates with the

laser fluence. Beam smoothing elements (such as CPP) in

conventional focusing beam paths suffer from a high damage

risk. The plasma has virtually no damage threshold, and the

passed laser fluence can be extremely high. Thus, this plasma

beam smoothing technology will provide new ideas for solving

optical element damage.

In high-power laser systems, dozens of optical elements are

distributed along the beam path from the front seed to the final

target. Each optical element may contain a number of inner

defects generated during the material growth process or surface

defects generated from component processing. These defects can

cause strong local diffraction effects and light intensity

enhancement in the laser beam. In addition, inhomogeneity

further increases the amplification and frequency conversion,

which seriously affects the irradiation uniformity of the

subsequent laser. Beam smoothing before the focal spot

presents a complicated practical situation. In future research,

we will further develop the dynamic control capability of the

plasma to achieve dynamic beam smoothing of the focal spot.

Conclusion

In this paper, we present a novel laser beam spatial

smoothing method based on SBS in plasma. The key elements

of this beam smoothing result from the optical limiting

properties of the SBS. Plasma parameters and SBS proprieties

are theoretically calculated. Theoretical simulation results show

that The SBS reflectivity of the hot spot in the beam is

significantly higher than that of the smooth part. High-

intensity hotspots were significantly reduced following beam

smoothing via SBS. The beam smoothing effect was simulated

theoretically, and the results indicate that the fluence contrast

decreased from 15.9% to 9.7% after beam smoothing. This

approach to spatial beam smoothing is flexible and does not

introduce optical damage issues.
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In this paper, the generation of h-shaped pulse is demonstrated in a nonlinear

polarization rotation mode-locked erbium-doped fiber laser (MLEDFL). The

length of the entire cavity is about 2506m to enhance the nonlinear effect in the

cavity. The multi-pulse state is obtained firstly under the certain pump power

and polarization state. By further adjusting the polarization controller the

h-shaped pulse with sharp top and flat bottom is generated under the pump

power of ~100 mW. And the duration of pulse is tuned with a range of

54.63–470 ns. The width and intensity of pulse trailing part vary differently

during the process of increasing pulse width. The results indicate that the peak

power clamping effect and weak birefringence effect dominate in different

h-shaped pulse forming process.

KEYWORDS

h-shaped pulse, ultra-long cavity, mode-locked, fiber laser, nonlinear effect

Introduction

Passively mode-locked fiber lasers (MLFLs) have attracted a lot of interest in the area

of academia and industry in recent decades, for instance, optical sensing [1, 2], materials

micromachining [3, 4] and biomedicine [5]. A strong nonlinear effect exists inMLFLs as a

result of the unique structure of the fiber core. And the complex dynamic processes occur

in fiber lasers under the action of nonlinear effects. Therefore, various pulse shapes will be

generated from passively MLFLs, for example bunched multi-solitons [6], rectangular-

wave pulses [7–9], step-like pulses [10, 11], chair-like pulses [12, 13], and h-shaped pulses

[14, 15].

In 1991, the square pulse was firstly observed by Richardson based on figure-eight

passively MLFLs [16]. The features of rectangular-wave pulses, however, have not been

fully investigated. Komarov et al. theoretically researched the dynamics of the rectangular-

wave pulses in an NPR fiber laser subsequently [17]. The mechanism for suppressing the

formation of additional pulses was established based on numerical simulation in a laser

resonator as pump power increased [18]. Since then, more and more researchers have

begun to study the rectangular-wave pulse in fiber lasers. Zhang realized the rectangular-

wave pulse with tuning range of 10–1710 ns by enhancing intracavity nonlinearity and

cavity length [8]. The results show that the stronger nonlinearity in the cavity has a
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positive impact on the pulse duration. Liu reported that the

multiwavelength square pulses were generated by utilizing a

NALM-based cavity filtering effect in a passively MLFL with

anomalous dispersion using a figure-eight structure [19]. The

results indicate that as pump power increases, the width of

rectangular-wave pulses broadens linearly, yet the peak power

remains practically constant.

In addition to rectangular-wave pulses, another h-shaped

pulse has also drawn a lot of interest in a unique structure with a

sharper peak on the leading edge and a longer flat-top bunch on

the trailing edge. In 2018, Luo found that the h-shaped pulses as

the pump source could realize high repetition gain-switching

[14]. In the same year, Zhao investigated the influences of weak

birefringence in the cavity on pulse characteristics [20]. In 2019,

Zheng demonstrated that nanoscale h-shaped pulses with μJ-

level pulse energy could be generated in the figure-of-9 fiber laser

[21]. The generation of h-shaped pulse was realized by Zhao by

employing an ultralong fiber laser resonator, revealing that by

increasing pump power or varying intra-cavity polarization state,

the h-shaped pulse could be generated with different orders of

harmonic mode-locking state [15]. Compared to low-

dimensional material SAs [22], nonlinear multimode

interference (NLMMI) [23, 24] mode-locked technology, the

mode-locked principle of NPR is based on the accumulation

of different nonlinear phase shifts in the cavity. And the strong

nonlinear effect is conducive to reducing the nonlinear

polarization switching threshold, which means that it is easy

to obtain h-type pulses at lower pump power.

In this work, the evolution of h-shaped pulse is demonstrated

in a passively MLEDFL based on NPR technique. By varying the

polarization, the h-shaped pulses can be switched from the multi-

pulse state under the fixed pump power. The pump power varies

from 100 mW to 350 mW, and the pulse width changes from

54.63 to 470 ns. The width and intensity of the pulse trailing part

change during the process of pulse width increase. The results

indicate that the peak power clamping effect and weak

birefringence effect dominate in different h-shaped pulse

forming processes. It may be helpful to further enhance

understanding the physical properties of the h-shaped pulses

which generate in MLFLs.

Experimental setup

The experimental schematic diagram of the passively MLFL

is shown in Figure 1. The length of the entire cavity is around

2506 m. The erbium-doped fiber (EDF, 4/125 μm) as gain

medium is pumped by a 980 nm laser diode (LD) through a

980/1550 nm wavelength division multiplexed (WDM) coupler.

The Er-doped fiber is low-gain fiber, so we use the length of 6 m

Er-doped fiber as the gain fiber. The cavity length of 2506m is to

increase the nonlinear effect in the cavity and reduce the

nonlinear polarization switching threshold, so as to achieve a

wide range h-shaped pulse output in time domain. The optical

coupler (OC) is used to extract 10% of the power from the cavity.

Two three-paddle type polarization controllers (PC1 and PC2)

are used to adjust the polarization state of the propagation light. In

addition, the polarization-dependent isolator (PD-ISO) is used to

ensure the unidirectional transmission in the ring cavity. A 2.5 km

long single mode fiber (SMF) is added to the cavity to prolong the

cavity length and enhance the cumulative nonlinearity. The

temporal pulse profile and output spectrum are monitored by

using a 1 GHz digital oscilloscope (Tektronix MDO3102) and an

optical spectrum analyzer with a scanning range of 600–1700 nm

(Yokogawa AQ6370), respectively. The net dispersion of the ring

cavity is calculated to be -53.87 ps2.

Results and analysis

In our experiment, with launched pump power fixed at

100 mW, three tight pulses emerge from the laser cavity by

altering the PCs properly. Figures 2A,B illustrate the temporal

profile of the pulse and optical spectrum, respectively. It can be

observed the temporal distance between adjacent pulses is not

equidistant and interval is large, showing that the interaction of

the pulse is weak. The whole output spectrum is broad with no

Kelly sideband features of conventional-soliton pulse. And the

central wavelength is located at 1573 nm with ~23 nm 3 dB

spectral bandwidth.

Figures 3A,B illustrate the evolution of the number of

round-trip pulses and the output spectra with increasing

pump power, respectively, to further examine the behaviors

of multi-pulses in MLFL. The intensity of the output spectrum

enhances slightly with the increase of pump power. The

corresponding number of the round-trip pulses varies from

FIGURE 1
Schematic diagram of the MLFL based on NPR technique.
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6 to 11, during the pump power increases to 300 mW. The

temporal spacing between adjacent pulses is not equivalent,

but the shape and width of pulses are essentially uniform. This

is because gain competition between neighboring pulses and

experimental ambient noise may induce pulse intensity

inconsistency [25]. It is similar to the harmonic mode-

locked (HML) regime in that the excess energy in the

cavity is converted to build up the number of pulses. In

fact, the operation of multi-pulses in NPR MLFLs can be

attributed to weakly birefringent effects in optical fiber, gain

dynamics, and nonlinearity [20].

The h-shaped pulse is obtained at the pump power of

~100 mW by slightly adjusting the PC again. Figures 4A,B

show the output spectra and temporal profiles, respectively. It

can be observed that there are dual central bands in the

output spectrum. The first band has a central wavelength and

a 3 dB spectral bandwidth of 1543.5 nm and 3 nm,

respectively. The second band has a central wavelength

and a 3 dB spectral bandwidth of 1585 nm and 28 nm,

respectively. The second segment has a wider spectrum

with a depression in the center. The birefringence-related

cavity-spectral-filtering (CSF) effect may be the reason why

two independent spectra bands appear [20]. According to

Ref. [26], there is a strong correlation between the time and

spectral distribution of the J-shaped pulse. In this

experiment, the intensity of the leading edge and the

trailing edge of the h-shaped pulse is almost the same,

meaning that the same effect on the wider spectrum.

Although the ultra-long SMF cumulates the intracavity

nonlinearity, it also increases intracavity birefringence,

which changes the CFS effect related to the birefringence.

Figure 4C shows the corresponding pulse train at 100 mW of

pumping power, which corresponds to a repetition rate of

81.17 kHz. Meanwhile, the measured RF spectrum in the

FIGURE 2
(A) The temporal pulse profile of the three pulses. (B) The corresponding optical spectrum.

FIGURE 3
The evolution of (A) the output spectra and (B) the temporal pulse profile with increasing pump powers.
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range of 0–10 MHz confirms that the operation of mode-

locked has excellent stability.

Figure 5B shows the evolution of the h-shaped pulse at

different pump powers. The pulse width ranges from 94 to

292 ns as the pump power increases from 100 to 240 mW. As

the pump power increases, the peak power of the pulse does

not increase due to the clamping effect, but the gain is not

saturated so the pulse width can increase continuously. The

flat trailing portion broadens as pump power increases, while

the sharp spike of the pulse narrows slowly. This is similar to

the properties of dissipative soliton resonance (DSR) pulse in

fiber lasers [27, 28]. It is noteworthy that the repetition

frequency of the mode-locked pulse is 81kHz, it is not so

easy to induce amplified spontaneous emission (ASE) in the

pulse interval. So, the properties of trailing portion are just

caused by the peak power clamping (PPC) effect rather ASE.

The PPC effect contributes to the formation of h-shaped

pulses and inhibits pulse splitting by flattening the lengthy

trailing section [15]. Meanwhile, the PPC effect is associated

with the nonlinearity in the laser resonant cavity, which

implies the intensive nonlinearity can reduce the switching

threshold [29]. As seen in Figure 5A, the intensity of

corresponding output spectra increases slightly as the

pump power increases, while the central wavelength

remains almost invariable, which is consistent with the

previously proven features of an h-shaped pulse [14, 20, 30,

21, 15]. As the pump power reaches 240 mW, the temporal

pulse profile becomes unstable. Then, we rotate the PCs

slightly, and the mode-locked pulse reappears again.

Figures 5C,D, respectively, display the output spectra and

temporal pulse profile. It is found that the central wavelength

of the optical spectrum has changed. The band has a central

wavelength of 1572 nm. The measured pulse duration widens

from 368 to 470 ns as the pump power changes from 260 to

340 mW. And the complete pulse profile is observed by

adjusting the vertical resolution of the oscilloscope. It can

be seen the amplitude of sharp peak is higher than previously

mentioned, the amplitude of trailing portion remains almost

invariant. Theoretically, rotating the PCs will change the local

birefringence of the fiber, resulting in a change in the amount

of intracavity birefringence and further impacting the

characteristics of the output pulse [20]. For the h-shape

pulse with higher amplitude of sharp peak, the PPC effect

plays a weak role in the formation of sharp peak, but it

contributes to inhibit pulse splitting by flattening the

lengthy trailing section. The energy of whole pulse is more

FIGURE 4
Output characteristics of the h-shaped pulse with ~100 mW pump power: (A) output spectra; (B) temporal profile; (C) pulse train (inset: a span
of 1 ms); (D) the RF spectrum (insert: RF spectrum in 10 MHz range).
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FIGURE 5
(A)Output spectra and (B) the temporal pulse profile variations versusversus different pump powers. (C) Changes of the spectra after adjusting
the PCs and (D) the corresponding variations of the temporal pulse profile.

FIGURE 6
(A) The variations of the output spectra under different pump powers after adjusting the PCs. (B) Corresponding temporal pulse profile as
increasing pump power.
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concentrated on the peak of pulse instead of splitting into

pulses with the same power.

In order to further investigate the characteristics of the

h-shaped pulse, another h-shaped pulse is generated by

rotating the angle of the PCs. Figures 6A,B show the

output spectra and the corresponding temporal pulse

profile as increasing pump power respectively. The

corresponding pulse width ranges from 54.63 to 245.9 ns as

the pump power increases from 100 to 350 mW. The output

spectrums have changed, and the central wavelength reduced

from two to one, which can be attributed to the different

intensity of CSF effect caused by the angle of PCs. As can be

noticed, there are no-Signiant change with the amplitude of

the flat-top portion. According to Ref. [30], it could be found

that the sharp peak at the top of an h-shaped pulse might be

restrained by inserting a piece of unpumped doped-fiber into

the cavity. Similarly, this function can be realized by adjusting

the PC in this experiment. It may be helpful to further enhance

understanding the physical properties of the h-shaped pulses

in MLFLs.

Conclusion

In conclusion, the evolution of h-shaped pulses in an

ultralong NPR MLEDFL is experimentally realized. The

2.5 km long SMF is employed in the cavity to enhance the

nonlinear effect. By adjusting the polarization, the h-shaped

pulse can evolve from the multi-pulse state. And the duration

of pulse is tuned with a range of 54.63–470 ns. The width and

intensity of pulse trailing part vary differently during the process

of increasing pulse width. The results indicate that the peak

power clamping effect and weak birefringence effect dominate in

different h-shaped pulse forming process. The experimental

results may be helpful to investigate the output performances

of the h-shaped pulse in MLEDFLs.
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Spot positioning accuracy is an important index of laser processing system and

ranging system. When the laser spot is noisy or the gray level is not uniform, the

positioning accuracy is easily affected. Aiming at the above problems, this paper

proposes a laser spot segmentationmethod based on the Chan-Vesemodel, which

can improve the accuracy of spot center localization in combination with the gray

centroid method. Firstly, the laser spot image is decomposed by two-dimensional

wavelet, and thehigh-frequencycomponent is suppressedby soft threshold function

to eliminate the noise in the laser spot image. Secondly, the level set algorithmbased

on Chan-Vese model is used to segment the laser spot image with adaptive

improvement of the initial coordinates of the evolution curve. Finally, the center

coordinates are calculated inside the segmentation curve using the gray centroid

method. Experimental results show that the method is more accurate and robust.

KEYWORDS

laser spot, wavelet transform, CV model, level set, centralized positioning

Introduction

Laser has many advantages, such as energy concentration, good directivity and low

divergence, etc. It is widely used in machining, guidance, ranging and other fields. Laser spot

location is the key technology of the whole system, so many algorithms are proposed [1]. The

commonmethods to detect the center of laser spot include the Hough transformmethod [2], the

circular fitting method [3], and the gray centroid method [4], Hough transform is a feature

detection method proposed by Hough in 1962. It can detect the shape of the image by

constructing functions to describe the edge pixels [5]. The Hough transform is required to

vote-by-point, which accuracy is only of pixel level [6]. The circle fitting method is to use the least

squares tofit the geometric features of the image, which is easily affected by the noise [3]. The gray

centroid method needs to use the light intensity received by each pixel on the two-dimensional

image, and requires high uniformity of the laser spot brightness [7]. In order to improve the

positioning accuracy, many improved algorithms have been proposed in recent years. Liu et al.

proposed a curve fitting sub-pixel location algorithm of barycenter, only few data points are

calculated by the algorithm which meets the accuracy requirements of micro distortion

measurement [8], The algorithm is more suitable for laser spot image of Gauss Distribution.

Jiang et al put forward anonlinear least squarefitting algorithm to compensate the systemerror, so
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as to improve the positioning accuracy of gray centroidmethod [9]. Liu

et al used an algorithmbased on the optimal arc to obtain the center for

the laser spot by fitting the circle center [10]. It is found that image

denoising and laser spot boundary location are important prerequisites

for measuring the center position of laser spot, so we focuses on laser

spot denoising and image segmentation [11, 12].

In this paper, combining with the gray centroid method, the

proposed laser spot segmentation method based on Chan-Vese [13]

model can further improve the accuracy of laser spot positioning. The

image is pre-processed by wavelet decomposition and reconstruction to

solve the problem of uneven gray scale of the image and reduce the

interferenceof noise on the contour.The laser spot boundary is calculated

using the level set method based on the CVmodel. The grayscale center

of mass is calculated within the closed shape to obtain the exact center

coordinates. The method is fully validated in experiments.

Theoretical analysis

Wavelet decomposition denoising

Wavelet transform is a local transform of space and frequency,

which can separate noise information from signal effectively [14]. The

2D discrete wavelet decomposition and reconstruction of the image

can be represented as Figure 1. First, perform one-dimensional

discrete wavelet transform and down-sampling on the row

direction of the image, so as to calculate the low-frequency

component L and high-frequency component H of the image in

the row direction. Repeat the above process in column direction,

finally get the four subgraphs A, H, V, D. A represents the low

frequency part of the image, H, V, D represent the high-frequency

parts of the image in the horizontal, vertical, and diagonal directions,

respectively. The low-frequency sub-image reflects the overall

information of the image, and the high-frequency sub-images

reflect the local details of the image [15, 16]. Continue to repeat

the process of Figure 2 for the low-frequency sub-images, that is, to

obtain the multi-layer wavelet decomposition of the image.

In this paper, two-layer wavelet decomposition is performed on

the laser spot image, and the process can be expressed as Figure 2.

After image wavelet decomposition, the image noise is reflected in the

high-frequency components, and the absolute value of the wavelet

coefficient is small; while the partwith uniform laser energy is reflected

in the high-frequency component, and the wavelet coefficient is large.

According to the idea of wavelet threshold denoising proposed by

John Stone [17], when the wavelet coefficient is less than a certain

threshold, it is considered to be mainly noise components, and the

part larger than the threshold is retained.

We chose the VisuShrink [17] method to generate the

threshold, the formula is

T � σ
�����
2lgN

√
(1)

where σ is the image standard deviation and N is the image size.

Generally, the threshold function is divided into two types: hard

threshold function and soft threshold function. Because the hard

threshold function is prone to Ringingeffect [18], We chooses the

soft threshold method to process the estimated wavelet

coefficients, which can be expressed as:

w
�
j,k � { sign(wj,k)(∣∣∣∣wj,k

∣∣∣∣ − T), ∣∣∣∣wj,k

∣∣∣∣≥T
0,

∣∣∣∣wj,k

∣∣∣∣<T (2)

Where: sign (*) is the sign function, wj,kis the wavelet coefficient

before processing, w
�
j,k is the wavelet coefficient after processing.

The threshold T is given by Eq. 1.

Figure 3 shows the comparison effect of the spot image before

and after denoising. After denoising, the edge high-frequency

noise texture and radial light are better suppressed, and the image

Grayscale Value image is smoother.

Laser spot segmentation based on CV
model

This section will discuss the applicability of the CV model to

laser spot segmentation. The key of the CVmodel is to use the image

grayscale information to construct the energy function E(C), so as to

evolve the curve to a certain target area. The energy function can be

expressed as

FIGURE 1
Discrete wavelet decomposition and reconstruction of images.
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Ecv(c1, c2, C) � μ · Length(C) + λ1 · ∫
inside(C)

∣∣∣∣u0(x, y) − c1
∣∣∣∣2dxdy

+λ2 · ∫
outside(C)

∣∣∣∣u0(x, y) − c2
∣∣∣∣2dxdy (3)

Where, μ is the length weight of the contour line; C is the

contour line of the target, u is the target image; and λ1 and λ2
are the correction weights; c1 and c2 are the mean image gray

levels inside and outside the evolution curve C, respectively.

The formula is divided into three items; the first item is the

regularization item, which is used to constrain the length of

the contour line to ensure that the contour line is the shortest

under the current conditions; the second and third items are

the contour line condition items, which are responsible for

controlling the current contour line evolution trend. Use level

set functions to control curve evolution, The level set function

is expressed as

φ(x, y)⎧⎪⎨⎪⎩
> 0; x, y ∈ inside(C)
� 0; x, y ∈ boundary(C)
< 0; x, y ∈ outside(C)

(4)

Eq. 4 is substituted into Eq. 3. Also, the energy function E(C)

is be written as

Ecv(c1, c2,φ) � μ · ∫
Ω

δε(φ(x, y))∣∣∣∣∇φ(x, y)∣∣∣∣dxdy
+λ1 · ∫

Ω

∣∣∣∣u0(x, y) − c1
∣∣∣∣2Hε(φ(x, y))dxdy

+λ2 · ∫
Ω

∣∣∣∣u0(x, y) − c2
∣∣∣∣2(1 −Hε(φ(x, y)))dxdy

(5)
Hε is Heaviside Function, Use its approximate form

Hε(z) � 1
2
(1 + 2

π
arctan(z

ε
)) (6)

FIGURE 2
Wavelet Decomposition Results andWavelet Coefficient Distribution of Laser Spot Image. (A): The first layer of wavelet decomposition; (B): The
first layer of wavelet coefficient distribution; (C): The second layer of wavelet decomposition; (D): The second layer of wavelet coefficient
distribution.
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FIGURE 3
Comparison of before and after laser spot image denoising. (A): Image before denoising; (B): Image after denoising; (C): Grayscale Value
distribution before denoising; (D): Grayscale Value distribution after denoising.

FIGURE 4
Adaptive initial curve coordinates and evolutionary results. (A): Images of laser spot at different positions; (B): Fitting results of laser spot images
at different positions.
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FIGURE 5
Experimental image data.

FIGURE 6
Experimental results under the stationary spot position. (A): Different time at the same position; (B): Different sizes at the same position;
(C): Different power at the same position.
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δε(z) � 1
π
· ε

ε2 + π2
(7)

The minimization problem is solved by solving the Euler-

Lagrange equation corresponding to Eq. 5. Using Variation and

Gradient Descent to Solve the Extreme Values of Energy

Functionals, as in Eq. 8. Finally, the energy equation evolution

curve is obtained.

zφ

zt
� δ(φ)[μdiv( ∇φ∣∣∣∣∇φ∣∣∣∣) − λ1(u − c1)2 + λ2(u − c2)2] (8)

In order to speed up the evolution process, optimize the

initial position of the level set function, Compute the

global image grayscale centroid. Obviously the center of mass

coordinates are inside the laser spot. This is a rough estimate and

cannot be used for precise positioning, But it is enough to make

the level set function get a suitable initial position, so that the

gradient descent is faster.

In Figure 4A, the laser spot positions are different, but the

initial curve positions of the level set algorithm are all inside the

spot. The curve evolution results are shown in Figure 4B. The

TABLE 1 Standard deviation of coordinate x and coordinate y resulting from different methods.

Algorithm Group1 Group2 Group3 Average

x y x y x y

Ours 0.140 0.024 4.806 2.745 4.174 2.406 2.383

Circular curve fitting 0.388 0.079 24.993 2.679 6.468 2.632 6.207

Gray scale centroid 0.176 0.076 5.574 2.604 8.517 2.646 3.266

Hough transform 7.463 7.038 8.353 2.369 11.781 6.907 7.319

FIGURE 7
Experimental results under the moving spot position. (A): Horizontal direction; (B): Vertical direction; (C): Details in horizontal direction
experiment; (D): Details in vertical direction experiment.
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image is segmented according to the closed curve, and the

grayscale center of mass is calculated again for the interior of

the curve to obtain a more accurate center position.

Experiment and analysis

In this section, we design several sets of experiments and

compare our method with the Hough transform method, the

circular fittingmethod, and the grayscale center-of-mass method.

The data used in the experiment comes from the real laser spot

image we collected, in which the laser model is MSL-FN-532 and

the size of the CCD camera is 2456 × 2048 pixels, The shooting is

done on an optical platform.

Experimental data

Since the real data do not have a priori coordinate position

information, we designed five sets of experiments to verify the

performance of the algorithm. The experimental images are

shown in Figure 5. When taking the first three sets of images,

the laser and the camera remain relatively fixed. The first

group contains nine pictures, taken at different time points;

The second group contains nine pictures, and the laser spot

has different sizes by adjusting the beam expander; The third

group contains five images, and by changing the attenuation

ratio, laser spots of different powers are generated; The fourth

group contains 8 images, with the laser moving horizontally as

they were taken; The fifth group also contains 8 images, with

the laser moving vertically. Theoretically, the position of the

laser spot in the first three groups of images is fixed, and we

evaluate the performance of each method by the repeatability

of the calculation results of each method. For the latter two

sets of images, although the laser can be displaced with high

precision on the optical table, we cannot guarantee that the

camera is perfectly level. Considering that the trajectory of the

laser center coordinates is a straight line, we calculated the

linear fitting ability of the calculated results of each method.

Specific graphs and data are given below with detailed

analysis.

FIGURE 8
Results of fitting straight lines with different methods. (A): Results of our method in horizontal direction; (B): Results of Circular curve fitting
method in horizontal direction; (C): Results of Gray scale centroid method in horizontal direction; (D): Results of Hough transform method in
horizontal direction; (E): Results of our method in vertical direction; (F): Results of Circular curve fitting method in vertical direction; (G): Results of
Gray scale centroid method in vertical direction; (H): Results of Hough transform method in vertical direction;

TABLE 2 The Residual sum of squares of the results under different
methods.

Algorithm Group4 Group5 Average

Ours 3.1 1.569 2.335

Circular curve fitting 9.915 20.034 14.975

Gray scale centroid 8.19 4.521 6.356

Hough transform 467.909 137.655 302.782
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Repeatability

The localization results of different methods can be seen in

Figure 6. Figures 6A–C show the coordinates calculated by each

method. The results show that the method based on the Hough

transform is the least effective, and it calculates the coordinate

positions very randomly. The effect of the circular arc fitting

method is unstable, and in Figure 6B, its results have a large

deviation in the x-direction. The performance of the gray

centroid method is better, and it calculates the coordinate

positions more centrally, which is very close to the effect of the

method in this paper, we use standard deviation for quantitative

analysis and the results are given by Table 1. The standard deviation

reflects the degree of dispersion of the data, and when its value is

smaller, it means that the data ismore concentrated. FromTable 1, it

is easy to see that themethod in this paper performs the best, and the

standard deviation of themethod in this paper is reduced by 27% on

average compared with the traditional gray centroid method.

Linear fitting ability

In this section, the accuracy of different methods is examined by

measuring the laser spot centers at different locations. The results of

the experiments are shown in Figure 7. We have drawn the

visualized paths on the coordinate system. It is easy to notice

from Figures 7C,D that the results of Hough transform still look

the worst and other method s need to be compared quantitatively.

Because the laser’s travel path is straight, we perform a linear

fit on the results of each algorithm, and the fitting results are

shown in Figure 8. When the laser is moved horizontally, the

fitting results of different methods are shown in Figures 8A–D.

When the laser is moved vertically, the fitting results of different

methods are shown in Figures 8E–H. The fitting ability of

discrete points can be expressed as Residual Sum of Squares.

The smaller the sum of squared residuals, the better the data fit,

i.e., the closer the coordinate points are to the true laser spot

movement path. For the first row of Figure 8, The laser moves

horizontally, the residual at each point is the distance from the

point to the vertical of the fitted line. Similarly, in the second row,

the residual is the horizontal distance from the point to the fitted

line. The detailed calculation results are given in Table 2.

From Table 2, we can intuitively see that our method fits

the best, this means that each coordinate is very close to the

trajectory of the laser’s movement. The gray centroid method

is the second most effective. The residual sum of squares of the

Hough transform is the largest. According to the data in

Table 2, Our method reduces the residual sum of squares

of the results calculated by the gray scale centroid method by

63.3%, which shows that our method is effective.

Conclusion

This paper focuses on researching the effectiveness of

image segmentation based on Chan-Vese model for laser

spot center localization. In order to improve the

segmentation accuracy, two improvements are made. First,

we added image pre-processing to denoise the image using two

layers of wavelet decomposition. Second, we improved the

initialization coordinates of the level set curve, which drives

the evolution of the curve from inside the laser spot. We

selected three classical algorithms for comparison, among

which the traditional gray centroid method significantly

outperformed other algorithms in our dataset. Therefore,

we combine our work with the gray scale centroid method

and find that it can further improve the accuracy and stability

of laser spot positioning, which proves that the image

segmentation method based on Chan-Vese model can be

applied to laser spot center detection, it provides an idea

for method improvement.
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Edge GPU cluster processing
system for laser interference
image collection

Dajun Chang1,2 and Li Li1*
1College of Computer Science and Technology, Changchun University of Science and Technology,
Jilin, China, 2School of Electrical Information, Changchun University of Architecture and Civil
Engineering, Jilin, China

In order to realize the real-time processing and communication of multi-laser

interference images, a GPU cluster processing system for laser interference

images was designed. The measured target was illuminated by multiple lasers,

and the image information of the multi-laser interference fringes was obtained

by the CCD. The data of laser interference images fromCPUwas transmitted by

the GPU cluster, and the image feature recognition and transmission were

completed through the cluster image processingmodule. Amulti-channel laser

interference image transmission algorithm was designed by the multi-core and

multi-buffer (MCMB) algorithm. In the experiment, the laser interference

images were collected by the CPU, and then the real-time communication

of multi-channel images data was completed by the GPU cluster. The packet

loss rate experiment showed that when the data traffic reached 110, the data

was lost with the traditional UDP communication algorithm, and the slope of

the fitting curve was 0.6,053. When the data flow reached 160, the data was lost

with MCMB algorithm, and the slope of the fitting curve was 0.2,181. In contrast,

the GPUoccupancy of this algorithmwas improved, and it was still not saturated

at 210 data streams. In a word, the system has better optimization effect in real-

time processing and communication of multi-laser interference images.

KEYWORDS

laser interference image, GPU cluster, MCMB, data packet drop rate, GPU resource
occupancy rate

Introduction

Spectral analysis of laser is an important method to analyze target features [1]. The

analysis and recognition of laser interference images are used in many fields, such as laser

warning, drug identification, and so on [2]. If a large amount of information can be

quickly and accurately classified and communicated, it will be very practical.

With the continuous development of computer science and technology in recent years, its

application has become more and more extensive in laser spectrum analysis and laser

information processing [3–6]. The data mining technology for laser interference fringes

can improve the processing capability of the system. According to the characteristics of

frequency and amplitude of the laser interference images, the effective identification of similar

targets and the suppression of similar noises can be realized. For the classification of laser
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interference images, algorithms such as machine learning [7], deep

learning [8], and adaptive parameter adjustment [9] can be used. Liu

Xuan et al. [10] used machine learning algorithms to classify and

identify hyperspectral vegetation data, and the obtained band

characteristic interval provided data support for agricultural

vegetation evaluation. The spectral resolution of the system was

5.0 pm, and it took 13.6 s to complete the spectral image

transmission of the entire area. The main reason for the slow

speed was the large amount of image data transmission. Yuan

Shuping [11] used data mining technology to classify laser

spectrum data, and greatly improved the classification speed

through multi-node parallel processing. It worked well for

fluorescence feature data, but for image data, the parallel

communication speed was still limited. Yu Xiaoya et al. [12]

completed the classification and recognition of algae images by

partial least squares algorithm, and its average accuracy rate was over

80%. This method has a good effect on the acquisition of laser

interference images, but when there are many features of the laser

interference images, the recognition accuracy will drop significantly.

Reference [13] proposed a network layering method, which was

dynamically divided according to the resource situation of the

terminal equipment. Due to the powerful computing power of

GPU (Graphics Processing Unit), it had been widely used in

laser interference images, artificial intelligence and other fields.

According to this design idea, the paper applied the GPU cluster

to the fast processing and communication of a large number of laser

interference fringe images. Reference [14] used the efficient packet

processing capability of DPDK (Data Plane Development Kit [15])

to implement a packet capture system, which greatly improved the

data processing capability of the system. For a large amount of laser

interference images data, the use of GPU cluster computing can

improve the real-time computing capability of the system [16]. GPU

cluster has the advantages of strong data processing capability and

fast speed. And compared with multi-channel communication, it

can also realize the reasonable allocation of core processing system

resources according to the data flow state. In order to improve the

data processing and communication capabilities of GPU clusters

andmeet the fast processing requirements for a large amount of laser

interference images data, the GPU cluster processing and

communication transmission system was proposed based on data

stream processing. The efficient transmission of laser interference

images data stream had been realized by the system.

System design

The system consists of two parts, the laser interference fringe

acquisition module (module A) and the GPU cluster processing

module (module B). The laser interference fringes can be dynamically

collected in real time by module A. When the multi-laser signals are

mixed into the interferometer, the CCD sensor at the end will collect

the corresponding interference fringe image. With the increase of

time, the system can obtain a large number of interference fringe

images, which constitute the laser interference image dataset. These

data can be used for analysis of the laser signal. Images data can be

quickly classified, identified and transmitted in real time bymodule B.

The system structure is shown in Figure 1.

As shown in Figure 1, the driver to complete the scanning

of the laser intensity and wavelength is controlled by CPU, to

realize the wide-band dynamic scanning of the target area.

Any material, structure, et c. Whose spectral properties need

to be obtained can be the target to be measured. The laser

interference images data stream frommodule A is entered into

the GPU cluster. When the laser irradiates the target, the

diffusely reflected light will be received by the optical system.

In order to obtain better laser interference images, multi-

channel lasers were used to get interference fringes, so that it

can reduce the impact on image processing and

communication quality analysis. The optical system

converges and collimates the incident light, making it more

coherent. The light emitted from the optical system enters the

interferometer, thereby forming an interference fringe image,

which is imaged on the CCD sensor. The image is transmitted

to the GPU cluster through the CPU, and the extraction of

image features and data analysis are completed in the cluster

operation. Finally, the signal is sent to the end user through

the wireless reflection module. The innovation in the

architectural design of this system is to match the

processing power of the GPU cluster with a large number

of laser interference fringe images. In the matching process,

edge computing was used to realize the self-organization of

terminal contacts, so as to optimize the data flow distribution

in the process of laser interference fringe image

communication.

Principles of the system

Laser interference images

The Fourier transform interferometer was used to complete

the fast spectral analysis of the incident laser light. The

interference module can generate two beams of coherent light,

and control the optical path difference to make them interfere,

thereby obtaining interference images. The Fourier transform

interferometer was realized by frequency demodulation.

Assuming that the incident laser wave number is v, it is

irradiated on the beam splitter (BS) plate with reflectivity r and

transmittance t. The optical path difference of the two beams is l,

so the interference spectrum image can be expressed as

{ I(l, v) � 2RTB0(v)(1 + cosφ)
φ � 2π × v × l

(1)

Among them, R = r·rp, which is the reflectivity of BS. Bo 5) is

the incident beam intensity, and v is the wave number. T = t·tp,
which is the transmittance of BS. After the laser was selected, v
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became a constant, so after substituting the constant, the

independent variable was only l. The light source is usually an

extended-spectrum light source in practical applications. It can

be seen that in the full spectrum range, the interference images

should be the integral of all wave numbers, and it is

I(l) � ∫∞

0
B(v) cos(2πvl)dv (2)

Among them, B (v) = 2RTBo(v), which is the light source

intensity obtained by correcting various influences. The above

formula represents an input beam, which wave number is v after

passing through the interferometer. So the image surface curve of

the relationship between strong I(l) and optical path difference

can be calculated. When the optical path difference of the two

beams of light is Δ = (Z1-Z2), Z1 and Z2 represent the optical

path distances of the laser light in the two directions in the

interferometer, respectively. The light intensity measured by the

detector is the sum of all frequency light intensities, which is

IR(Δ) � 2TR[∫∞

0
E2
0(σ)dσ + ∫∞

0
E2
0(σ) cos(2πσΔ)dσ] (3)

Among them, R is the reflectance and T is the transmittance.

Because the interference images are a real even function, the

cosine change is changed to a Fourier change, and the final

spectral intensity is

B(σ) � ∫∞

−∞
I(Δ)e−i2πσΔdΔ (4)

Then the interference images can be obtained by

I(Δ) � ∫∞

−∞
B(σ)ei2πσΔdσ (5)

GPU cluster

From the perspective of hardware architecture, the GPU cluster

only connects the GPU as a peripheral device through the high-speed

PCI bus to the inside of the node. The addition of GPU makes the

cluster presentation node’s internal computing resources

heterogeneous. Since the GPU not only has computing resources

that are heterogeneous to the CPU, the data transfer between the

CPU and the GPUmust be performed explicitly under the control of

the CPU. As a computing resource for multi-scale data parallel

computing, GPU clusters have multi-level parallel computing

capabilities. GPU clusters can not only support single-program

multi-data and multi-program multi-data computing capabilities

of conventional granularity, but also support more fine-grained

large-scale data-oriented single-program multi-data and single-

instruction multi-data computing capabilities. It provides powerful

large-scale data parallel processing capabilities to the cluster.

Since a large number of images data streams are generated

during the real-time acquisition of laser interference images, it

has significant advantages that the use of GPU clusters to classify,

identify and communicate laser interference images.

Algorithm design

Data transfer protocol

The data of the laser interference images data stream was

composed of a steady stream of numerical matrix data, including

a large number of floating point numbers. In order to reduce the

overhead of the data to be transmitted and realize the rapid

classification and communication transmission of laser

FIGURE 1
Laser interference images data processing system based on GPU cluster.
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interference images, a message-based data transmission protocol

was designed to reduce the amount of data, and according to the

content of the protocol, the receiving end can directly obtain it

with only one time.

The system maintained multiple cyclical laser interference

images data stream buffers, and the number of buffers was

dynamically adjusted with the changes of the laser

interference images data stream. The circular data stream

buffer was used to cache the laser interference images in a

classified manner, and the images of each frame belonged to

the processing cycle. DPDK used the memory pool to manage the

data. After the data received, the received core applied for the

object from the memory pool. After completing the data

encapsulation, it cached the data packet to the write data

packet according to the data packet identifier and processing

cycle. In the cache line corresponding to the pointer, each frame

was processed for a data stream with the same processing cycle.

After the data was buffered, the communication was in a one by

one correspondence with the buffer table of the data stream.

MCMB algorithm

In order to reduce the occupation of shared resources and

improve the efficiency of data processing, the affinity of the data

flow and the core was set. The data packets belonging to the same

data flow were handed over to the designated core for processing.

Among them, each forwarding core managed a circular laser

interference images data stream buffer, which was responsible for

forwarding the laser interference images in the managed buffer,

and the selection of multi-frame images was dynamically selected

according to the load balance of the ports. Thus, MCMB was

constructed, and its flow is shown in Figure 2.

L1 and L2 represent two adjacent laser interference

images, and T represents the sampling time for collecting

the laser interference images. Z represents the data flow trend

line, which is quantitatively analyzed by GPU work resource

occupancy. And according to its size to increase or decrease

the data flow control. N0 represents the amount of image

feature difference, which is used to measure the total amount

of feature data in the image. Imax represents the feature data

amount of the laser interference image including the most

feature data. The acquisition unit completed the acquisition of

the interference fringe image data stream from the CCD, and

performs matching calculation on the two images whose time

interval was T. When the trend function Z > 0, increase the

data flow. Conversely, when the trend function Z < 0, the data

flow is reduced. This enables real-time adjustments to the data

flow. The difference calculation was performed on the two sets

of interference fringe image data, and the interval range was

judged. When it was between (0, N0), it was directly reserved

and output. When it was between (N0, Imax), reduce the

buffer and put the core processing unit to sleep.

Experiments

Acquisition of laser interference images

Under laboratory conditions, real-time interference image

processing and communication were performed for the

aliased spectral data of three lasers at 639.1 nm, 654.5 nm

and 660.1 nm. Different lasers entered the irradiation window

at the same time through different pigtails, and then the

beamforming and collimation module completed the

optical path shaping. A Fourier transform interferometer

FIGURE 2
Flow chart of multi-buffer algorithm based on GPU cluster.
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was fixed at 4 cm from the output end, and an imaging

lens was installed between the output end of the

interferometer and the camera to focus the interference

fringe image on the CCD sensor. The experimental

structure is shown in Figure 3.

The aliasing spectrum is calibrated with a Q8344A

spectrometer. The laser spectrum curve is shown in Figure 4.

From Figure 4, although the interference fringes entered the

CCD sensor at the same time, there was a certain aliasing

phenomenon, but the position of the main laser peak after

inversion could still be easily identified, and the optimal

response value was about -37.6 dB.

Data streaming test

In order to verify the performance of the scheme, eight

ordinary servers were used to simulate eight channels of laser

interference images to transmit data streams in real time. Three

computer nodes were used to build a GPU cluster, and each node

was configured with a gigabit network card. Each server can

simulate multiple terminal devices at the same time. The GPU

cluster was built by computing nodes with GPUs installed. The

number of computing nodes in the cluster can be adjusted

according to changes in the number of terminal devices in the

actual application scenario. The traditional UDP (User Datagram

Protocol) algorithm was selected to compare with MCMB

algorithm. Comparing the algorithms applicable to different

systems can characterize the pros and cons of the algorithms

from the program running effect. In the next section, we will also

compare the resource usage of hardware modules. When the flow

of the data stream was continuously increased, the test result of

the data packet drop rate is shown in Figure 5. At the same time,

the GPU resource occupancy rates of the traditional

communication algorithm and the optimized communication

algorithm were compared, as shown in Figure 5.

In Figure 5, when the number of data streams exceeded

110 by the traditional UDP algorithm, packets started to drop

during the transmission of images data. With the further increase

of data traffic, the packet loss rate also increased. The change of

the test curve is close to linear, which shows that the data

communication capability of the system has reached its limit.

As the data flow continues to grow, the number of lost packets

will also increase linearly. The calculation shows that the fitting

curvature of the curve is 0.6053. When the number of data

FIGURE 3
Laser interference image acquisition system.

FIGURE 4
Three sets of laser spectrum calibration curves.
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streams exceeded 160 by theMCMB algorithm, packets started to

drop during the transmission of images data. Its packet loss curve

is also close to linear, and the curve fitting curvature is 0.2181. It

verifies that the improved algorithm has lower packet loss rate

and stronger communication ability. In Figure 5, the GPU

occupancy ratios on the three data nodes using the traditional

method are significantly different, and the resource occupancy

ratio of the third node is relatively high. As the data traffic

increases, the third node overflows when the traffic reaches

between 150 and 180, resulting in significant packet loss. After

the optimization of this algorithm, the GPU occupancy

difference of the three nodes is very small. They evenly

distribute the total amount of data flow across the three

nodes. When the data traffic reaches 210, the GPU occupancy

rate of the three nodes reaches more than 95% without overflow,

which avoids packet loss caused by excessive data traffic. At node

3, many data streams passed through this place, so the

communication pressure was high and the resource occupancy

rate was high. This also shows that when the communication

network data flow is not evenly distributed, it will lead to a

decrease in communication capacity.

Analysis of packet loss rate and load status

In order to verify that the GPU cluster can greatly improve

the data transmission capability of laser interference images, a

comparison test was carried out with the communication unit of

FIGURE 5
Data streaming test.

FIGURE 6
Packet loss rate and CPU load for two methods.
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a single processor. The number of image data streams was

increased from 100 to 800, and the packet loss rate and CPU

core load status of the system were recorded for each additional

100. The test results were shown in Figure 6.

As shown in Figure 6, the test results of a single processor

showed that when the data flow exceeds 520, the CPU load

increased significantly. When there were more than 550 data

streams, the CPU load basically remained around 99.5%. At the

same time, the packet loss phenomenon occurred in the system,

and the packet loss rate increases with the increase of the number

of data streamed, reaching 24.6% in 800 data streams. As shown

in Figure 6, the test results of the GPU cluster showed that there

was no packet loss during the entire process from 100 to 800 data

streams. After the load of each CPU in the system was increased

by more than 60%, the data processing task was redistributed, so

that the original CPU load was gradually reduced. When the

offload of data processing was increased, the average CPU load

was only 43.2% at 800 entries.

Conclusion

Aiming at the problem of fast processing and

communication, a multi-laser interferometric image real-time

processing and communication system was proposed based on

GPU cluster. The multi-core multi-buffer algorithm was

designed to improve the resource allocation of multi-nodes. It

is a certain contribution to the resource optimization problem of

simultaneous processing of multiple data streams by the GPU

cluster design and improved algorithm proposed in the paper.

The feature of the paper is to apply the image synchronization

processing capability of GPU cluster to feature data extraction

and real-time data communication of multi-laser interference

images. However, it did not discuss the attenuation effect of the

optical structure of the system on signals of different

wavelengths, and the corresponding correction parameters of

the GPU cluster. It will also be the main content of further in-

depth research in the later stage of the thesis.
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Satellite laser ranging at
ultra-high PRF of hundreds of
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Satellite laser ranging (SLR) had been operated at a pulse repetition frequency

(PRF) from ~10 Hz to 10 kHz; the ultra-high PRF of SLR (UH-SLR) is a trend of

development. In this study, an alternate working mode of laser firing and gated

pulse bursts is proposed to solve the problem of laser echo interference by laser

backscattering. Through an ultra-high PRF of 200-kHz picosecond green laser

with single-pulse energy of 80 μJ and a pulse width of 10 ps and a ranging gate

device, UH-SLR has been built by an aperture of the 60-cm SLR system in the

Shanghai Astronomical Observatory. By this UH-SLR, low-orbit to high-orbit

and geostationary orbit satellites are measured night and day and also for low-

orbit and medium-orbit satellites in the daytime. The normal point (NP)

accuracy is ~30 μm for low-orbit satellites and ~100 μm for high-orbit

satellites, which provides an effective method for the development of ultra-

high PRF and high-precision space target laser ranging.

KEYWORDS

satellite laser ranging (SLR), picosecond laser, laser backscatter, pulse bursts,
ultra-high pulse repetition frequency

Introduction

Satellite laser ranging (SLR) is applied to acquire the distance from satellites to ground

stations with the time-of-flight measurement [1–4]. Its ranging accuracy is up to a

millimeter or even more, which is a key source of information for satellite geodes [5–10].

A precise orbit determination (POD) can be obtained by SLR [6]; it is an original

contribution to testing and verifying relativistic physics [11]. The post-fit root-mean-

square residuals of the POD were 8.81 cm with 49 normal points (NPs) for Quasi-Zenith

Satellite 1, and also, the corresponding three-dimensional orbital overlap error for 4 days

was 160.564 m [10]. At present, the picosecond laser plays an important role in SLR. The

pulse repetition frequency (PRF) of the kilohertz (kHz) picosecond laser was more widely

used to provide more ranging measurement data and higher ranging accuracy [3, 6, 9].

The high PRF of laser ranging has the characteristic of a fast target search; it can increase

the number of echoes within the ranging measurement NPs to obtain higher precision, so

it has been rapidly developed [2, 3, 12–17]. In 2018, the Shanghai Astronomical
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Observatory (SHAO) analyzed the ranging data to show that

the NP ranging accuracy at a PRF of 4 kHz was about

2.62 times higher than that of 1 kHz [12]. In the following

year, the 10-kHz laser ranging from a low orbit to a

geostationary orbit was realized by upgrading the laser and

distance gate device [3].

The ultra-high PRF (above 100 kHz) of SLR (UH-SLR) is

mainly realized by pulse bursts and the single-photon detector

(SPAD). A small fiber nanosecond laser was used to achieve a

PRF of 100 kHz UH-SLR, whose measured range was up to

20,000 km, and the NP ranging accuracy was 5~15 mm; this

ranging system size was only 1.8 × 1.2 × 1.6 m with a weight of

200 kg [14, 15]. At the Global Technology Conference organized

by the International Laser Ranging Service (ILRS) in Stuttgart, D.

Dequal analyzed the NP ranging accuracy at a PRF of 100 kHz.

UH-SLR was expected to be at a sub-millimeter level [16]; after a

few years, they had realized 100 kHz UH-SLR [17]. The SLR

station in Graze reported a PRF of 500 kHz UL-SLR, and a few

years later, they achieved a PRF of 1 MHz UH-SLR in 2021 [2]. A

PRF of 100 kHz lunar laser ranging was built by Vladimir Zharov

in Russia to obtain a sub-millimeter ranging accuracy. The

aperture of the telescope was 2.5 m with 150 W in a PRF of

150 kHz pulse laser [18]. However, for UH-SLR, the laser

backscattered (LBS) under laser transmission in the

atmosphere very easily interferes with the laser echoes, which

increases the difficulty of laser echo identification [19]. In this

study, pulse bursts in the alternating mode are proposed to solve

the question of the LBS, and also, the SPAD with low noise

worked in the Geiger mode.

Analysis of the SLR detection ability
and ranging accuracy

The radar link equation is the basis of evaluating the

measurement capability for the SLR system; the equation is as

follows [20]:

n0 � 16
π2
•
ληq
hc

•
EtArAs

R4θ2t θ
2
s

•T2•Kt•Kr•α, (1)

where n0 is the average photo-electrons produced by laser echoes

from satellites, λ is the wavelength of the laser, h is the Planck’s

constant, c is light velocity, ηq is the quantum efficiency of the

SPAD, Et is single-pulse laser energy, Ar is the effective receiving

area of the telescope, AS is the reflection area of the reflector, T is

the laser transmission efficiency in the atmosphere, Kt is the

efficiency of the transmitting optical telescope, Kr is the efficiency

of the receiving optical telescope, α is the attenuation factor, θt is
the divergence of the laser beam, θt is the reflector divergence

angle on satellites, and R is the distance from ground stations to

satellites. When the SPAD detects background and dark noise,

the laser echoes from satellites will not be detected, so the

detection probability of the laser echoes from the satellite is as

follows:

P(0, n0) � e−(n1+n2)(1 − e−n0 ), (2)

where n1 is the background photon noise and n2 is the dark

photon noise by the SPAD. It can be seen from the

aforementioned formula that in order to improve the

detection probability of n0, n1 and n2 should be reduced.

FIGURE 1
Time sequence of the alternated working mode for laser emission and the SPAD triggered (A) and pulse burst periodic signal (B) by the RGD.
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Under the PRF of f and combined with the radar link (1), the

average number of laser echo points N per unit of time is as

follows:

N � fe−(n1+n2)(1 − e
− 16
π2
•
ληq
hc •

EtArAs
R4θ2

t
θ2s
•T2•Kt•Kr•α) (3)

From the aforementioned formula, in order to increase the

average number of laser echo points N, the PRF of laser ranging

should be increased. At the same time, supposing N is constant,

increasing the PRF can reduce the single-pulse energy of the laser

or the effective receiving area of the system, so a small-aperture

telescope and a low-pulse energy laser with a high PRF can be

used for SLR, like the minimal SLR system in [14].

The single-ranging accuracy of the SLR system is estimated as

follows [14–17]:

σsingle �
���������������������
σ2L + σ2D1 + σ2

D2 + σ2ET + σ2S

√
(4)

σL is the time deviation caused by the pulse width of the laser,

σD1 is the deviation of opening time with the SPAD gate, σD2 is
the deviation of SPAD closing time of the gate, σET is the event

timer response deviation, and σs is the impulse response

deviation of the ranging target. At present, the ILRS uses NPs

to reflect the ranging accuracy, and the calculation formula is as

follows [12, 17, 20]:

σ � σsingle��
N

√ , (5)

where N is the number of data points in the NP duration time,

which is defined by the ILRS (https://ilrs.gsfc.nasa.gov/data_

and_products/data/npt/index.html). From Eq. 5, it is

observed that the PRF of raised SLR can increase the

number of echoes in N so that a higher NP ranging

accuracy can be obtained.

System construction of UH-SLR and
the result

Under UH-SLR, because the PRF is up to 100 kHz (the space-

time of laser pulses is 10 μs), the space-time between the laser

pulses is short. The LBS from the laser pulse transmission in the

atmosphere is relatively strong, and also, the continuing time of

the LBS would be more than 10 μs. If the SPAD is opened at the

continuing time of the LBS, on one hand, it is easy to cause the

SPAD to be saturated and damaged; on the other hand, the LBS

will interfere with the laser echoes from satellites; when the SPAD

detects photons from the LBS, photons from laser echoes cannot

be detected, which will increase the identification difficulty for

SLR [19]. The LBS will be avoided in our mode of alternating

pulse bursts. The working mode is shown in Figure 1A. The laser

FIGURE 2
Diagram for the UH-SLR system.
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outputs pulse bursts, and it stops from a ranging gate device

(RGD). Since the output of the laser has stopped, the SPAD is

turned on to collect laser echoes from satellites; therefore, it

avoids the interference of the LBS. After the SPAD receives the

laser echoes, it then stops working, while at this time, the laser

would be emitted, so this cycle repeats again; it is shown in

Figure 1B.

In Figure 1A, the maximum continuous working time of the

trigger signal for pulse bursts is as follows:

Δt1 � 2L
c

(6)

where c is the speed of light and L is the distance between the

satellite and the SLR station, which varies with the azimuth and

elevation of the satellite. The maximum number of pulses emitted

from the laser is as follows:

NL � 2L
cT

(7)

where T is the period of the laser PRF; at this time, there is no

external trigger signal within △t2, so the laser pulse is not

emitted; however, the SPAD is turned on by the gate pulse

burst signal from the RGD. The continuous working time △t3
of the corresponding SPAD is equal to△t2, and△t2 is equal to

△t1, so the pulse burst period TL of the laser output is as

follows:

TL � Δt1 + Δt2 � 4L
c
. (8)

For satellites with different orbital distances, the

corresponding pulse burst periods can be obtained from Eq. 8.

For example, for a satellite with a distance of 37,500 km from the

SLR station, the pulse burst period TL will be 500 ms, the

FIGURE 3
SLR system: (A)aperture of 60 cm at the SHAO (mountain of SheShang in Shanghai city); (B) software for UH-SLR.
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alternating frequency is 2 Hz, and the maximum time of pulse

emission within the corresponding burst is 250 ms; for a PRF of

200 kHz, T is 5 μs, so the maximum number of pulses emitted

from the laser is 50,000. In the actual ranging process, the satellite

distance is changed, so TL would be changed. For different

satellite orbit prediction distances, the repetition frequency of

the pulse bursts and the number of pulses in the bursts can be

calculated according to Eqs 7 and 8. We design an RGD for our

UH-SLR using this. The pulse burst periodic signal of

geostationary orbit satellites is generated by RGD, as shown in

Figure 1B; waveform 1 is the pulse bursts of the laser ignition

signal generated by Eq. 7, and waveform 2 is the SPAD trigger

signal generated by Eq. 8; the interval between pulses for

waveform 1 and 2 is 5 μs.

Taking the SLR system at the SHAO as a platform with the

basic framework of laser ranging in [21], the block diagram of

UH-SLR is shown in Figure 2.

In Figure 2, the satellite orbit prediction parameters are

downloaded to the controlling software of the computer, and it is

converted to a controlling command for the servo system, which

controls the telescope mount to track the satellite with an accurate

feedback track from the grating encoder. The satellite would be

monitored by the receiving system’s monitoring charge-coupled

device (CCD). At this time, the laser is ignited by the burst fire of

pulses from the RGD, through the coupé optics and transmitting

system to the satellite, and also, the laser pulse is processed by using a

photoelectric detector, and it is sent to the event timer (ET). The ET

(USB, A033 origin Latvia) would start to record and send the start

time of laser pulses t1 to the computer. Bursts of gate pulses from the

RGDwould be sent to the SPAD (by East China Normal University,

China). Spectral filtering (0.15 nm) and spatial filtering are

performed to reduce background noise. When the laser pulses

are emitted, the SPAD is turned off, and when the SPAD is

turned on, the laser pulse would be stopped; thus, it realizes the

alternating mode of pulse burst sending and receiving. The laser

echoes pass through the receiving system to the SPAD, and the

return time t2 is obtained by the ET. Altogether, the RGD, computer,

and ET are provided high precision time from the GNSS′ clock.

FIGURE 4
Measurement data processing for the satellite Jason3 (A), Glonass105 (B), Compassi5 (C), and Lageos2 (D) with UH-SLR at the SHAO.
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Considering the delay of△t0 from the UH-SLR system, the range of

satellite R is as follows:

R � (t2 − t1 − Δt0)•C
2

. (9)

A PRF of the 200-kHz picosecond laser is used, the average

output power of the laser is 16 W, the single-pulse energy is 80 uJ,

and the pulse width is 10ps. Based on the aperture of the 60-cm

SLR system at the SHAO (as shown in Figure 3A), the UH-SLR

system is established; UH-SLR software is shown in Figure 3B.

Under the coordinated universal time (UTC) in the SHAO,

satellite measurement data processing with satellites Jason3 in

the low orbit, Glonass105 in the high orbit, and Compassi5 in the

geostationary orbit, Lageos2 is ~6000 km away, as shown in

Figure 4, respectively. The satellite Lageos2 (Figure 4D) is

measured in the UTC time of 8:42:04; this is daytime for the

SHAO in the east eight time zones. The laser echoes in Figure 3

show that the SPAD operates in an alternate way, and it reflects

the alternate mode of sending and receiving pulse bursts.

Many satellites are measured during the night and daytime, as

shown in Table 1; a part of the global navigation satellite system for

Russia (Glonass), China (Beidou), and Europe (Galileo) ismeasured,

especially the satellite Compassi5, which is about 37,000 km away.

The single-ranging accuracy root mean square (RMS) is around

1 cm. The best NP ranging accuracy is 29 um with the satellite of

Stella, and the satellite of Glonass132 is up to 113 μm. Compared

with the NP ranging accuracy of the fiber nanosecond laser [15, 16],

it achieves an order of magnitude improvement, which shows the

advantages of a picosecond laser in UH-SLR.

Conclusion

According to the radar link equation, the relationship between

the average number of laser echoes, PRF, and the echo detection

probability per unit of time is obtained. The SLR transmission time

period with UH-SLR is separated from the laser echoes to solve the

LBS interference; UH-SLR is achieved at the SHAO with a

picosecond laser and RGD. Low- to high-orbit and geostationary

orbits are measured night and day, and Lageos1 (about 6,000 km far

away) is realized in the daytime. The NP ranging accuracy is up to

29 μm for low-orbit satellites and 113 μm for high-orbit satellites.

Through the research and experiment in this study, pulse bursts in

the alternatingmode will become an effectivemethod to realize UH-

SLR, which strongly promotes the development and application of

laser ranging technology.

TABLE 1 Ranging data results for satellites from the UH-SLR system at the SHAO.

Num Satellite name Points RMS (cm) Num of NP Num of NP
(mm)

Orbit

1 Stella 221,532 0.69 4 0.029 Low

2 Hy2b 522,403 0.81 8 0.032 Low

3 CryoSat-2 513,359 0.9 8 0.036 Low

4 Starlette 358,812 0.97 5 0.036 Low

5 Geoik2 95,496 0.98 2 0.045 Low

7 Ajisai 203,465 1.59 2 0.050 Low

8 Hy2c 10,306 0.7 1 0.069 Low

9 Beacon 334,495 1.81 5 0.070 Low

10 Lageos2 60,077 1.01 4 0.082 Medium

11 Glonass132 6,171 0.89 1 0.113 High

12 Glonass106 9,786 1.31 1 0.132 High

13 Galileo203 8,401 1.27 1 0.139 High

14 Galileo210 4,747 1.1 1 0.160 High

15 Jason3 22,649 1.07 7 0.188 Low

16 Glonass105 9,736 2.03 1 0.206 High

17 Lageos1 10,381 1.23 3 0.209 Medium

18 Glonass133 8,712 2.17 1 0.232 High

19 Glonass128 2,267 1.2 1 0.252 High

20 Galileo218 5,154 0.98 8 0.386 High

21 TerraSAR-X 236 0.66 1 0.430 Low

22 Glonass134 539 2.78 1 1.197 High

23 Glonass121 334 1.84 2 1.424 High

24 Compassi5 202 3.87 1 2.723 Geostationary
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With the increase of point cloud scale, the time required by traditional ICP-

related point cloud registration methods increases dramatically, which cannot

meet the registration requirements of large-scale point clouds. In this paper, a

fast registration technique for large scale point clouds based on virtual

viewpoint image generation is studied. Firstly, the projection image of color

point cloud is generated by virtual viewpoint. Then, the feature is extracted

based on ORB and the rotation and translation matrix is calculated. The

experimental results show that the registration time of the proposed method

is about 1s when the size of the point cloud is from 300,000 to 2 million, which

is improved by 17–258 times compared with the traditional ICP registration

method, and the registration error is reduced by 80% from ICP 5.0 to 1.0. This

paper provides a new idea and method for large-scale color point cloud

registration.

KEYWORDS

point cloud, registration, virtual viewpoint, ICP, ORB

Introduction

The optical 3D sensor based on structured light illumination is affected by the

limitation of the depth of field and the range of field of view of the lens as well as the self-

occlusion of the object. It needs to conduct multi-angle point cloud imaging of the

measured object, and then unify the point cloud data to the global coordinate system

through point cloud registration [1, 2], so as to obtain the complete 3D point cloud data of

the target object.

There are four main methods for point cloud registration: direct registration,

feature-based, deep learning and image-based. 1) Based on point cloud direct

registration, there are mainly ICP [3, 4], GO-ICP [5, 6] and other algorithms.

Theoretically, the accuracy is high, but when the scale of the point cloud is large,

the computation is too large, and the time is too long. 2) Feature-based point cloud

registration mainly includes PFH, FPFH, 4PCS and super-4PCS [7]. It is mainly limited

by the fact that the feature extraction algorithm cannot completely and accurately

describe the point cloud features, and the high computational amount and complexity
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of some feature extraction and description algorithms affect the

practical application of the registration algorithm. 3) Point

cloud registration based on deep learning [8–10] mainly

includes PointNet, PointNet+, PointNet++, PointNetLk [8]

and other network structures. Limited by the point cloud

disorder and no spatial structure, it cannot be sampled on

regular grids and processed as image pixels, and lacks color

information, deep learning can generally only be used to

process the relative positions of points, which limits the

application of this technology. 4) Based on the point cloud

registration of intermediate media such as image [3, 4, 11–13],

the projection image, optical image or depth map is used to

convert the 3D point cloud registration problem to the 2D

image matching problem, and the transformation parameters

between point clouds are indirectly calculated by using the 2D

image registration algorithm. Such algorithms often have high

timeliness and matching accuracy. However, most applications

do not have corresponding optical images or intensity images,

so there are certain limitations.

In this paper, large-scale color point cloud registration is

realized based on ORB feature extraction [14] and matching of

virtual viewpoint projection images. Firstly, the color image is

obtained by the color point cloud projection based on the virtual

viewpoint. Then, the ORB is used to extract the image features

and registration, and the rotation and translation matrix between

the virtual viewpoint images is solved. The rotation and

translation matrix are used to register the point cloud.

Experimental results show that, compared with ICP method,

the registration can be achieved with high precision without the

limitation of initial pose and rotation at any Angle. At the same

time, different from the ICP method, the registration time

increases with the increase of the size of the point cloud, the

registration time of the proposed method is about 1s, and the

registration accuracy is 20% of the ICP registration accuracy

FIGURE 1
Registration of the first two clusters of point clouds.

FIGURE 2
Virtual view imaging and feature extraction and matching of two cluster point clouds. (A) the virtual view image of Figure 1A, (B) the virtual view
image of Figure 1B.
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when the scale of the point cloud is 300,000 ~2 million. The

experimental results confirm that the virtual viewpoint based

large-scale point cloud registration technology proposed in this

paper can achieve high speed and high precision point cloud

registration. It provides a new idea for the registration of large-

scale point clouds.

ORB color point cloud fast
registration technology based on
virtual viewpoint

Rigid point cloud registration is essentially for the

transformation matrix between the two group of point cloud

clusters [R|t], in which R is rotation matrix, t is translation

matrix. This paper proposes a rapid image registration

technique based on virtual view images, will first XYZ color

point cloud images projected into 2d images in the Z axis

direction, and then use the ORB in the 2D image feature

extraction algorithm for matching feature points, then

according to the matching feature points by using SVD

decomposition or least square method to solve R, t matrix.

Finally using the transformation matrix [R|t] to coordinate

transformation of color point cloud, so as to realize two clusters

of color of point cloud registration.

Figures 1A,B show two clusters of colored point clouds before

registration, and the scale of point clouds is about 500,000 points.

The point cloud of Figure 1B is obtained by rotation and

translation of the point cloud of Figure 1A. Two group of

point cloud clusters to get Z axis direction projection

direction of the virtual view image (Figures 2A,B), according

to the virtual view + Z direction projection image, respectively,

using the ORB to feature extraction and feature matching to get

FIGURE 3
Registration results of two clusters of point clouds (A) registration results of point clouds (B) fusion results of two clusters of point clouds.

TABLE 1 Rotation and translation parameters of point cloud B.

The serial number Rotation(R) Translation(t)

1 Around the Z axis: 30° [-3.3, 1.0, -2.4]

2 Around the Z axis:60° [1.5, 1.9, 2.5]

3 Around the Z axis:90° [-0.5, -4.2, -2.7]

4 Around the Z axis:120° [4.1, -3.5, 3.3]

5 Around the Z axis:150° [0.4, 5.0, -4.2]

6 Around the Z axis:180° [-0.6, -3.9, 4.6]

7 Around the Z axis:210° [-4.9, 2.7, 3.2]

8 Around the Z axis:240° [3.7, -4.2, -1.0]

9 Around the Z axis:270° [-2.4, 3.0, -0.7]

10 Around the Z axis:300° [4.1, -3.2, -2.4]

11 Around the Z axis:330° [-3.5, -3.7, 3.7]

12 Around the Z axis:360° [0.8, 0.5, -3.6]

TABLE 2 Comparison of registration time and error of different
rotation and translation matrices.

Number
of point cloud

Time(s) Error (mm)

Our method ICP Our method ICP

1 0.92 26.72 0.79 36.16

2 0.84 33.57 0.97 107.6

3 0.79 32.01 1.75 132.46

4 0.77 34.83 1.88 156.15

5 0.76 29.84 2.41 194.45

6 0.80 28.85 1.86 198.68

7 0.80 30.16 2.44 194.25

8 0.77 33.56 1.56 156.18

9 0.88 29.61 1.48 132.83

10 0.76 32.9 1.27 107.11

11 0.86 29.35 0.35 36.05

12 0.92 11.53 0.62 0.53
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the rotation of the virtual view image translation matrix [R|t],

registration results as shown in Figure 2C.

The virtual view image to extract the [R|t] is applied to the

second point cloud clusters, the second point cloud clusters

rotating shift to make it and the first bunch of point cloud

registration and two clusters of point cloud registration after

image, the Figure 3A is the difference in two clusters of point

cloud registration after color figure, one orange said first point

cloud clusters, green said the second point cloud clusters.

Figure 3B is the color result after the fusion of two clusters

of point clouds. Direct observation can show that the point

cloud registration method based on virtual viewpoint proposed

in this paper can realize the registration of two clusters of point

clouds.

Comparison of ICP and ORB
registration results and registration
time under different angle
transformation

Taking the collected color point cloud as the reference point

cloud data A, the point cloud contains A total of 464,966 color

points, and each data packet contains three-dimensional spatial

coordinates XYZ and color data RGB. The reference point cloud

data were rotated 30° counterclockwise around the Z-axis, and

the random translation of XYZ was increased within the range

of ±5 mm to generate color point cloud B to be registered. The

reference point cloud data A was rotated 12 times in total, with

the rotation Angle ranging from 30° to 360°, and 12 groups of

color point clouds to be matched were generated. The

transformation parameters of 12 groups of point clouds to be

registered are shown in the following Table 1 and in Figure 4.

Will then respectively stay 12 groups B using traditional ICP

registration color point cloud point cloud registration algorithm

and proposed in this paper, based on the virtual view of the ORB

image feature point cloud registration algorithm with A

benchmark color point cloud registration, and calculate the

registration after the color point cloud B′ and benchmark

color point cloud registration results: the mean absolute error

of specific formula is as follows:

Δ � 1
N

∑N
i�1
(|xi − x0| +

∣∣∣∣yi − y0

∣∣∣∣ + |zi − z0|)

Where xi, yi, zi is the spatial coordinates of the color point cloud

after registration. and x0, y0, z0 is the base color point cloud

space coordinate. N = 464,966 indicates the total number of point

clouds in a point cloud cluster.

The registration time and error of 12 groups of color point

cloud B to be registered and reference color point cloud A are

shown in Table 2.

Compared with the traditional ICP method, the registration

time of the proposed method is about 3% of the traditional ICP

method, and the registration time is about 1s for the color point

cloud with a scale of 500,000 points. In terms of registration

accuracy, the error of the traditional ICP registration method

increases with the increase of the point cloud offset Angle. When

FIGURE 4
Comparison of results: (A) point cloud registration time,(B) registration error.

TABLE 3 Comparison of registration time and error of different scales.

Number
of point cloud

Time(s) Error

Our method ICP Our method ICP

2,044,145 0.88 227.65 0.54 5.20

1,022,073 0.67 64.43 1.58 5.13

511,037 0.81 46.29 0.34 5.02

292,021 1.10 18.82 0.54 4.91
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the two-point clouds rotate 180°, the error reaches the maximum,

which is about 4 times of the error when the two group point

clouds rotate 30°. However, the registration error of the proposed

method is less affected by the rotation Angle, and the average

error is 2 mm at most, which is 2% of the traditional ICP

registration error. The registration result is shown in Figure 5,

FIGURE 5
Registration results of two cluster point clouds, (A) ICP (B) Our method.

FIGURE 6
Registration results of different scale point clouds, (A) Our method, (B) ICP.
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where Figure 5A is the registration result of traditional ICP, and

Figure 5B is the registration result of the proposed method.

Registration results and registration
times of ICP and ORB point clouds of
different sizes

A cluster of color point cloud with 2.04 million size was

collected by the color three-dimensional imaging equipment with

high precision acquisition mode, and four groups of reference

color point cloud A of different sizes were obtained after

simplification. By rotating 3° counterclockwise and adding

random displacements within a range of ±5 mm in the XYZ

direction, four groups of color point cloud data B with different

sizes to be registered were obtained. The proposed method and

ICP are used for point cloud registration test, and the test results

are shown in Table 3.

The registration results of four different scale point clouds are

shown in Figure 6, where Figure 6A is the registration results of

the proposed method, and Figure 6B is the registration results of

ICP. From the comparison results, it can be seen that with the

increase of the scale of point clouds, the time required for the

registration of traditional ICP point clouds is increasing

continuously, from 18.82 s for 300,000 point clouds to

227.65 s for 2 million point clouds. However, the registration

time of the proposed method has little correlation with the scale

of the point cloud, and the registration time is about 1s. From the

perspective of registration error, for small Angle point cloud

rotation of 3°, ICP has a high accuracy, which is not correlated

with the scale of point cloud, and the overall error is about 5 mm.

However, the registration accuracy of the method proposed in

this paper is also not correlated with the scale of the point cloud,

and the overall error is about 1mm, which is 20% of the

traditional ICP.

Discussion

Limited by the field of view of 3D optical imaging equipment

and the self-occlusion of the target to be measured, it is necessary

to image the target several times, and then achieve coordinate

unification through point cloud registration. As the precision of

data becomes higher and higher, the scale of point cloud becomes

larger and larger. With the increase of the scale of point cloud, the

registration time of existing global registration and semi-global

registration algorithms becomes longer and longer, which limits

the rapid development and application of optical 3D imaging

technology.

In this paper, a large-scale point cloud registration

algorithm is proposed based on ORB feature extraction

and matching of virtual viewpoint projection images.

Firstly, the color image is obtained by the color point

cloud projection based on the virtual viewpoint. Then, the

ORB is used to extract the image features and registration,

and the rotation and translation matrix between the virtual

viewpoint images is solved. The rotation and translation

matrix is used to register the point cloud. Compared with

ICP method, it is not limited by the initial pose and can

achieve high precision registration with any rotation Angle.

At the same time, the registration time of the proposed

method is about 1 s, and the registration accuracy is 20%

of the ICP registration accuracy when the scale of point

clouds ranges from 300,000 to 2 million. The experimental

results confirm that the virtual viewpoint based large-scale

point cloud registration technology proposed in this paper

can achieve high speed and high precision point cloud

registration. It provides a new idea for the registration of

large-scale point clouds and expands the application scope

and application scenarios of large-scale point clouds.
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Antimonide semiconductor laser is a new type of laser with unique advantages

in the 2 μm band. However, employing FP cavities causes multiple transverse

modes to degrade beam quality despite achieving higher power output. In this

paper, an antimonide semiconductor laser operating in 2 μmband is realized by

utilizing fiber coupling and combining. Fiber combining results in higher output

power, while the uniform patterns in both near-field and far-field are obtained,

and the beam quality is improved. The experimental results illustrate that the

output power reaches 1.2 W after 7-channel beam combination, and the near-

field distribution is approximately Gaussian, while the far-field distribution is a

flat-top.

KEYWORDS

shortwave infrared laser, antimonide, semiconductor laser, fiber combining, beam
quality

Introduction

The laser in 2 μm band is superior to the low atmospheric extinction ratio and human

eye safety, and has absorption peaks at various molecules such as H2O and CO2 [1, 2].

Therefore, the 2 μm band laser has a vital role in the fields of laser remote sensing, laser

ranging, spectroscopy and medical treatment [3–6]. In particular, antimonide

semiconductor lasers are gradually occupying an increasingly important position in

short-wave infrared lasers due to their small size, high photoelectric conversion efficiency,

and good temperature stability [7].

As narrow-bandgap semiconductor materials, antimonide covers the bandwidth

of 1.5–5 μm, and thus becomes an ideal material system for mid-infrared

semiconductor laser. Antimonide semi-conductor laser is a new type of laser.

Since its invention in 1986, the short-wave infrared (2 μm) laser generated by

antimonide semiconductor laser has been a research hotspot, and become a high-

quality light source for infrared laser countermeasure, biological microscope, medical

illumination, laser pumping, plastic welding and other fields [8]. In recent years,

antimonide infrared lasers have been widely concerned and developed rapidly. In
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2009, Li et al. reported a quantum well antimonide

semiconductor laser with a 43 mW CW output at 2.2 μm

[9]. In 2010, Niu et al. achieved a 2 μm laser output at

room temperature for the first time using an F-P cavity

[10]. Subsequently, the wavelength of the output laser was

extended to 2.4 μm [11], and the output power was further

increased to 1.4 W [12]. In 2011, Reboul et al. reported a

GaSb-based semiconductor laser output in the 2 μm band

[13]. In 2013, Apiratikul et al. achieved a 40 mW single

longitudinal mode laser output in the 2 μm band through

laterally coupled distributed feedback [14]. In 2016, Hosoda

et al. reported a high-power cascaded antimonide

semiconductor laser that achieved a continuous-light laser

output with an average power of 2 W at room temperature

[15]. In recent years, Niu Zhichuan’s team at the Chinese

Academy of Sciences has also achieved a series of research

results in antimonide semiconductor lasers [12, 16, 17].

Similar to other semiconductor lasers, the 2 μm

antimonide semiconductor laser also has problems such as

multimode output, large divergence angle, and asymmetric

laser pattern, which seriously restrict its development and

application. To solve these problems, Rong et al. proposed a

fishbone-shaped microstructure in 2016 to reduce the

transverse divergence angle of the beam by 55% [18]. In

this paper, we employ fiber coupling and combining to

improve the beam quality of 2 μm antimonide

semiconductor laser. Through 7-channel beam

combination, the laser with a center wavelength of

2,055 nm and a line width of 30 nm has an average output

power of 1.2 W, while possessing an approximate Gaussian

near-field distribution and a flat-topped far-field distribution.

Fiber homogenization theory

A simple and effective beam shaping method is to couple the

semiconductor laser into a large-core multimode fiber with a

certain length. The outgoing beam is homogenised after

transmission due to the limitations of the multimode fibre

waveguide structure.

The high-order mode fiber applied to beam shaping is

essentially a multimode fiber. The normalized frequency is

given by

V � 2πaNA

λ
(1)

where NA is the numerical aperture of the fiber. It can be seen

that a larger NA and core diameter results in a more significant

normalized frequency of the fiber and a larger number of modes

allowed in the fiber, which can be expressed as

M � V2

2
(2)

Due to the larger core diameter and NA of the multimode

fiber, i.e., more supported modes, the laser coupling into

multimode fiber excites higher-order modes, and most of the

energy of the fundamental mode is transferred to the higher-

order modes supported by the multimode fiber, and the energy

coupling between these modes occurs. Assuming that the

intensity of the incident beam is Ein (x, y, z = 0), the

intensity at the fusion surface after the beam enters the

multimode fiber becomes the result of the superposition of

each mode:

Ein(x, y, z � 0) � ∑M
1

∑N
1

Cmnemn(x, y, z � 0) (3)

where emn(x, y, z = 0) is the intensity distribution of the mn-th

order guided mode in the multimode fiber, M × N is the number

of excited modes in the multimode fiber, Cmn is the modal

expansion coefficient and can be expressed as

Cmn �
∫∫

s
Ein(x, y, 0) × emn

* (x, y, 0)ds
∫∫

s

∣∣∣∣emn(x, y, 0)∣∣∣∣2ds (4)

After these modes propagate for a certain distance in the

fiber, the power carried by each conduction mode becomes

stable, and the energy is redistributed among the higher-order

modes. The final beam intensity distribution from the fiber is

the superposition of the various-order modes:

Eout(x, y, L) � ∑M
1

∑N
1

Cmnemn(x, y, 0)e−iβmnL (5)

where mn is the propagation constant of the mn-th order

excitation mode of the waveguide in the multimode fiber. The

more significant the difference between the diameter of the

incident laser pattern and the core diameter of the multimode

fiber, the more high-order modes are excited, and the better the

homogenization effect of the laser pattern is.

Experimental results and discussion

Direct output performance

In this experiment, the antimonide semiconductor laser chip

operating in 2 μm band is designed with a high-reliability ridge

waveguide structure and a Fabry-Perot cavity type, using

antimonide substrate, grown by quantum well epitaxy, and then

packaged in COS. We measured the intensity distribution of the

laser direct output, as shown in Figure 1. Figure 1 shows the near-

field distribution of the beam at three different positions, 20, 100,

and 200 mm from the laser output port, respectively. Obviously, the

beam quality is relatively poor, and there are problems such as

multimode output, large divergence angle, asymmetric laser pattern,

etc. Next, we investigated how to improve the beam quality through

multi-beam combination through the fibers.
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Single fiber-coupled output performance

The experiments first examined the output of a single

laser chip coupled to a quartz fibre with the core diameter of

105 μm. Although the larger the fiber core diameter and

numerical aperture, the higher the coupling efficiency, the

coupling fiber core diameter must not be too large and must

be smaller than the core diameter of the combining fiber. So

FIGURE 1
The beam near-field distribution at different transmission distances (A) 20 mm, (B) 100 mm and (C) 200 mm.

FIGURE 2
Laser output performance of antimonide fiber-coupled semiconductor laser module: (A) PIV curve, (B) laser spectrum, (C)near-field pattern
and (D)far-field pattern of output beam. The near-field distribution is Gaussian and the far-field distribution is flat-topped.
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we choose a core diameter of 105 μm for the coupling fiber.

The coupling method adopts a wedge-shaped fiber lens for

direct coupling, and the structure of the fiber output port is

SMA905.

The variation curve of fiber output power with current is

shown in Figure 2A. The overall linearity is relatively good,

and the coupling efficiency at the highest power point

reaches 56% (when the fiber input power is 0.5 W, the

output power is 0.28 W). The end face of the fiber lens is

not coated, and the coupling efficiency will be further

improved if the coating is applied. The output laser

spectrum has a dendritic spectral distribution, about

2,050–2,065 nm, the line width is up to 15 nm, and there

are multiple longitudinal modes, as shown in Figure 2B. This

is due to the limited frequency selection capability of the FP

cavity. If the DFB structure is employed, the narrow

linewidth output can be achieved, although the output

power will be significantly reduced [19]. Figure 2C shows

the near-field distribution of the laser at the output end of the

fiber, which is Gaussian as a whole and has modulation

inside; Figure 2D shows the far-field distribution of the

laser output, which has a flat-top distribution as a whole,

and the internal modulation is still evident. It can be seen

that the beam quality of the antimonide semiconductor laser

in the 2 μm band is still relatively poor after coupling the

fiber, because the semiconductor chip itself has multi-

transverse mode output and the coupling fiber is a multi-

mode fiber. However, compared to Figure 1, it can be seen

that the intensity distribution of the beam after transmission

through the coupling fiber and tends to be uniformly smooth

overall, and the horizontal divergence angle becomes smaller

and almost equal to the vertical one, that’s because the laser

coupling into multimode fiber excites higher-order modes,

and most of the energy of the fundamental mode is

transferred to the higher-order modes supported by the

multimode fiber, and the energy coupling between these

modes occurs. From this it can be assumed that if such

multi-channel beams are combined into a single

multimode fiber, this results in a number of light intensity

components with different intensity distributions in

different modes being coupled and superimposed, and the

beam quality should be further improved, and the greater the

number of fiber channels the greater the probability that the

intensity of the beam-combining will be uniform. In our

experiment, we combine 7-channel optical fiber outputs to

explore the feasibility of this method, and verify its effect on

the beam quality.

Comparing Figures 1, 2, it can be seen that the intensity

distribution of the beam after transmission through the coupling

fiber and tends to be uniformly smooth overall, that’s because the

laser coupling into multimode fiber excites higher-order modes,

and most of the energy of the fundamental mode is transferred to

the higher-order modes supported by the multimode fiber, and

the energy coupling between these modes occurs. But the quality

of this beam is still relatively poor and the transverse distribution

of the intensity is very uneven. If such multi-channel beams are

combined into a single multimode fiber, this results in a number

of light intensity components with different intensity

distributions in different modes being coupled and

superimposed, and the beam quality should be further

improved, and the greater the number of fiber channels the

greater the probability that the intensity of the beam-combining

will be uniform. In our experiment, we combine 7-channel

optical fiber outputs to explore the feasibility of this method,

and verify its effect on the beam quality.

7-Channel beam combining output
performance

Figure 3 is a schematic diagram of the 7-channel fiber

combining. Seven identical antimonide semiconductor lasers

are respectively coupled and output through the same

105 μm core-diameter fibers, and then combined into

another fiber with a core diameter of 200 μm through a

beam combiner.

Figures 4A,B shows the output optical power and spectral

line characteristics of the 7-channel beam combination. The

output laser power of the single-tube COS chip is 0.5 W, the

output power of the 7-channel combined beam reaches 1.25 W,

and the overall beam combining efficiency of the system is

35.7%. The output laser spectral distribution is from 2,040 to

2,070 nm, showing a dendritic spectral distribution with a line

width of up to 30 nm. The near-field and far-field distributions

of the output beam are shown in Figures 4C,D, presenting a

Gaussian distribution and a flat-top distribution, respectively.

Compared with Figures 2C,D, it can be seen that the beam

quality is greatly improved after combining, this is consistent

with the previous speculation, if increase the number of

channels the beam quality and intensity distribution will be

further improved.

FIGURE 3
The structure of the 7-channel fiber combining.
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Conclusion

To address the poor beam quality of antimonide

semiconductor lasers in the 2 μm band, we propose a

solution to improve the beam quality by using multi-

channel fibres to combine beam. In the experiment, the

fiber was employed to study the beam combination of 2 μm

band antimonide semiconductor lasers coupled with seven

channels of fibers. The results indicate that the beam quality is

greatly improved after the beam combination, and the near-

field distribution is approximately Gaussian, while the far-

field exhibits a flat-top distribution. This is due to the poor

quality of the output beam of the single-channel fiber, and the

lateral distribution of the intensity is very uneven. When the

multiplexing is performed, the lowest point of the intensity of

a certain beam is likely to be superimposed with the strongest

point of the other beams and tend to the average value.

Moreover, more beams participating in beam combining

will bring more desirable beam quality, that is, the lateral

intensity distribution of the beam will be smoothed with an

improved the total output power.
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143.4W high power combined
white supercontinuum source
using a (7 × 1) supercontinuum
fiber combiner

Chang Sun1*, Tingwu Ge2, Kang Cao2 and Zhiyong Wang2

1School of Instrumentation and Optoelectronic Engineering, Beihang University, Beijing, China,
2Institute of Laser Engineering, Beijing University of Technology, Beijing, China

We demonstrate a 143.4 W high power combined white supercontinuum (SC)

source using a (7 × 1) SC fiber combiner. Based on the criteria of adiabatic

tapering and brightness conservation, a (7 × 1) SC fiber combiner is designed

and theoretically investigated, and the simulated results of the transmission

efficiencies of laser at different wavelengths of the combiner verify that the

combiner has the ability of combining white SC sources efficiently. Then, the

(7 × 1) SC fiber combiner is fabricated, and three white SC fiber laser sources

with average power of about 50 W are set up for beam combining experiment.

Finally, a 143.4 W high power combined white SC source is achieved with high

combining efficiency of 97.4%. and the corresponding combined SC spectrum

ranges from 450 nm to 1700 nm, which remains consistent with the overall

spectral range of the three SC sources. The experiment result indicates that the

(7 × 1) SC fiber combiner is greatly capable of combining high power white SC

sources efficiently, thereby increasing the average power of the white SC

source significantly. To the best of our knowledge, this is the first

demonstration of a fiber combiner for high power white SC sources with

such a high combining efficiency.

KEYWORDS

supercontinuum generation, laser beam combining, fiber lasers, high power, white
supercontinuum

1 Introduction

The development of high power white supercontinuum (SC) fiber laser source which

contains a large portion of visible-waveband power, is of particular interest in many areas,

such as hyperspectral spectral imaging, astronomical optical frequency combs, and

remote illumination, due to its broadband spectrum, high brightness, high coherence,

and compact structure [1–4]. In recent years, a lot of high power white SC fiber laser

sources have been demonstrated. For example, in 2016, using a 63.3 W ps pulses with a

large chirp as pump source, 30.4 W white SC source was obtained with spectrum ranging

from 385 nm to 2,400 nm [5]. Based on a high nonlinear photonic crystal fiber (PCF),

53.3 W white SC source with spectrum ranging from 430 nm to 2,400 nm was generated

using a 120 W picosecond pulse laser in the same year [6]. In 2018, 80 W white SC source
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pumped by a 114 W pulse fiber laser was obtained, and the

corresponding spectral range was from 370 nm to 2,400 nm [7].

In the same year, a 215 W white SC source spanning from

480 nm to over 2,000 nm was reported with a pulses pump

source of 556 W [8]. In 2020, a 104 W white SC source

covering from 370 nm to 2,400 nm was generated by pumping

cascaded photonic crystal fibers with 375 W ps pulse [9]. It can

be seen from these reports that the commonly used method of

generating high power white SC source is to couple high power

pulses provided by a master oscillator power amplifier (MOPA)

pulsed fiber laser into a length of PCF with high nonlinear

coefficient through a mode field adapter (MFA) to stimulate

high power white SC laser. This method is simple in principle and

easy to implement, but there are still two technical difficulties

which limit the further increase of white SC average power. The

first one is the nonlinear effects during the pulses amplification

process in the high power MOPA pulsed fiber laser, such as

Stimulated Raman Scattering (SRS). The effects will cause the

pump energy to be transferred to other wavelengths, and thus the

signal pulses cannot be further linearly amplified to obtain high

power output. The gain fiber with large mode field area is usually

adopted to solve this problem [5], However, the excessively large

mode field area will cause serious mode field mismatch between

the pigtail of pulses fiber laser and the PCF, thereby reducing the

coupling efficiency of the pulses. In addition, inserting a

repetition frequency multiplier (RFM) before the amplifiers of

the pulses fiber laser is another way to suppress nonlinear effects

[6–9], yet the RFM only works in a limited frequency doubling

range. Therefore, the nonlinear effects problem is difficult to

completely overcome. The second one is the thermal damage of

fibers under high power operation condition of fiber laser. For

example, the heat accumulation on gain fibers and PCFs caused

by quantum defect and on MFA caused by coupling loss will

increase temperature of the fibers, which may cause the fibers to

burn and even damage the entire laser. The commonly used

method to solve this problem is to place the fibers prone to

accumulating heat on the water-cooled heat sink [8, 10, 11], but

such a complicated structure is not conducive to the practical

application of white SC fiber laser.

For above two difficulties, SC beam combining technology is

an ideal solution. It can not only effectively avoid nonlinear

effects and fiber thermal damage because the single-channel laser

source does not need to pursue high power limit, but also increase

the white SC average power significantly. However, commercial

fiber combiners can only work at a single wavelength, and so far,

there are only a handful reports on the SC fiber combiner. In

2015, using a (3 × 1) broadband fiber combiner, a 202.2 W high

power combined near-infrared SC source with spectrum ranging

from 1,060 nm to 1900 nm was obtained [12]. Up to now, the

fiber combiner for high power white SC sources has not been

reported.

In this paper, a 143.4 W high power combined white SC

source using a (7 × 1) SC fiber combiner is demonstrated. We

design and theoretically investigate a (7 × 1) SC fiber combiner

based on the criteria of adiabatic tapering and brightness

conservation, and theoretically prove that the designed

combiner has the ability to combine white SC sources

efficiently by simulating the transmission efficiencies of laser

at different wavelengths. Then, a (7 × 1) SC fiber combiner is

fabricated, and three white SC fiber laser sources with average

power of about 50 W are set up for beam combining experiment.

Finally, a 143.4 W high power combined white SC source is

achieved with high combining efficiency of 97.4%, and the

combined spectrum ranging from 450 nm to 1700 nm remains

consistent with the overall spectral range of three SC sources. The

experiment result indicates that the (7 × 1) SC fiber combiner is

capable of combining high power white SC sources efficiently,

and has the capability of increasing the average power of the

white SC source significantly. To the best of our knowledge, this

is the first demonstration of a fiber combiner for high power

white SC sources with such a high combining efficiency. And this

research result will contribute to further increasing the white SC

power, thereby broadening the application fields of white SC

source.

2 Theoretical simulation

Compared with ordinary fiber combiners working at a single

wavelength, the difficulty in designing a SC fiber combiner is to

make it work at multiple wavelengths to achieve wide-spectrum

beam combination. Therefore, two design criteria need to be

followed. They are the brightness conservation [13] and the

adiabatic tapering [14].

The brightness conservation formula is��
N

√
DinNAin ≤DoutNAout, where Din and Dout are the

diameters of output and input fibers respectively, NAin and

NAout represent the numerical aperture of the input and

output fibers respectively, and N is the number of input

fibers. Based on the criteria of brightness conservation, and

considering that the input fibers of the combiner and the PCF

as the pigtail of a single SC source need to meet the mode field

matching, and the output fiber of the combiner should support

high power laser transmission, the basic structural parameters of

the fiber combiner are determined as follows: The input fiber is

set to 6/125 μm fiber with NA of 0.13, the output fiber is set to

100/360 μm fiber with NA of 0.2, and N is set to 7.

The general method of fabricating a fiber combiner is to

insert the input fiber bundle into a silica tube at first, then

tapering them, and finally splicing the tapered fiber bundle to

the output fiber. The basic structure of the designed (7 × 1) SC

fiber combiner is schematically shown in Figure 1A. In the

process of tapering the input fiber bundle, as the fiber core

diameter decreases gradually, the laser mode will no longer

maintain the initial mode field distribution, and will leak into

the fiber cladding to cause transmission loss. Therefore, the
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transmission loss of fiber combiner mainly comes from the

tapered region of input fiber bundle. The tapered region

structure of a single fiber is shown in Figure 1B, where Ωtaper

is the tapered angle, Ltaper is the tapered region length

corresponding to Ωtaper, r0 is the initial core radius, and r1 is

the tapered core radius. The taper ratio is defined as TR,

TR � r1/r0. In order to reduce the transmission loss of the

tapered region, each input fiber should satisfy the criteria of

adiabatic tapering, that is, the maximum Ωtaper of the tapered

region should not exceed the fundamental mode diffraction

diffusion angle there. This maximum Ωtaper is called the

critical tapering angle, and the corresponding Ltaper is the

FIGURE 1
(A) The structure of the (7 × 1) SC fiber combiner. (B) The schematic of tapered region of a single fiber.

FIGURE 2
(A) The relationships between the critical taper length and TR at different wavelengths. (B) The transmission efficiencies of the SC combiner at
different wavelengths.

Frontiers in Physics frontiersin.org03

Sun et al. 10.3389/fphy.2022.1043435

105104

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1043435


critical tapering length. For a fixed TR, only when the Ltaper is

longer than the critical taper length, the tapered fiber will have

relatively low transmission loss. For the SC fiber combiner

operating at wide-spectrum, it is necessary to consider the

adiabatic tapering conditions for different wavelengths, and

determine a critical tapering length satisfying the low-loss

transmission of overall SC spectrum.

Using the relevant formulas of the criteria of adiabatic tapering in

the [14], the relationships between critical taper length and TR at the

different wavelengths has been simulated, as shown in Figure 2A. It

can be seen that, firstly, with the wavelength fixed, the smaller theTR

is, the longer the critical taper length is; secondly, for a fixed TR, a

longerwavelength corresponds to a longer critical taper length, which

means that for the SC fiber combiner, only when the critical taper

length corresponding to the longest wavelength is regarded as the

Ltaper of input fiber bundle of the combiner, can the low-loss

transmission of the white SC source in the SC fiber combiner be

guaranteed. Based on the fiber types and N value of the combiner

designed above, it can be determined that theTR is about 0.25, and in

this case, the critical taper length corresponding to the longest

wavelength with 1,700 nm is 6 mm. Therefore, the Ltaper of the

input fiber bundle of the SC fiber combiner should be longer than

6 mm. In fact, the work range of the fiber tapering equipment used in

this experiment is far greater than 6 mm. Meanwhile, considering

that the tapered region of fiber is relatively fragile, the excessively long

Ltaper is not conducive to the working stability of the fiber combiner.

FIGURE 3
(A) The spectra of the three white SC sources. (B) The experimental setup of white SC beam combining.
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Therefore, for this SC fiber combiner, the Ltaper is designed to be

15 mm.

Utilizing the specific structural parameters designed, a

mathematic model of the (7 × 1) SC fiber combiner is

established. Based on the Finite-Difference Beam Propagation

Method, the laser transmission efficiencies at different

wavelengths of a wide-spectrum source ranging from 400 nm

to 1800 nm are simulated, as shown in Figure 2B. It can be seen

that the shorter the wavelength is, the higher the transmission

efficiency is, which is consistent with the theoretical analysis. And

the average transmission efficiency of the wide-spectrum source

can reach more than 90%. The simulation result proves that the

designed (7 × 1) SC fiber combiner has the ability to combine

white SC sources efficiently.

3 Experimental setup

Based on the structure parameters designed above, a (7 × 1)

SC fiber combiner is fabricated experimentally, and three white

SC fiber laser sources are set up for beam combining experiment.

Their average powers are 52 W, 47.1 W and 48.1 W respectively,

with the corresponding SC spectra ranging from 480 nm to

1,700 nm, from 470 nm to 1,700 nm, and from 450 nm to

1,700 nm, as shown in Figure 3A, which are measured by

optical spectrum analyzers of YOKOGAWA AQ6370C

(measuring range from 600 nm to 1,700 nm) and Ocean

Optics HR4000 (measuring range from 200 nm to 1,100 nm).

The details of the white SC fiber laser source can be found in [6].

The experimental setup is shown in Figure 3B. Three white SC

fiber laser sources are connected to the three input fibers of the

combiner, and a 1-cm long output end cap with an 8-deg cleaved

facet is spliced to the output fiber of the combiner to eliminate

back reflection and prevent end facet damage.

4 Result and discussion

Firstly, the transmission efficiencies of seven channels of the

(7 × 1) SC fiber combiner are measured separately with the 52 W

white SC fiber laser source. Figure 4A shows the measurement

result that the transmission efficiency of each channel is above

FIGURE 4
(A) The transmission efficiency of each channel of the (7 × 1) SC fiber combiner. Inset: Input spectrum and output spectra of the (7 × 1) SC fiber
combiner. (B) The combined SC spectrum, and the photograph of white SC beam combining experimental at 143.4 W combined output power.
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97% and the average transmission efficiency of seven channels is

up to 98.8%. Meanwhile, from the inset of Figure 4A, it can be

seen that output spectrum from each channel is consistent with

the input spectrum of 52 Wwhite SC source, which indicates that

the SC fiber combiner has consistent transmission efficiency for

each wavelength over the overall SC range. The experiment

results show that the fabricated SC fiber combiner can

transmit the white SC source efficiently and uniformly.

Then, three white SC fiber laser sources and three channels

selected randomly from the (7 × 1) SC fiber combiner are used to

perform the white SC beam combining experiment, with

No.3 channel corresponding to 48.1 W white SC source,

No.4 channel corresponding to 47.1 W white SC source, and

No.7 channel corresponding to 52 W white SC source.

Eventually, 143.4 W high power combined white SC source is

successfully achieved with high combining efficiency of 97.4%,

and the corresponding combined SC spectrum ranging from

450 nm to 1700 nm is consist with the overall spectral range of

three white SC sources, as shown in Figure 4B. The experiment

result indicates that the fabricated (7 × 1) SC fiber combiner is

greatly capable of combining high power white SC sources

efficiently, and based on the high combining efficiency, the

combiner has the potential to increase the average power of

white SC source significantly. Meanwhile, it is worth noting that

the current combined power is limited by the number of white SC

fiber laser sources, thus more sources will be built in the future for

beam combining experiment to obtain higher power white SC

source. In addition, the combining efficiency of the SC fiber

combiner is slightly lower than the average transmission

efficiency of seven channels of the combiner, which may be

caused by the increase of the splice point loss between the input

fiber bundle and the output fiber under high power operation

conditions, thus the splicing quality will be further improved in

the next work.

5 Conclusion

In conclusion, the beam combining technology is an ideal

method for obtaining high power white SC source, because it not

only can effectively avoid some technical difficulties in the

commonly used methods of generating high power white SC

source, such as nonlinear effects and fiber thermal damage, but

also has the ability of further increasing the white SC power. In

this paper, a 143.4 W high power combined white SC source

using a SC fiber combiner has been presented. Based on

the criteria of adiabatic tapering and brightness conservation,

a (7 × 1) SC fiber combiner has been designed and theoretically

investigated, and is verified to be capable of combining white SC

sources efficiently by simulating the transmission efficiencies of

laser at different wavelengths. Then, the (7 × 1) SC fiber combiner

is fabricated, and three white SC fiber laser sources with average

power of about 50 W are set up for beam combining experiment.

Finally, a 143.4 W high power combined white SC source is

achieved with high combining efficiency of 97.4%, and the

corresponding combined spectrum ranging from 450 nm to

1700 nm is consist with the overall spectral range of three

white SC sources The experiment result indicates that the

(7 × 1) SC fiber combiner is capable of combining high power

white SC sources efficiently, and has the ability of increasing the

average power of the white SC source significantly. At present,

the combined power is limited by the number of white SC

sources, thus more sources will be built in the future for beam

combining to obtain higher power white SC source. To the best of

our knowledge, this is the first demonstration of a fiber combiner

for high power white SC sources with such a high combining

efficiency, and the research result will contribute to further

increasing the average power of the white SC source, thereby

broadening the application fields of white SC source.
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Interaction of spin-orbit angular
momentum in the tight focusing
of structured light

Ji-Xiang Guo1,2, Wen-Yue Wang1,2, Tian-Yu Cheng1,2 and
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As an intrinsic property of light, angular momentum has always been an

important research object of light field. In the past few years, the

interactions between spin angular momentum and orbital angular

momentum in tightly focused structured light have attracted much

attention. Different from the independent conservation in the paraxial

condition, the polarization-dependent spin angular momentum and the

phase-dependent orbital angular momentum are coupled under tight

focusing condition based on different physical mechanisms. The research on

spin-orbit interaction will be helpful to deeply understand the nature of photon

as well as extend the applications of light. Here, different forms of spin-orbit

interaction during the tight focusing of structured light have been briefly

introduced and classified. Besides, the existing problems and development

prospects in the research about spin-orbit interaction of light are discussed,

including the quantitative detection of the local distribution of optical spin and

orbital angular momentum in experiments and the further applications of spin-

orbit interaction.

KEYWORDS

structured light, tight focus, spin-orbit interaction, spin angular momentum, orbital
angular momentum

Introduction

Besides the momentum related to the local wavevector, photon with wave-particle

duality can also carry angular momentum (AM), which includes the polarization-

dependent spin angular momentum (SAM) [1–5] and phase-dependent orbital

angular momentum (OAM) [6, 7]. In 1909, Poynting first predicted that left- and

right-circularly polarized light carries the SAM of ±Z [5], which was experimentally

proved by measuring the torque of the half-wave plate when conversing the right-hand

circularly polarized light to left-hand circular polarization [8]. In 1992, Allen first

proposed that the vortex beam containing a helical phase distribution exp (ilθ) carries

OAM where l is the phase topological charge and the OAM of a single photon is lћ [7]. In

the frame of paraxial optical fields, SAM and OAM are mostly independent of each other

and conserved separately during the diffraction of light in free space. While in the cases
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like waveguide structures [9], subwavelength metallic structures

[10, 11] and tight focusing [12–16], coupling conversion between

SAM and OAM can be achieved. In the absence of light-matter

interaction, the significant spin-orbital interaction (SOI) during

tight focusing provides a flexible and effective approach to

manipulate the AM behavior of optical field.

Previous research has established that tightly focused

circularly polarized light can induce the spin-to-orbit

conversion (STOC). In 2006, Bomzon et al. presented that the

focusing of circularly polarized plane wave can generate vortex

phase with a topological charge of 2 in the focal plane, indicating

the OAM can be derived from the conversion of SAM [17]. In

2007, Zhao et al. experimentally demonstrated the STOC in

focused circularly polarized (CP) Gaussian beam by observing

the orbital motion of micron-sized metal particles at the focal

plane [18, 19]. In 2016, Bauer et al. found that pure transversely

spinning of light can be derived by tightly focusing linearly

polarized Gaussian beam, where the longitudinal spin

component is zero [20]. For the structured light with spatially

inhomogeneous distribution of amplitude, phase and polarization

where the SAM and OAM may be coexisting in single optical

beam [21–32], the interaction between SAM and OAM during its

tight focusing exhibits diverse forms and has attracted more and

more attention in recent years [33–38]. Related investigations not

only deepen the understanding of the nature of photon, but the

conversion of SAM and OAM also bring additional manipulation

degree of freedom for the AM of light, leading to new applications

including optical micromanipulation [39–44], information

storage [45, 46] microscopic imaging [47, 48] and optical

communication [49–52].

Here, we first briefly introduce the classification and

calculations of AM. Then, the types of spin-orbit interaction

(SOI) in tightly focused structured light are classified and

summarized, including STOC, catalystlike effect of OAM,

coupling of SAM and OAM, and SAM induced novel OAM.

In addition, the problem of the quantitative measurement of

SAM and OAM local distributions and the potential application

of SOI are discussed.

The classification and calculations
of AM

The classification of light AM is shown in Figure 1. The AM

can be divided into SAM that induces the spin motion of trapped

dielectric particles and OAM that induces the orbital motion of

trapped dielectric particles. SAM can be distinguished according

to the direction of AM: the longitudinal-type SAM (l-SAM) is in

the same direction of beam propagation and transverse-type

SAM (t-SAM) is perpendicular to the direction of propagation,

similar to the spinning movement of the rotor blades of an

aircraft and the rolling bicycle wheel [53–56] respectively.

Different from the polarization-related SAM, the phase-

dependent OAM is usually associated with the orbital energy

flux. OAM can be divided into intrinsic-OAM (i-OAM) and

extrinsic-OAM (e-OAM). The i-OAM is correlated with the

spiral phase wavefront, whose magnitude and direction can be

defined by the topological charge. The e-OAM is related to the

transverse coordinate of the beam centroid, similar to AM of the

classical particle, which is derived from the cross-product of the

FIGURE 1
Angular momentum of light.
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spatial coordinates of the beam centroid and its linear

momentum [38].

For the arbitrary optical field in non-magnetic media, the

temporally averaged three-dimensional SAM and OAM density

distribution can be generally expressed as [57, 58].

S
. � 1

4ω0
Im[ε0E.* ×E

.]
L
. � 1

4ω0
r
.
× Im[ε0(E.* · (∇)E.)]

where ε0 is the permittivity in vacuum, ω0 is the angular

frequency, and E
.
* denotes the complex conjugate of the

electric field E
.
. S
.

denotes the SAM that contains the l-SAM

and t-SAM, and L
.

denotes the OAM including i-OAM and

e-OAM associated with optical vortex and optical trajectory,

respectively [34].

SOI in tightly focused structured light

The spatial manipulation of amplitude, phase and

polarization in optical field leads to the generation of diverse

structured light. SOI has been observed in the focusing of

structured lights including linearly polarized vortex beams

(LPVBs) [57], radially polarized vortex beams (RPVBs) [59],

azimuthally polarized vortex beams (APVBs) [60], cylindrical

vortex vector beams (CVVBs) [61], circularly polarized vortex

beams (CPVBs) [62], azimuthal-variant hybridly polarized

vector beams [63], radial-variant hybridly polarized vector

beams [64], circularly polarized Bessel beams [65], higher-

order Poincaré sphere beams (HOPBs) [66], etc. Different

forms of SOI have been demonstrated including SAM to

i-OAM conversion, OAM catalyzes the local distribution of

t-SAM and l-SAM, coupling of SAM and OAM, and SAM

induced novel OAM. The phenomena with complex behaviors

of SOI are not only related to the numerical aperture (NA) of the

focusing system, but also influenced by the spatial degrees of

freedom of structured light.

Spin-to-orbit conversion

In 2011, Bliokh et al. presented a general theory of STOC in

focusing optical systems based on the Debye-Wolf theory [12].

The conversion efficiency of STOC can be estimated by 1–cosθ,

where θ is the aperture angle of the objective, indicating that the

STOC becomes more significant as the field is focused at larger

NA. In 2016, Yan et al. demonstrated the STOC by tightly

focusing right-hand CPVBs and RPVBs [62]. The focal fields

all exhibit hollow intensity distributions with cylindrical

symmetry. The radius of the ring-like field reflects the OAM

of light. The larger the absolute value of OAM, the larger the

radius of focusing at the focal plane is. It was found that the OAM

of the focal field is not only related to the sign and quantity of

topological charge of the incident light, but also its polarization

distribution. The incident right-hand CPVBs with positive OAM

lead to a larger radius of the ring-like focal field than that with

negative OAM, and the annulus radius of the RPVBs with the

same focusing parameters falls in between these two situations.

This indicates that the magnitudes of OAM change during tight

focusing which is attributed to the conversion of the SAM to

OAM. In 2017, Chen et al. investigated the STOC of azimuthal-

variant hybridly polarized vector beams under a highly

nonparaxial condition [63]. It was revealed that the density

distribution of the converted OAM in the focal field is

influenced by the spatial polarization distribution of the

incident light. Larger polarization topological charge

corresponds to more irregular OAM distribution, which is

caused by the superposition of the converted OAM from

SAM. In 2012, Pu et al. investigated the conversion of the

radial-variant SAM to OAM in tightly focused radial-variant

hybridly polarized vector beams based on vectorial Debye theory

[64]. The intensity distribution of the focal field changes from an

elliptical spot to an annular distribution with increasing the

radial index, and the phase of the z-polarization component

associated with the local SAM of vector beam varies with

azimuthal angle from −π to π in the focus ring. Considering

the SAM is radially varied, the OAM of the z-polarization

component in the focal field also exhibits a radial distribution.

This result lies in the fact that the conversion of local SAM in the

radial-variant hybridly polarized vector beams to OAM under

tight focusing leads to the helical phase profile.

Catalyst effect of OAM

In general, the impact of OAM on the SAM in the focal field

is not reflected in conversion, but more likely performs as a

catalyst for the redistribution of SAM. In 2018, Yan et al.

predicted in theory that the OAM carried by the APVBs can

induce local redistribution of the SAM under tight focusing

conditions [60]. The focal field exhibits a sharp central focal

spot unrelated to the sign of OAM carried by the incident light. It

was demonstrated that the phase of the radial and azimuthal

components vary periodically along the azimuthal direction,

indicating the magnitude of OAM is unchanged during

focusing. A π-phase jump can be found in the radial direction

of the azimuthal component, which causes the inhomogeneous

distribution of SAM density. The distribution of SAM and OAM

with the same orientation are concentrated in the center of the

focus and surrounding the annulus respectively, while the total

value of SAM and OAM in the focal field is constant. These

results suggest that no OAM carried by the incident APVBs is

converted to SAM after tight focusing, but OAM catalyzes the

local redistribution of the SAM. In the same year, Liu et al.

demonstrated the catalytic effect of OAM during the focusing of
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RPVBs. The OAM carried by the RPVBs can induce the

conversion of transverse to three-dimensional SAM [59]. The

RPBs with the total OAM of zero can induce the local t-SAM

redistribution which is caused by the phase difference between

the radial and longitudinal components. The l-SAM will appear

when using the RPVBs with non-zero OAM as the incident light,

which is attributed to the variation of spin flux caused by OAM.

In 2022, Gu et al. theoretically investigated the three-dimensional

distribution of SAM and OAM in tightly focused LPVBs [57].

Similarly, the incident light without carrying SAM exhibits both

t-SAM and l-SAM after tight focusing. OAM is acting as a special

catalyst to influence the local distribution of SAM, and the total

quantity of SAM remains unchanged. In 2019, Man et al.

theoretically investigated the angular momentum properties of

tightly focused generalized cylindrical vortex vector beams

(CVVBs) [61]. They found that existing of OAM in

cylindrical vector beam leads to the appearance of

longitudinal SAM in the tightly focused field. The increase of

initial phase difference between the superposed beams with

orthogonal polarization for generating vector beam causes the

increase of the absolute value of longitudinal SAM in the focal

field, and the sign of initial phase difference only affects the radial

SAM density distribution.

Coupling of SAM and OAM

As the variation of total quantity and the local redistribution

are both the manifestations of SOI the bidirectional influence of

SAM and OAM has also been observed during the tight focusing

of some structured light. In 2020, Gong et al. theoretically studied

the unique SOI phenomena by tightly focused HOPBs with both

the vortex phase and complex polarization distribution [66]. The

OAM converted from the SAM during tight focus combined with

the origin OAM jointly affects the local distribution of SAM

which will in turn influence the STOC. Thus, the coupling of

SAM and OAM exhibits a complex behavior in the tight focusing

of HOPBs. Besides, it has been demonstrated that by controlling

the superposition weights of two vortex beams with orthogonal

polarization and the NA of the focusing system, specific

modulation of the local SAM and OAM density distribution

in the focal field can be achieved.

SAM induced novel OAM

Most of the current research considers the OAM associated

with the helical phase profile, while the novel OAM induced by

inhomogeneous distribution of SAM provided a new

understanding of SOI in tightly focused structured light. In

2010, Wang et al. predicted the novel OAM relevant to the

curl of polarization by tightly focusing the radial-variant hybridly

polarized vector beams [67]. The focal field is donut-shaped

distribution with a non-zero central intensity, and the maximum

OAM is located at the radial of maximum intensity. They

predicted that the novel OAM has a positive correlation with

the gradient of radial variation of polarization. The existence of

OAM is experimentally proved by observing the circular motion

of the trapped isotropic particles in the focal plane. In 2021,

Wang et al. presented a new strategy to produce OAM by

constructing radial intensity gradient (RIG) in the focal plane

of a circularly polarized light [65]. The spin-dependent local

OAM obtained by focusing the CP with RIG can also trap the

microparticles and realize the counterintuitive orbital motion of

the microparticles in the experiment, which is attributed to the

nonzero macroscopic spin flow along the azimuth. However, the

changes of AM in the quantity and the local density distribution

of SAM during the focusing process are still unclear.

Discussion

As summarized in Table 1, the SOI in the tight focusing of

structured light can be divided into four forms as STOC,

catalystlike effect of OAM, coupling of SAM and OAM, and

SAM induced novel OAM. The tight focusing of different

structured light can lead to different forms of SOI. For STOC,

the total SAM will decrease while the OAM will also change in

total quantity. The increase or decrease of OAM is determined by

the directions of initial SAM and OAM. For the forms of

catalystlike effect of OAM, the quantity of OAM and SAM

during tight focusing remain unchanged while the local

distribution of SAM will change. The coupling of SAM and

OAM, where the STOC and catalystlike effect of OAM may

happen simultaneously, leads to the complex variation of AM

including its quantity and local distribution. For the situation of

SAM induced novel OAM, the variation of SAM is still

indetermined and the quantity of OAM increases from 0.

For the experimental detection of SOI, there are mainly two

methods. The one mostly used method focus on the observation

of the spin and orbital motion behavior of microparticles which

can be trapped and driven by AM of light. This method can only

act as a semiquantitative approach to evaluate the magnitude and

direction of AM. The measurement of amplitude, phase and

polarization based on the near field scanning optical microscopy

(NMOS) system is another experimental method which has the

limitations of lower accuracy, poorer stability and sensitivity [68].

It is also difficult for a single nanoprobe to achieve the

measurement of multiple degrees of freedom in the focal field.

Therefore, the quantitative detection of SAM and OAM

distribution in the tightly focal field remains a challenge and

this has actually caused arguments in the study of SOI as no

rigorous and reliable experimental data can prove some of the

theoretical results. Efficient and accurate experimental methods

for quantitatively detecting the conversion and the localized

density of SAM and OAM should be further developed.
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Benefiting from in-depth research about the SOI, the

potential of structured light has been considered in many

applications including optical communications, optical

trapping and optical nano-probing. From another perspective,

the extending of the structured light may also provide

opportunities to explore new forms of SOI. It is believed that

further investigation of the SOI of structured light in tightly

focused systems may bring new insights into light-matter

interactions and promote the development of related

applications. The special distribution of SAM and OAM in

the focal field region based on spin-orbit interaction has been

demonstrated as an effective way to achieve particle capture and

optical micromanipulation. Besides, the combination of AM and

other fundamental degrees of freedom of photon may drive the

development of multiplexing technology, which has the

advantages of ultra-high capacity, ultra-fast speed, high

security and low bit error rate, and can be used in optical

communication, optical information storage, information

security encryption, and high-dimensional quantum

information. Furthermore, the intrinsic coupling between the

polarization, phase and position of the light in the focal field

makes the SOI to act as an extremely sensitive probe to the

position and scattering properties of the nanoparticle. By

capturing and analyzing the scattered radiation of the

nanoparticle located in the tightly focused field, the variation

and conversion of AM distribution can be analyzed to obtain the

information about nanoparticle, which is highly attractive for

optical nano-probing [69].

Conclusion

In conclusion, the interactions of spin-orbit AM in the tight

focusing of structured light have been reviewed. Four different

forms of SOI including STOC, catalyst like effect of OAM,

coupling of SAM and OAM and SAM induced novel OAM

can be summarized. With the optimization and upgrading of the

detection method of local AM of light and modulation

technology of structured light, the mechanism of spin-orbit

interaction during tight focusing will be more clear and new

forms of SOI may be demonstrated. Related research will further

promote the application of structured light in optical

communications, optical trapping and optical nano-probing.
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TABLE 1 Different forms of SOI.

SOI Structured light SAM OAM

STOC CPVBs, azimuthal-variant hybridly polarized vector beams Quantity decreases Quantity changes

Catalystlike effect of OAM LPVBs, CVVBs Quantity unchanged Redistribution Unchanged

Coupling of SAM and OAM CPVBs, HOPBs Quantity decreases Redistribution Quantity changes

SAM induced novel OAM CP with RIG, radial-variant hybridly polarized vector beams Indetermination Quantity increases
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Here, the attenuation loss effect and laser performance enhancement of Nd:

YAG transparent ceramics were investigated. Using a 0.6 at.% Nd:YAG ceramic

rod of 3 mm diameter and 65 mm length, the scattering coefficient and

absorption coefficient at 1,064 nm were measured to be 0.0001 cm−1 and

0.0017 cm−1, respectively. For the 808-nm side-pumped laser experiment,

an average output power of 44.9 W was achieved with an optical-to-optical

conversion efficiency of 26.4%, which was nearly the same with that of a 1 at%

single crystal. Adopting the 885-nm direct end-pumped scheme, the following

laser tests demonstrated a high optical efficiency of 62.5% and maximum

output power of 144.8 W obtained at an absorbed pump power of 231.5 W.

This was until now the highest optical conversion efficiency acquired in an Nd:

YAG ceramic laser to our knowledge. It proves that high-power and high-

efficiency laser output could be generated by a high-optical quality Nd:YAG

ceramic rod along with the 885-nm direct pumping technology.

KEYWORDS

attenuation loss, side-pumped, end-pumped, Nd:YAG ceramic laser, optical
conversion efficiency

Introduction

Polycrystalline transparent ceramic materials have become an attractive alternative to

widely used single crystals because of their favorable characteristics, such as higher doping

concentration, larger scale, more function design freedom, easier manufacture, low cost,

and especially superior resistance to fracture [1]. Since an effective laser output with

polycrystalline Nd:YAG ceramics was first performed in 1995 [2], numerous attempts

have been made in the field of high-power and high-efficiency Nd:YAG ceramic solid-

state lasers. These include the output power breaking the 1 kWmark in 2002 and then the

remarkable demonstration of more than 100 kW from a YAG ceramic laser system in

2009 [3]. Also, for middle- and high-power laser oscillation, increased optical conversion

efficiencies from 14.5% to 52.5% have been reported one by one [4–7]. Among the

important milestones, the gain medium with high optical quality is the key factor for

highly efficient laser oscillation. Therefore, optical properties including optical
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absorption, emission spectra, and fluorescence lifetime have been

widely studied for Nd:YAG ceramics [8–10], and very similar

results were obtained with those of Nd:YAG single crystals.

However, the well-known attenuation loss that has enormous

influence on the laser performance is rarely available.

Attenuation loss mainly includes the scattering and

absorption effect caused by residual pores, grain boundary

phases, secondary phases, and impurity ions, which will

prohibit the laser output. In 1998, Ikesue et al. showed the

scattering coefficients of Nd:YAG ceramics obtained from

Fresnel’s equation by an optical spectroscopy method [11].

Subsequently, Li et al. presented the absorption coefficients of

Nd:YAG ceramics at the laser wavelength [12]. Unfortunately,

they did not give a precise distinction between the scattering

coefficients and the absorption coefficients. Recently, Boulesteix

et al. computed the light scattering of Nd:YAG ceramics

according to the Mie light scattering theory. However, the

absorption effect was ignored [13]. Providing accurate

measurement of the scattering and absorption coefficients

could promote the material’s research, such as laser

experiments and fabrication technology.

This paper introduced an effective measured method of light

attenuation loss by means of an integrating sphere technique,

which is used to analyze the optical properties of the Nd:YAG

ceramic and crystal. A 0.6 at.%-doped Nd:YAG ceramic sample

has good optical quality with a scattering coefficient of

0.0001 cm−1 and an absorption coefficient of 0.0017 cm−1.

Here, an 808-nm laser diode (LD) side-pumped laser

configuration was developed, delivering 26.4% of optical

efficiency with 44.9 W of output power. Moreover, an end-

pumped linear cavity with an 885-nm LD pump was designed

to improve the optical conversion efficiency. As a result, a

maximum output power of 144.8 W was obtained under the

absorbed pump power of 231.5 W. The corresponding optical

efficiency was calculated to be as high as 62.5%, which is a

significant improvement for high-efficiency Nd:YAG ceramic

lasers.

Absorption and scattering coefficient
measurement

To assess the overall optical quality of the material, the

measurements of light scattering and absorption were carried

out at 1,064 nm, based on a homemade scattering loss analyzer

with an integrating sphere. The measurement configuration is

shown in Figure 1. When a laser beam is nearly at normal

incidence upon the samples mounted in the center of the

integrating sphere, part of the radiation is reflected, part is

scattered, part is absorbed, and the rest is transmitted. The

incident laser power was denoted to be Pin, and the scattering

power and absorption power in the material were described as Ps
and Pa, respectively. The transmission power passing through the

samples was defined as PT, and the Fresnel reflection coefficient

of the front and back surfaces of the samples was denoted to be r.

According to the law of Fresnel reflection and Lambert–Beer

[14], the correlated relationship of the aforementioned power

distributions can be written as

{PT � (Pin − rPin − Pa − Ps)(1 − r)
Pa + Ps � Pin(1 − r)[1 − exp(−αL)] (1)

where α is the attenuation coefficient of the sample and L is the

length of the sample. Considering the power loss along the beam

propagation in the samples, it is evident that the scattering power

Ps and absorption power Pa inside the sample are caused by the

scattering and absorption mechanisms, respectively. Thus, we

could obtain α = αa+αs and Pa/Ps = αa/αs, where αa and αs are the

absorption coefficient and the scattering coefficient, respectively.

After simplifying Eq. 1, we obtain

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

PT

Pin
� (1 − r)2 − Ps

Pin
(αa
αs

+ 1)(1 − r)

Ps

Pin
(αa
αs

+ 1) � (1 − r){1 − exp[ − (αa + αs)L]}
(2)

where Pin and PTwere measured by a power meter PM (NOVA

II OPHIR). The scattered light intensity with and without the

samples was collected using a calibrated photoelectric detector

PD (Thorlabs Inc., DET200) mounted at the top of the

integrating sphere, recorded as P1 and P2, respectively. Also, the

output aperture of the integrating sphere was opened for measuring

P1 and closed for measuring P2. Here, the value of Ps/Pin is equal to

the ratio of P1/P2. By solving Eq. 2, the absorption coefficient αa and

the scattering coefficient αs could be achieved.

In the measurement, two Nd:YAG ceramic samples with

0.6 at.% and 1.0 at.% doping concentrations and a Nd:YAG

single crystal with 1.0 at.% doping concentration were employed,

which were fabricated by the Nanyang Technological University.

Each sample has a size of 3 mm diameter and 65 mm length, and

both facets of samples are polished and antireflection-coated at

1,064 nm to reduce the surface reflection. Therefore, the reflectivity r

at the surface of the sample is assumed to be about 0.1%.

FIGURE 1
Experimental schematic diagram for the scattering
coefficient measurements.
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Table 1 shows the corresponding scattering coefficient and

absorption coefficient of each sample. Obviously, the crystal

sample has the highest optical quality with the smallest attenuation

coefficient of 0.0017 cm−1, where the scattering coefficient and

absorption coefficient were measured to be 0.0011 cm−1 and

0.0006 cm−1, respectively. Compared with the 1 at.% Nd:YAG

ceramic rod, the 0.6 at.% Nd:YAG ceramic rod with an

attenuation loss of 0.0018 cm−1 is nearly the same as the single

crystal, which could be easier to produce high-power laser output.

In addition, the existence of low impurity ions during the preparation

process is inevitable, which results in a large absorption coefficient

with a same order ofmagnitude as the scattering coefficient and could

not be neglected in the defects of the ceramic materials. The

aforementioned data indicate that ceramic YAG is essentially

identical to single-crystal YAG in optical properties measured,

especially for the low scattering and absorption losses.

Laser experiment

In order to evaluate the laser performance of the ceramic

samples compared with the Nd:YAG crystal, a compact flat–flat

cavity was adopted, and the Nd:YAG ceramic was side-pumped

with an LD at a wavelength of 808 nm for high pump absorption

efficiency. The laser experimental configuration is shown in

Figure 2. The samples were surrounded by arrays of diode

lasers with a total pump power of 180 W. The Nd:YAG rod

and LD arrays were cooled to 25°C with flowing deionized water

to match the pump radiation wavelength of the LD and the

808.5 nm absorption spectrum of Nd:YAG. The mirror M1 was

coated with high reflectance (HR) at 1,064 nm, and the mirror

M2 was an output coupler with partial reflectivity of 80% at

1,064 nm. The 1,064 nm output power was monitored using the

PM. The total cavity length is about 70 mm.

The average laser output power of three Nd:YAG samples as

a function of LD pump power at 808 nm is shown in Figure 3.

The output power increases approximately linearly with the

increase in pump power and does not show any roll-over

effect, indicating that higher output can be achieved with

increasing pump energy continuously. With maximum pump

power of 170 W, 44.9 W and 46.2 W laser outputs were obtained

at 1,064 nm for the 0.6 at.% Nd:YAG ceramic and 1 at.% Nd:YAG

crystal, respectively. The corresponding optical-to-optical

conversion efficiencies are 26.4% and 27.2%. The optical

efficiency of the 0.6 at.% ceramic laser is only 0.8% less than

that of the single-crystal laser, due to the difference in the

absorbed pump power caused by different neodymium

concentrations. It was proven, from the aspect of output

power and laser efficiency, that the ceramic and crystal

materials share almost the same laser characteristics. For the

1 at.%-doped ceramic sample, a laser output of 38.6 W was lower

than that of the same doping concentration of the crystal because

of the largest attenuation loss coefficient and serious thermal

effect.

TABLE 1 Measured values and correlative results at 1,064 nm of
different samples.

Parameters Samples

S1 S2 S3

Material Ceramic Ceramic Crystal

Nd3+-doped concentration (at%) 0.6 1.0 1.0

Ratio of transmittance (PT/Pin, %) 0.986 0.981 0.987

Ratio of scattering (Ps/Pin, %) 0.0007 0.009 0.007

Scattering coefficient (αs, cm
−1) 0.0001 0.0014 0.0011

Absorption coefficient (αa, cm
−1) 0.0017 0.0012 0.0006

Attenuation coefficient (α, cm−1) 0.0018 0.0026 0.0017

FIGURE 2
Experimental setup of the 808-nm LD side-pumped Nd:YAG
laser.

FIGURE 3
Output power of the 1,064-nm laser versus pump power at
808 nm.
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The quantum defect between the pump and laser emission

wavelength is one of the major factors that limit the LD-pumped

solid-state lasers from generating high power and high efficiency

[15]. Compared to traditional 808 nm pumping, adopting 885-nm

diodes will have a reduction in the thermal load by nearly 30% and

will thus lead to an improvement in the overall laser efficiency. The

0.6 at.% Nd:YAG ceramic rod was employed as the measured

sample, and an end-pumped plane–plane linear cavity was

designed. Figure 4 shows the schematic diagram of the laser

oscillation measurement. An 885-nm fiber-coupled diode laser

(DILAS, 400 μm diameter and 0.22 NA) was used as the pump

source, delivering the maximum power of 250 W. It is focused into

the ceramic sample using a coupling lens of 1:1. The laser sample

was cooled by the re-circulating filtered water at 16°C, in order to

effectively alleviate the thermal effect of the gain medium. The

input mirror M1 was coated with a high-transmission film at a

pumpwavelength of 885 nmand anHR film at 1,064 nm. Also, the

output coupler M2 has a transmission of 20% at 1,064 nm. The

cavity length of the resonator is about 73 mm to keep the cavity

mode in the sample matching the pump mode. The mirror M3 is

adopted to separate the pump light and output laser.

The optical efficiency for a reasonable comparison could be

calculated based on the absorbed pump power. First, the

absorbed pump power was estimated by monitoring the pump

power passing through the sample at different incident levels, as

shown in Figure 5. The absorption power increased and the

absorption coefficient decreased with increasing the input pump

power. For instance, the absorption coefficient varied from

0.6 cm−1 to 0.43 cm−1 and corresponds to a pump absorption

of 97.9% and 94%, which is attributed to the absorption

saturation behavior of a lower doping concentration.

As shown in Figure 6, the output power at 1,064 nm

increased linearly in accordance with the absorbed pump

power. At the absorbed pump power of 231.5 W, the

maximum output power was as high as 144.8 W, with a

corresponding optical-to-optical conversion efficiency of

62.5%. The optical conversion efficiency versus absorbed

pump power is also given in Figure 6. Actually, the maximum

conversion efficiency of about 64.6% was obtained at 205 W of

absorbed pumping. To the best of our knowledge, this is the

highest optical conversion efficiency of all 1,064-nm laser

systems with end-pumped laser modules. The main reason for

achieving such high efficiency is the lower quantum defect for

885 nm pumping in combination with the effect of good mode

matching and high pump absorption for an end-pumped

scheme. The decrease in efficiency after 205 W was caused by

the serious thermal effect on the laser ceramic rod for high-power

operation.

Discussion and conclusion

In conclusion, the comparison of the laser performance of the

Nd:YAG ceramics and crystal as well as attenuation loss are

introduced and analyzed, based on an integrating sphere and

FIGURE 4
Experimental setup of 885-nm LD end-pumped Nd:YAG
laser.

FIGURE 5
Absorbed power versus incident pump power at 885 nm.

FIGURE 6
Output power of the 1,064-nm laser versus absorbed power
at 885 nm.
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808-nm LD side-pumped laser experiment. As a result, the Nd:

YAG ceramic could be processed to access almost identical

optical properties with the single crystal. Moreover, a 0.6 at.%

Nd:YAG ceramic rod was further investigated for producing high

optical conversion efficiency, by means of 885-nm LD direct end-

pumped technology. Under an absorbed power of 231.5 W, the

maximum output power of 144.8 Wwas obtained with an optical

efficiency of 62.5%, which is the highest efficiency the 1,064-nm

Nd:YAG ceramic laser ever reported.
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Picosecond lasers with high average power and high beam quality have been

widely used for precision processing and space exploration. In this study, we

report a high-power picosecond green laser using a multistage Yb-doped rod-

shaped photonic crystal fiber as an amplifier combined with a beam

combination. The single amplification module achieves a 1,030 nm laser

output of 146.8 W, and the maximum second harmonic generation (SHG)

power is 92 W with a frequency conversion efficiency of 63.5%. The

combined beam of the two SHGs resulted in a final output of 178 W with a

repetition frequency of 24.07 MHz, pulse width of 50.1 ps, and beam quality

factor ofM2 = 1.16. Furthermore, an adaptive filter control method of a two-axis

fast-steering mirror was applied to suppress the beam jitter to up to 45 Hz.

KEYWORDS

photonic crystal fiber, picosecond amplifiers, second harmonic generation, beam jitter
suppression, beam-pointing stabilization

Introduction

High-power laser sources with high beam quality and spectral diversity are of broad

interest for various applications [1–5]. Among them, ultrashort pulse (picosecond and

femtosecond) lasers are widely used in industrial processing, precision manufacturing,

and waveguide etching because of their negligible heat-affected zones [6–10]. Compared

to nanosecond pulses, picosecond lasers have a higher peak power that can control the

processing depth and precision more effectively and greatly improve the processing

quality [11–13]. Meanwhile, compared to femtosecond pulses, picosecond lasers achieve

high-power output with higher stability easier [14–17]. In addition to achieving a high-

power output, short-pulse lasers at specific wavelengths are also necessary for various

applications. For example, the need for green picosecond pulsed lasers is also more

widespread, as many materials in industrial processes absorb visible light more

significantly than infrared light and in marine and space exploration, where the

transmission medium absorbs less of the green wavelength [18–21]. Currently,
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picosecond pulses can be amplified by rod-tape photonic crystal

fibers (PCF), which can achieve extremely high amplification

efficiency, polarization preservation, and excellent beam quality

output [22–24]. Its difference from traditional optical fiber, with

its characteristics of cut-off-free single-mode transmission,

adjustable dispersion, high birefringence, large mode area, and

high nonlinearity coefficient, realizes single-mode transmission

in the large mode field of optical fiber, which makes a

breakthrough in high peak power transmission and

amplification of optical fiber [24–26]. In addition, beam jitter

is an issue that must be addressed to extend the application of

lasers to moving platforms such as aircraft, ships, vehicles, and

satellites [27, 28]. Beam jitter caused by engine vibration,

atmospheric turbulence, and attitude changes severely limits

the pointing performance of laser beams on moving

platforms [29].

In this study, we report a picosecond amplification structure

using a multi-stage Yb-doped rod-shaped PCF, divided into a

two-stage pre-amplification and a one-stage main amplification

structure. The single main amplification module finally achieves

a 1,030 nm laser output of 146.8 W. The frequency doubling

crystal is an LiB3O5(LBO) crystal, and the output second

harmonic generation (SHG) wavelength was 514.2 nm with a

maximum output power of 92 W. The conversion efficiency from

1,030 nm to 514.2 nm was 63.5%. The two SHGs were combined

to obtain a final output of 178 W at 514.2 nm. The repetition

frequency of the laser is 24.07 MHz, pulse duration is 50.1 ps, and

beam quality factor M2 is measured to be 1.16. An adaptive

filtering control method is applied to suppress the beam jitter of a

two-axis fast-steering mirror (FSM) to increase the output

stability. The FSM, driven by a voice coil driver, is placed in

the optical path in front of the laser exit to isolate the laser beam

from the disturbance. Using a position-sensitive detector (PSD)

as a beam deviation sensor, the system effectively suppresses laser

beam jitter up to 45 Hz, resulting in a high pointing stability of

178 W green light output.

Experiment and results

The laser amplification and frequency doubling experimental

setup are shown in Figure 1, which consists of a pre-amplification

module, main amplification module, frequency doubling

module, and optical range compensation module. The mode-

locked fiber laser (EOAS-MLFL-P-50-22-1,030-50) outputs seeds

with a repetition frequency of 22 ± 2 MHz, pulse duration of 50 ±

2.5 ps, and central wavelength of 1,030 ± 1 nm. The output seed

light is amplified by a primary fiber prevention module, which

aims to increase the efficiency of the photonic crystal fiber

amplifier (PCFA) afterward. The amplified seed light then

FIGURE 1
Schematic showing the layout of the laser system. FOI, fiber optic isolator; HWP, half-wave plate; FR, Faraday rotator; M, mirrors; F, focus lens;
PBS, polarizing beam splitter. FSM, fast steering mirror; PSD, position sensitive detector.
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passes through the optical isolator as signal light into the

secondary PCF preamplifier. In secondary pre-amplification,

the signal light is collimated and focused by a coupling lens

set and then injected into a rod-taped PCF, where the PCF is

pumped by a fiber-coupled diode with a central wavelength of

976 nm, and the pumped light is collimated and focused into

the PCF.

In the PCF (aeroGAIN-ROD-2.1, mode field diameter 65 ±

5 μm), the signal light receiving core diameter is approximately

85 μm, and after passing through the coupling lens set, the signal

light matches the receiving core diameter by more than 90%. The

pump light receiving diameter is 260 μm, and after passing

through the coupling lens set, the pump light spot with a

diameter of 200 μm and NA = 0.22 was injected into the PCF

with a 1:1 coupling ratio to achieve 95% energy within 250 μm.

After secondary pre-amplification, the 1,030 nm laser was split

into two beams using a half-wave plate and a polarization

splitting prism for respective amplification and frequency

doubling. The split beam was first coupled through a coupling

lens set to the PCF for single-pass amplification. The signal light

and pump light coupling system of the rod-tape PCF was

identical to that of the secondary preamplification module.

The signal light is amplified again and then passed through

the focusing lens as the fundamental frequency light for

frequency doubling. The frequency-doubling crystal was an

LBO crystal (type Ι, 3 mm × 3 mm × 15 mm) with a

combination of angle and temperature matching, a cut angle

of θ = 90°, φ = 12.6°, and a corresponding temperature of 55°C.

The advantage of this is that the best matching efficiency can be

obtained while avoiding strong convection owing to large

temperature gradients, which can affect the output light

stability. A dichroic mirror was then used to separate

1,030 nm from the SHG, which was collected by a collector,

and the SHG was then combined. Before the beam combining

process, one of the beams needs to be compensated for the optical

range to match the temporal overlap of the two beams. After

passing through a collimating lens and half-wave, the two SHGs

are combined in a polarizing beam-splitting prism and then

collimated and expanded into the beam jitter suppression

module.

Beam jitter suppression experiments were performed after

the green laser was output. The experimental optical path is

shown in Figure 1, where a two-axis FSM driven by a voice coil

driver is placed in the optical path behind the laser exit, with the

laser placed on a jitter platform. A small portion of the laser beam

was split into the PSD by adding a semi-transparent and semi-

reflective mirror to the beam path. By using the PSD as a beam

deviation sensor, the FSM effectively suppresses laser beam

dithering. The controller program design is shown in

Figure 2. The principle is that when the system is switched

on, the reference signal contains a large direct-current

component, which can destabilize the adaptive filter.

Therefore, a proportional-integral-derivative (PID) controller

was adopted in parallel with the adaptive filter to stabilize the

entire controller. As shown in Figure 2, once the PID controller is

connected in parallel with the adaptive filter, the initial bias error

is eliminated, and the adaptive filter works properly. In the

experiment, the vibration platform generated a broadband

disturbance signal with a frequency of 0–50 Hz to test the

stabilization effect of the controller.

In our experiment, the signal power after the second-stage

pre-amplification was 80 W, and the pump power was 162 W. In

one of the main amplification stages, the output power increased

linearly as the pump power increased, and the conversion

efficiency first increased and then plateaued, as shown in

Figure 3A. At the maximum pump power of 360 W,

FIGURE 2
Controller schematic of adaptive in parallel with PID.
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maximum power of 146.8 W was obtained for the 1,030 nm

output with an optical-to-optical conversion efficiency of 29.7%.

By designing the coupling lens set for the signal and pump lights,

more signal light can enter the fiber bar core, which can

effectively suppress amplified spontaneous emission (ASE) and

enable the fiber bar to obtain a higher gain, while a good coupling

spot can also effectively improve the quality of the amplified

beam. The output power of the amplification device has not yet

reached saturation, and there is room for further improvement

owing to the pumping power of the diode. Figure 3B shows the

FIGURE 3
Compilation of output characteristics of the green laser. (A) 1,030 nm output power plotted against the pump power; (B) output SHG power at
512 nm plotted against the 1,030 nm input power; (C) Normalized pulse characteristics of the output with a close-up shown inset; (D) temporal
characteristic of a single output pulsewith an autocorrelation trace; (E) normalizedwavelength spectrum of the amplified laser output; (F) Beam jitter
before and after control system turned on.

Frontiers in Physics frontiersin.org04

Zhang et al. 10.3389/fphy.2022.1084594

125124

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1084594


output power curve of the SHG with the pump power. From the

figure, it can be observed that the output power of the second

harmonic increases as the pump power increases, and the

maximum power of 92 W is obtained at the 1,030 nm power

of 146.8 W for SHG output. The frequency conversion efficiency

increases first, saturating at a 1,030 nm power of 104.1 W. The

highest conversion efficiency occurs at the pumping power of

134.7 W, with a conversion efficiency of 63.5%. Subsequently, as

the power increased, the efficiency decreased slightly, although

the output power increased. This is partly due to the broadening

of the 1,030 nm spectrum caused by the increase in laser power,

partly due to the change in the divergence angle of the amplified

beam, and partly due to the increased thermal effect of the

doubled crystal caused by the increase in power. However, the

results of the experiments were approximately the same as those

mentioned above. At the maximum pump power of 360 W,

131 W of 1,030 nm laser output was output, and after the

frequency-doubling crystal, 86 W of SHG was output, with a

frequency doubling efficiency of 65.6%. The two frequency-

doubled beams were combined to obtain a laser output of

178 W at 514 nm. The final output frequency of the SHG was

24.07 MHz with a pulse width of 50.1 ps, as shown in Figures

3C,D. The spectra measured using the spectrometer are shown in

Figure 3E. The central wavelength was 514.2 nm. In the case of

amplification, the fundamental mode signal light in the core is

fully amplified owing to the cut-off-free single-mode

characteristics of the fiber rod, whereas the light escaping into

the cladding is not amplified. A larger core-cladding power ratio

results in a higher beam quality of the output light,M2 = 1.16. The

vibration platform generated a broadband disturbance signal

with frequencies ranging from 0 Hz to 50 Hz. With the use of

the jitter suppression system, the jitter was effectively suppressed

by approximately 18.4 dB, as shown in Figure 3F.

Conclusion

In this study, the seed light was amplified using a multi-stage

rod-tape photonic crystal fiber, and a two-way amplification

structure was incorporated to reduce the effect of thermal

effects on the output light. The coupling system in the

amplification module was designed independently to achieve

mode-matching. The single amplification module achieves a

1,030 nm laser output of 146.8 W, and the maximum second

harmonic generation (SHG) power is 92 W with a frequency

conversion efficiency of 63.5%. After combining the beams, a

green laser of 514.2 nm with a repetition frequency of

24.07 MHz, pulse width of 50.1 ps, and power of 178 W was

output, with M2 = 1.16. An adaptive filter control method for

beam jitter suppression with a two-axis FSM was also applied to

suppress laser beam jitter up to 45 Hz. The results can be used as

a reference for the future realization of highly stable and

miniaturized green picosecond pulsed lasers in the 100 W or

even kW class for stable operation on mobile platforms.
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A wide mode-hopping free and narrow linewidth tunable laser diode source

with a Littman-Metcalf arrangement based on a diffraction grating is presented.

Several experiments are carried out to demonstrate the tuning characteristics

and spectral linewidth of the proposed external-cavity diode laser source. A

wide nomode-hopping continuouswavelength tuning range about 59.13 nm in

ultra-C-band with a narrow spectral linewidth of less than 100 kHz is obtained.

An optical signal to noise ratio of more than 65 dB and an output power more

than 14.8 dBm over the whole tuning range can also be realized in a long-term

free running condition. The proposed tunable laser allows simultaneously

mode-hopping free and narrow linewidth tunable radiation, thus opening a

door for practical application such as coherent detection.

KEYWORDS

tunable laser, mode-hopping free, littman-metcalf arrangement, narrow linewidth,
coherent detection

Introduction

Compared to most other types of tunable laser (e.g., distributed Bragg reflector laser,

vertical cavity surface emitting laser, and distributed feedback laser), external cavity diode

laser (ECDL) has been broadly studied and acted as a prior selected laser source for its

prestigious characteristics such as narrow linewidth, broad wavelength tuning range,

single mode, and compactness. It therefore makes the ECDL a versatile measuring tool for

many applications in fields including optical frequency-domain reflectometry (OFDR),

coherent optical communication, precision spectroscopy, and atomic physics [1–7].

Particularly, most applications require that the output wavelength of the ECDL can

be scanned continuously over time. Consequently, it is critical to build and maintain an

ECDL system with a wide mode-hopping free (MHF) tuning range.

Shortly after the first tunable ECDL configuration was developed in the early

1980s [8], many novel external-cavity designs have been presented. Probably the most

classical designs of the tunable ECDL can be divided into two types, the Littrow-type

external-cavity configuration [9, 10] and the Littman-Metcalf-type external-cavity
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configuration [11, 12]. In the former configuration, the ECDL

system basically consists of a laser diode (or called gain chip)

and a wavelength selected element (or called dispersion

element). The latter configuration is mainly composed of a

gain chip, a dispersion element, and a cavity mirror added.

These two classical structures use diffraction gratings for

wavelength selection. K. Fedorova et al reported a

1494–1667 nm widely tunable coherent radiation based on

an InGaAs-InP strained multiple quantum well (MQW) laser

chip generated from Littrow-type external-cavity

configuration [13]. The maximum side mode suppression

ratio (SMSR) was about 50 dB at around 1550 nm with the

linewidth of less than 0.4 nm. Yuan et al demonstrated an

InAs/InP quantum-dot (QD) laser system with a classical

Littrow-type external-cavity design operating at pulsed

injection current, the tunable range of which reached

190 nm [14]. Wang et al proved that a proper high

diffraction grating groove number (1200 lines/mm) and

first-order diffraction efficiency (91%) can improve laser

performance and achieve wider tuning range (209.9 nm)

[15]. However, these works have barely focused on the

MHF tuning characteristics. It also should be noted that

the wavelength tuning through the dispersion element in

Littrow-type external-cavity structure results in the

displacement of the 0th-order output beam. Laterly, Guo

et al successfully demonstrated a new and enhanced

structure for mirror-grating Littrow-type ECDL to obtain a

large MHF tuning range (4.34 nm) and remain the lateral

displacement of the output beam (0.033 mm) almost

unchanged when the diffraction grating was tuned [16].

Obviously, the presented mirror-grating method require

rather complicated monitoring system in order to

guarantee that the mirror and the diffraction grating rotate

synchronously, and keep parallel to each other. These are not

the cases in the Littman-Metcalf-type external-cavity design.

The synchronization of the external-cavity mode and the

diffraction grating-feedback wavelength is guaranteed by

the special external-cavity configuration. K. Repasky et al

studied the effect of the electronic feedback loop on the

cavity resonance condition as the laser was tuned [17].

With electronic feedback, it can be found that the

continuous tuning range can be extended to over 65 GHz

based on the Littman-Metcalf external-cavity arrangement.

Gong et al proposed a unique method to extend the MHF

tuning range of a Littman-Metcalf-type ECDL by synchronous

tuning with mode matching [18]. The maximum no mode-

hop tuning range of 78 GHz was obtained operating at

774.5 nm with an unoptimized reflector pivot position.

Meanwhile, some groups focus on studying the tuning

performance of Littman-based ECDL with different hybrid

methods. A high-power ECDL centered at 1329 nm with a

tunable range of 111 nm was reported by K. Leung, and the

total average output power was 131 mW, which was

performed by incorporating two serial semiconductor

optical amplifiers (SOA) in the laser cavity [19]. The

wavelength tuning was realized by a compact 72-facet

polygon scanner. Zhang et al presented a modified

Littman-Metcalf structure based on a simple single-axis-

MEMS mirror and a fused silica etalon [20]. The measured

wavelength tuning range of the proposed ECDL was about

40 nm in C-band. Although there have been some reports on

the widely tunable diffraction grating-coupled ECDL, the

continuous wavelength tuning with a wide MHF tuning

range seems less reported.

In this work, experimental results of a wide tunable external-

cavity diode laser with classical Littman-Metcalf set-up are

reported. The output power is about 16.5 dBm at the emitting

wavelength of 1550 nm, and the maximum SMSR exceeds 60 dB

is obtained in almost the full tuning spectral range of the

presented Littman-Metcalf arrangement. Furthermore, the

output wavelength can be changed continuously in a range of

59.13 nm without mode-hopping with an optical signal to noise

ratio of more than 65 dB and an output power more than

14.8 dBm over the entire tuning range, which is about

95 times enhancement compared with the mode matching

method [18]. The lasing wavelength is tunable and operating

in single frequency with a narrow linewidth of no more than

100 kHz. Its output beam has good directional stability when

tuned.

Experimental setup

The experimental setup of the proposed tunable ECDL is

built in a Littman-Metcalf configuration, as shown

schematically in Figure 1. The tunable ECDL consists of a

commercially available single angled facet gain chip

(Thorlabs, SAF1550S2) and an external cavity, which is

generally formed by a molded aspherical lens (Edmund,

87155), a blazed diffraction grating (Newport Richardson,

33025FL01-155R, the S and P plane average diffraction

efficiency of the m = 1 spectral order around 1500 nm is

about 70%), a homemade gold mirror and a linear motor. The

single angled facet gain chip with typical beam divergence of

31° in y-direction (transverse) and 17° in x-direction (lateral)

fixed on a thermoelectric cooler (TEC) is coated a 10%

reflectivity film on its normal facet (or called left/rear facet)

and a 0.005% antireflection (AR) film on its angled facet (or

called right/front facet). A continuous wave (CW) light from

the gain chip is collimated by a molded aspherical lens (MAL)

with a numerical aperture (NA) of 0.55 and a focal length of

4.51 mm, and then is incident on a 900 lines/mm blazed

diffraction grating. The first-order diffraction of the blazed

grating is diffracted on the surface of the cavity mirror, and

then reflected back to the same blazed grating mounted in

Littman-Metcalf configuration. Finally, the diffractive beam is
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coupled back into the single angled facet gain chip to form the

resonator. The operation from one wavelength (mode) to

another wavelength is achieved by rotating the gold mirror

driven by a piezoelectric transducer (PZT) motor. The output

of the selected wavelength is taken from the fiber output and is

divided into two equal parts by a 50/50 commercial optical

coupler (OC). After passing through the 3 dB OC, the power

of light coupled from the external cavity could be measured

using an optical power meter (Thorlabs, PM100D).

Meanwhile, an optical spectrum analyzer (OSA: Yokogawa,

AQ6370D) with a resolution of 20 pm. is applied to monitor

the spectral changes of the ECDL scheme. In order to verify

the ability to achieve a wide MHF tuning range at the same

time, a wavelength meter (Yokogawa, AQ6151B) is used to

obtain the MHF traces. It is worth noting that a variable

optical attenuator (VOA) with an attenuation of 9 dBm is

applied to prevent the OSA or the wavelength meter from

being damaged due to the excessive output power.

Experimental results and discussion

After adding the external cavity to the commercially available

single angled facet gain chip, MAL focal adjustment and

wavelength selected element alignment are carried out to

optimize the optical feedback. Optimum alignment is

accomplished when the gain chip threshold current is reduced

to a minimum value [21]. Figure 2A shows the output power

FIGURE 1
Schematic diagram of the ECDL built in the Littman-Metcalf configuration. TEC, thermoelectric cooler; MAL, molded aspherical lens; PZT,
piezoelectric transducer; OC, optical coupler; VOA: variable optical attenuator.

FIGURE 2
(A) Measurement of the output power characteristics of the ECDL as a function of the injection current at 1550 nm. (B) Measurement output
frequency shift as a function of the injection current in the Littman-Metcalf-type external-cavity configuration.
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characteristics of the ECDL versus the injection current (the step

is 10 mA) at the absence of the commercial optical coupler, the

output power increases linearly with the increasing of injection

current. The output power at the maximum injection current of

the home made laser diode driver (450 mA) is 45.3 mW. The

slope efficiency and the gain chip threshold current are

approximately 0.11 mW/mA and 60 mA, respectively.

However, it should be noted that the output power will

suddenly jump when the injection current tuned up from

300 mA to 310, 380–390, and 440–450 mA, respectively. It

may result from current-induced mode jumps.

To fully demonstrate the effect of injection current on the

tuning characteristics of the ECDL output frequency

(wavelength), the injection current is increased from 80 to

450 mA with 5 mA/step. Then the relation between injection

current and output frequency in the Littman-Metcalf external

cavity configuration is plotted in Figure 2B, where linear

regression is performed to obtain the frequency tuning rate

of the injection current, respectively. As displayed in

Figure 2B, the frequency tuning rate of the injection

current are determined to be approximately 0.0234 GHz/

mA, 0.0297 GHz/mA and 0.0319 GHz/mA, respectively.

Furthermore, it can be observed that the proposed ECDL

has a mode hopping interval, which can reasonably explain

the phenomenon in Figure 2A. The MHF interval with respect

to the injection current adjustment range is changed when

FIGURE 3
(A) The optical spectrum of the present ECDL operating 1,550.14 nm. (B) The superimposed optical spectra for different resonance
wavelengths. (C) The wavelength long-term stability of the present ECDL. (D) The output power stability of the laser. (E) The mode-hopping free
performance of the proposed ECDL. (F) The relationship between the optical output power and the physical length of the ECDL cavity.
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injection current changes and moves to the shorter MHF

range as the injection current increases. Therefore, it is

necessary to avoid this mode hopping interval when the

ECDL is working.

Subsequently, the basic characteristics of the proposed

ECDL are measured. Figure 3A displays the optical spectrum

of the present ECDL operating 1,550.14 nm, single-mode

operation with high optical signal to noise ratio (OSNR) of

more than 65 dB can be observed. The designed total physical

lengths of the laser cavity are changed to obtain

superimposed optical spectra for different resonance

wavelengths. The tunable wavelength range is about

59.13 nm from 1,520.82 nm to 1,579.95 nm, as shown in

Figure 3B. What’s more, it can be seen in Figure 3B that

the ECDL exhibits output power more than 14.8 dBm (taking

the fixed attenuation value into account) over the whole

tuning range when the injection current is about 410 mA

while maintaining a high OSNR over 65 dB. Later, an

experiment is carried out to demonstrate the wavelength

long-term stability of the present ECDL. A wavelength meter

is adopted to measure the wavelength fluctuations of the

present ECDL during free running. The monitoring ambient

temperature fluctuates by roughly 1 °C about an average

roughly 22 °C, and the results of the wavelength long-term

stability are obtained over period of 6 h with 0.1 h step. As

depicted in Figure 3C, the maximum deviation in the ECDL

wavelength is only 10 pm indicating an excellent passive

wavelength long-term stability. Under the similar

experimental conditions, the output power stability of the

laser is measured. Then the relation between the output

power and free running time in the proposed ECDL

arrangement is plotted in Figure 3D. It can be observed

that from Figure 3D that the maximum deviation in the

output power is only 0.02 dB indicated good power stability.

To fully demonstrate the mode-hopping free performance of

the proposed ECDL system, a corresponding experiment is

implemented to valid the basis characteristic. In the current

implementation, the overall physical length of the ECDL

cavity is designed to be about 50 mm, namely from the gain

chip rear (left) output facet to the gold mirror front facet, and

corresponds to an axial mode spacing of 23.1 pm operating at

1520 nm [21]. The mode spacing is changed when laser

wavelength (in vacuum) changes, and moves to the bigger

axial mode spacing as the wavelength increases. The

maximum axial mode spacing is about 24.9 pm operating at

1580 nm. For a given laser resonator mode, an about 0.76 μm

variation in the physical length of the ECDL cavity causes a

relative wavelength detuning of 23.1 pm. Therefore, as displayed

in Figure 3E, when the variations of the total physical length are

changed with 0.664 μm step, the variations of the adjacent

wavelength subtract are less than one mode spacing, which

indicates a mode-hopping free tunable output is ability to be

realized. Figure 3F illustrates the relationship between the optical

output power and the physical length of the ECDL cavity. It can

be seen that the measured trace is smooth (no suddenly power

jump) which also demonstrates a mode-hopping free tunable

output can be achieved.

At last, the spectral linewidth performance of the proposed

ECDL system is illustrated using traditional delayed self-

heterodyne (DSH) arrangement with a total length of 20 km

single-mode fiber (Corning, SMF28e) and an 80 MHz fibre-

coupled acousto-optic modulator (AOM) which is fabricated

by the Gooch & Housego [22, 23]. The spectral linewidth of the

beat signal is depicted in Figure 4A. Thanks to the relative long

laser cavity and low noise direct current (DC) source, the full

width at half maximum (FWHM) of the Lorentzian fit is roughly

176 kHz operating at 1550 nm. In addition, as plotted in

Figure 4B, the spectral linewidth of the proposed ECDL is less

FIGURE 4
(A) Delayed self-heterodyne spectra of the proposed ECDL operating at wavelength of 1550 nm. (B) The linewidth vs oscillation wavelength.
The linewidth performance is measured using the traditional DSH arrangement with a total length of 20 km single-mode fiber and an 80 MHz fibre-
coupled AOM.
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than 100 kHz over the entire tuning range. Notice that the

obtained spectral linewidth of the designed lasing system in

the central part of the whole tuning range is narrower than

that in the two edges of the whole tuning range. This is because

the resonator wavelengths in the two edges of the whole tuning

range have larger diffraction angles which will result in an extra

wavelength-dependent coupling loss.

Conclusion

In conclusion, a wide mode-hopping free and narrow linewidth

tunable laser source is designed, which is based on a classical

Littman-Metcalf configuration. Meanwhile, the tuning

characteristics and spectral linewidth of the proposed external-

cavity diode laser are investigated experimentally. A wide no

mode-hopping continuous wavelength tuning range about

59.13 nm in ultra-C-band (namely, 1,520.82–1,579.95 nm) with

an optical signal to noise ratio of more than 65 dB and an

output power more than 14.8 dBm over the whole tuning range

can be achieved in a long-term free running. The spectral linewidth

performance of the designed tunable laser source measured using

delayed self-heterodyne method is less than 100 kHz. With the help

of this designed tunable laser source, it has the potential in the

application of higher rate (800 Gbit/s and 1 Tbit/s) coherent systems

with higher-order modulation formats (coherent optical orthogonal

frequency division multiplexing). Future work shall focus on the

optimization of the length of the laser cavity design to further reduce

the spectral linewidth.
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A method to achieve spectral
beam combining based on a
novel symmetric grating
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1School of Physics and Electronic Information, Weifang University, Weifang, China, 2Weifang Key
Laboratory of Laser Technology and Application, Weifang University, Weifang, China, 3Weifang
Academy of Advanced Opto-Electronic Circuits, Weifang, China, 4Science and Technology on
Electro-Optical Information Security Control Laboratory, Tianjin, China

A symmetric grating is proposed to obtain higher output power in spectral beam

combination by increasing the number of lasers and spectral utilization. The

grating allows laser beams to be incident from both sides of the grating normal

to achieve coaxial beam combining, so the number of beams and the combined

output power are doubled compared with the traditional grating under the

same spectral line-width. The grating is designedwith the central wavelength of

4.65 μm, and the calculation results show that this grating is very advantageous

for spectral beam combining, especially for the light waves in the range

4.55–4.71 μm, where their diffraction efficiencies are high (over 80%) and

correspond to a wide and linear range of incidence angles. Meanwhile,

based on the symmetric gratings we further propose a circular grating to

achieve the same frequency spectral beam combining. This beam

combining design will not increase the laser spectral line width while

enhancing the laser power, reducing the requirements for the unit laser

spectral line width, which is very meaningful in some application fields and

will further enrich the research of spectral beam combining.

KEYWORDS

spectral beam combination, symmetrical grating, circular grating, same frequency
spectral beam combination, coaxial beam combining

1 Introduction

The output power of a single laser beam is often difficult to meet scientific and

industrial needs due to the gain saturation, non-linear effects and device damage.

Combining multiple laser beams is an effective way to obtain higher output power to

solve this problem [1]. In 1986, Wilfrid B. Veldkamp of Lincoln Laboratory first proposed

a method for coherent beam combining of multi-channel lasers using binary phase

gratings and achieved 6 GaAlAs laser beams combination [2, 3]. In 2011, Thales Research

and Technology in France reported the coherent beam combining of 5 quantum-cascade

lasers by a binary phase or Dammann grating [4]. All of the above solutions are coherent

beam combining, which requires a high degree of coherence between different channel
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lasers and is hard to accomplished experimentally, especially

when the number of lasers is large [5–9]. The feasibility of a

spectral beam combining (incoherent beam combining) scheme

was proposed by Christopher C. Cook et al. at Lincoln

Laboratory in 1999 [10] and was experimentally achieved for

a semiconductor laser array in 2000, where the combined beam

quality was almost identical to that of the single emitter [11], and

in the same year, they have also successfully achieved spectral

beam combining of 11-channel lasers [12]. Since then, the study

of spectral beam combination has attracted extensive attention

[13, 14].

Theoretically, the more lasers, the higher the combined beam

output power, but increasing the number of lasers will bring

many problems, mainly in: 1) difficulty in optical path

arrangement, because the existing spectral beam combination

schemes require that all emitters (or laser arrays) can only be on

the same side of the grating normal; 2) the spectral of each

emitter must be broadband, and the more the emitters are, the

wider their spectral must be, otherwise the efficiency of the

spectral beam combination will be reduced.[15]

To overcome these above problems, we propose a symmetric

grating for the spectral beam combining, and also develop a

circular grating (two-dimensional grating) to achieve the same

frequency spectral beam combining, which greatly enriches the

study of spectral beam combining.

2 Novel spectral beam combining
scheme

2.1 Symmetric grating and its spectral
beam combining scheme

Compared with traditional grating, our symmetric grating has

the following features: The diffracted light can be emitted

perpendicular to the grating plane if the laser beam is incident

on the grating at a suitable angle, so it can also be emitted

perpendicular to the grating plane when the laser beam

incident at the symmetrical position (or angle) on the other

side of the grating normal. This allows multiple laser beams to

be incident from both sides of the grating normal to achieve

spectral beam combining. Meanwhile, the incident light can only

be on one side of the normal of the traditional grating for spectral

beam combining. Take the example of the three-channel lasers L1,

L2, and L3, the differences between the two spectral combining

schemes of the traditional grating and the symmetrical grating are

given in Figures 1A,B respectively. DG and SG are the traditional

diffraction grating and the symmetric grating respectively, and OC

is the coupling output mirror that partially reflects and partially

transmits the spectral lines of the unit lasers L1, L2, and L3 so that

the three channels lasers are locked to the central wavelengths λ1,

λ2 and λ3 respectively and are coaxially combined.

Compared with traditional gratings, it can be seen that the

symmetrical grating has the advantages of a larger number of

lasers, higher spectral utilisation, smaller space requirement and

the ability to combine beam at the same frequency. As shown in

Figure 1C, there is also another spectral beam combining scheme

where the positions of the lasers on either side of the grating

normal can be asymmetrical compared with Figure 1B, L12 and

L23 are located between L1 and L2, L2, and L3 respectively, which

their corresponding wavelengths λ12 and λ23 are between λ1 and

λ2, λ2, and λ3 respectively.

FIGURE 1
Comparison of the two spectral beam combining schemes of (A) the traditional grating and (B) the symmetrical grating. (C) The second spectral
beam combination scheme of the symmetric grating.

FIGURE 2
Schematic diagram of the ray trace in the grating (the
simulation unit is in the black box).
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2.2 Parameter design and the spectral
beam combining effect

A theoretical study and parametric design have been carried

out for the new grating proposed above. In order to obtain high

first-order diffraction efficiency, we have designed a sub-

wavelength dielectric grating assuming the central wavelength

of 4.56 μm [16]. As shown in Figure 2, the simulation unit is in

the black box, and the refractive index of grating material n, air

refractive index n′, grating period d, duty cycle η and ridge height
h are respectively set at 2.0, 1.0, 4.2, 0.5 and 6.3 μm.

As shown in Figure 3A, calculations show that this grating is

ideally suited for spectral beam combining, as it has a high

diffraction efficiency (>80%) for the incident light in the range

4.55–4.71 μm, with a maximum diffraction efficiency of 91.4% at

4.66 μm, and a relatively significant difference in the incidence angle

of these lights while their diffracted lights are emitted perpendicular

to the grating plane. Figure 3B shows the electric field distribution of

incident and diffracted light in the grating for the laser beam of

4.6 μm, the purple arrows represent the direction of incident light

(33.2°) and the green arrows represent the direction of diffracted

light, which is consistent with the initial assumptions and

calculations made earlier. Due to the left-right symmetry of the

grating structure (see Figure 2), the beam incident from the right side

of the grating normal has the same direction of emission.

From the previous simulation and analysis, it is clear that the

symmetrical grating is perfectly feasible for spectral beam combining,

and has the advantages of high spectral utilisation and small space

occupation compared with traditional grating combining scheme. But

as shown in Figure 1B, this grating can only combine two beams of the

same frequency (or same wavelength). If a grating could combine

multiple beams of light at the same frequency, the spectrum of each

laser does not need to be broadband, and the combined laser beam is

not broadband anymorewhich is verymeaningful in some application

fields [17]. To this end, we further develop a circular grating.

2.3 Circular grating and its spectral beam
combining scheme

The so-called circular grating means that the grating grooves

are not straight but circular, so that the same frequency beam is

incident on the same solid angle to the center of the circular grating

to achieve coaxial same frequency spectral beam combining. A

schematic diagram of a 4-channel lasers spectral beam combining

using the circular grating is given in Figure 4, CG is the circular

FIGURE 3
(A) Variations of the optimal incidence angle and diffraction efficiency with laser wavelength; (B) The electric field distribution for the laser beam
of 4.6 μm at the optimal incidence angle of 33.2°, the purple and the green arrows represent the directions of incident light and diffracted light
respectively.

FIGURE 4
The same frequency spectral beam combining scheme based
on the circular grating.
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grating and OC is the coupling output mirror respectively.

Obviously, the overall output power of the combined beam can

be increased by increasing the number of the same frequency lasers

at this solid angle, and further increased by increasing the number

of different wavelength lasers at other solid angles.

3 Conclusion

To increase the number of lasers and spectral utilisation for

greater output power of the combined beam, we propose a

symmetric (one-dimensional) grating and a circular grating (two-

dimensional). Compared with traditional spectral combining

scheme, the symmetrical grating spectral beam combining

scheme can double the total output power of the combined

beam by doubling the number of lasers for the same spectral

line-width. The grating was designed with a central wavelength

of 4.65 µm, and the calculations show that this grating is ideally

suited for spectral beam combining with a high diffraction efficiency

(>80%) and a relatively significant difference in the incidence angle

for the incident light in the range 4.55–4.71 μm. In addition, a

circular grating is further proposed for the same frequency spectral

beam combining. The ideas of symmetrical grating, circular grating

and same frequency spectral beam combining proposed in this study

will further enrich the study of spectral beam combination.
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Influence of the focusing
characteristics of near-infrared
lasers on the maintenance of
plasma luminescence

Lian Zhou, Yi Chen*, Xin Guo, Yan Shi, Tianqi Zhao,
Chunlian Zhan and Shangzhong Jin

College of Optical and Electronic Technology, China Jiliang University, Hangzhou, Zhejiang, China

The interaction of 980-nm continuous laser radiation with the plasma of a

continuous optical discharge in xenon lamps at a pressure of p = 12 atm has

been studied. The threshold power and characteristics of the laser required to

sustain the xenon plasma became our focus. According to the theory of

Gaussian beam propagation, the laser parameters after collimation and

focusing are obtained by combining ZEMAX simulation and the actual

measurement. The influence of the beam waist ω0, which determines the

power density distribution at focus, and the Rayleigh range Z0, which

determines the energy concentration range, on the threshold maintenance

power is expounded. The results show that there is a threshold power density

for the generation of plasma, whose value is about 1,500–2,000W/mm2, and

that the threshold maintenance power of the plasma shows an overall

decreasing trend with decreasing ω0. When ω0 is reduced to a higher power

density that can easily maintain the thermodynamic equilibrium process of the

plasma, the mismatch between Z0 and the plasma size caused by the decrease

in Z0 makes the threshold power tend to be stable and increasing.

KEYWORDS

laser-maintained plasma, threshold power density, waist radius, Rayleigh length,
ZEMAX

1 Introduction

When high-power CW laser energy is radiated to the gas, the molecules or atoms in it

will be ionized, forming a high-temperature and high-particle density plasma

environment composed of electrons, ions, and neutral particles [1]. Under the

conditions of Stark broadening, the electrons in the xenon lamp and mercury lamp

with higher pressure undergo active free–free transition in the process of reverse

bremsstrahlung radiation [2], producing highly bright and stable light with a stronger

UV distribution [3, 4], which is widely used in many fields such as semiconductor

measurement, material characterization, and hyperspectral imaging [5–7].

Since the photon energy is comparable to the excitation and ionization potentials of

most gases, multiphoton absorption and cascade ionization are considered to be
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important mechanisms for plasma generation by laser–gas

interactions [8], but even with xenon, which has the lowest

thermal conductivity and ionization energy among all non-

radioactive rare gases [9], the laser energy required to produce

plasma is enormous. On the other hand, once the plasma is

generated, the center of higher temperature and high-electron

density is formed. At this time, the local thermodynamic

equilibrium of the plasma [10] can be maintained by injecting

lower energy to achieve long-term stable luminescence. The

plasma in this state absorbs the energy of laser light through

inverse bremsstrahlung [11, 12] to balance the energy loss

generated by radiation and other processes, and this energy is

far less than the breakdown threshold of gas.

In this work, a xenon lamp was selected as the object to

generate plasma, and xenon in the lamp was pre-ionized by DC

high-voltage ignition to form an initial plasma discharge channel,

in which some atoms in the gas were transferred from the ground

state to the excited state, obtaining more energy. Before pre-

ionization, we focused the laser between the two electrodes of

the lamp to maintain the continuous emission of the plasma

generated by pre-ionization. Through preliminary maintenance

experiments with the existing pressurized xenon lamps in the

laboratory, a xenon lamp bulb with a charge pressure of 12 atm,

which was the easiest to maintain, was selected. The threshold

power of the laser required to maintain the plasma at this charging

pressure was studied with the help of different lens combinations,

and the regularity of the plasmamaintenance process was analyzed

in combination with the characteristics of the focused beam.

2 Research contents

In the literature [13], a spherical heat transfer model was

developed for a focused laser beam, and the effect of plasma

temperature on the laser power required for the equilibrium

process was investigated from the perspective of laser absorption

by the plasma. At a constant pressure P, the absorption

coefficient μω(Tk) exists in a rising process due to the

increase in plasma temperature T caused by laser injection;

subsequently, the electron and ion density n decreases with

the increase in temperature T and the absorption coefficient

also decreases, as shown in Eqs 1, 2, where Θ(Tk) was the heat
flux potential, which varied monotonically with temperature.

Corresponding to the absorption of the laser by the plasma, there

exists a threshold power P0 enabling the plasma to enter a steady

state, that is, a local thermodynamic equilibrium state, and when

the plasma is unable to maintain this state, that is, the injected

laser energy does not allow the plasma to reach the desired

temperature, the ionization becomes so weak that the absorption

of the laser can even be neglected.

P0 ≈
2πΘ Tk( )
μω Tk( ) , (1)

P ~ nT � constant. (2)

2.1 Experimental setup

The laser-maintained plasma setup is shown in Figure 1. A

semiconductor laser with a central output wavelength of 980 nm

is selected as the laser source, and the output is fiber-coupled,

with the pigtail being a multimode fiber of 106.5 μm core

diameter produced by Everbright Photonics Co., Ltd.

Highly ionized plasma was formed by using a DC high

voltage to break down the xenon gas between the electrodes,

and then, continuous laser energy was focused on the location of

the plasma to maintain its continuous and stable luminescence

[14]. We measured the numerical aperture (NA) value of the

outgoing laser using the knife-edge method [15], that is, 0.14, and

it corresponded to the far-field divergence angle of the outgoing

laser. In order to obtain a more concentrated laser distribution,

the laser output from the fiber had gone through the collimation

and focusing process of the lens group [16] before being focused

between the two electrodes of the xenon lamp.

2.2 Experimental method

Lenses①,②, and③ with numerical apertures of 0.79, 0.76,

and 0.625 were selected as the collimating lenses, respectively,

and lenses ④, ⑤, and ⑥ with focal lengths slightly greater than

the bulb radius were selected as the focusing lenses, which were

combined for the experimental study of the laser-maintained

plasma. The aforementioned lenses were aspherical.

We selected the xenon lamp charging pressure of 12 atm, and

the minimum laser power that can maintain the continuous and

stable emission of plasma for more than 10 min was taken as the

threshold power under this combination. The characteristic

parameters of the focused beam under different combinations

were obtained using ZEMAX simulation and actual

measurements. The focused laser beam still propagates

according to the characteristics of a Gaussian beam, and the

radius of the beam waist, which affects the laser power density,

and the Rayleigh length, which affects the degree of energy

concentration, became the objects of our focus.

2.2.1 ZEMAX simulation
We took the lens combination ②+⑥ as an example and set

the object height, wavelength, and object NA to 0.05 mm,

0.98 μm, and 0.14, respectively, in the lens data editor

according to the parameters of the incident laser. We input

the lens parameters into the lens data editor and set the

corresponding initial distance, respectively, and then optimize

the thickness of the distance between the exit surface of the

optical fiber and the front surface of the collimating lens and the
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distance between the rear surface of the focusing lens and the

image plane to obtain the best collimation and focusing effect.

The optical path in the shadow mode is shown in Figure 2A.

Observing the distribution of the light beam on the image

plane, the converged light beam obtained a good focusing effect.

On the premise of ensuring that the aberration was as small as

possible, the small spot output was realized and the spot size

radius at the focal point was only 31 μm. This result was better

reflected in the scattered spot distribution of the light beam, as

shown in Figure 2B.

The simulation of the initial lens combination using ZEMAX

was an aid for us to exclude the effect of optical path aberration

and determine the radius of the focused beam to facilitate the

selection of a lens set that met the plasma maintenance

conditions.

2.2.2 Beam parameter measurement
According to the propagation characteristics of the Gaussian

beam, as shown in Figure 2C, the focused beam can be fit well

into the hyperbolic equation [17]. The CCD was used to record

the spot image including the focus within a range of about 4 mm

before and after the focus. A total of 11 photographs were

collected, of which at least five points were within the

Rayleigh length of the focused beam [18].

The attenuated laser was directly incident on the image

surface of the CCD after focusing to obtain a clear spot image

near the focal point. Again, using the combination ②+⑥ as an

example, the spot image taken near the focal point is shown in

Figure 2D.

Combined with the spot position, the focused laser

transmission can be represented by fitting the hyperbolic

equation:

ω z( )2 � Az2 + Bz + C, (3)

Where ω(z) corresponds to the radius of the spot at position z.

A, B, and C are the three coefficients obtained from the least

squares fit; each parameter of the laser can be expressed by A, B,

and C, respectively, as

ω0 �
���������
C − B2/4A√

θ � ��
A

√

Z0 �
���������
AC − B2/4√

A

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
, (4)

Where ω0, θ, and Z0 denote the beam waist radius, beam

divergence angle, and Rayleigh length at the focal plane,

respectively. We took the combination ②+⑥ as an

example, and its spot size and fitted data are shown in

Figure 2D. The NA, beam waist radius, and Rayleigh length

obtained according to Eq. 4 were 0.238, 63.903 μm, and

0.268 mm, respectively.

FIGURE 1
Experimental schematic diagram. The near-infrared semiconductor laser (illustrated as the spectrum of the central wavelength, FWHM is about
6 nm, and the laser can reach a maximum power of up to 70 W), after being collimated and focused by a position adjustable lens group, enters the
middle of the electrode of the xenon lamp with a diameter of 18 mm and a pressure of 12 atm. The bulb is externally connected with a high-voltage
arc excitation device to form the initial plasma (this voltage will be removed after laser injection) and uses a power meter (F150A-BB-26, Ophir)
and a CCD camera (MV-CA016-10UM, Hikrobotics) to record the laser spot and plasma information.
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3 Result analysis

The aforementioned combination was simulated and

compared with the focused beam characteristic parameters

fitted after CCD measurement, and the results are shown in

Table 1. It can be observed that the NA obtained by simulation

and actual measurement data fitting was not much different, and

the difference in the beam waist radius was also basically

maintained at the same level. The difference was caused by

the aberration of the optical path and the diffraction of the

beam during the actual beam propagation [19].With the increase

in NA, the threshold power tended to decrease gradually. In

order to analyze this reason, we first carried out simulation

analysis on the selected combinations. The simulated data and

the photographs recorded by the camera verified that some

combinations showed obvious deviation from the simulation

curve of ω0 in Figure 3A due to the existence of aberration. Other

combinations met the characteristics of Gaussian beam

propagation, that is, with the increase of NA, the beam waist

radius gradually decreased. It was worth noting that in the actual

beam transmission, the beam waist radius cannot be ideally

reduced with the increase in NA; as obtained in the

simulation, as shown in Figure 3A, after NA was greater than

0.15, the change slope of the measurement curve was smaller

FIGURE 2
Simulation result graph and actual measurement graph of the combination②+⑥. (A) 3D layout of the beam in ZEMAX; (B) focal plane light map
and diffuse spot images corresponding to object heights of 0 and ±0.05 mm; (C) schematic diagram of Gaussian beam propagation and its
parametric relationships, is the waist radius, Z0 is the Rayleigh length, θ is the far-field divergence angle, and λ is the wavelength; (D) spot radius at
different positions and their hyperbolic fits (inset shows the spot images acquired by the CCD (VEN-161-61U3M-M05, China Daheng Group,
Inc.) corresponding to each position).
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than that of the simulation curve, which will directly affect the

threshold power density of the laser at the focal point.

We studied the threshold power affected by the beam waist

radius and Rayleigh length for eight combinations with small

aberrations and no excessive energy loss (this energy loss is

mainly reflected in the shading of the laser energy by the

experimental device) and established its relationship with the

threshold power, as shown in Figure 3B, with the beam waist

radius as the independent variable. The threshold power density

represents the average distribution of laser energy at the focal

TABLE 1 Simulation and fitting parameters of the focused beam with different lens combinations.

Lens
combination

Measure Z0/mm Measure NA Simulation NA Measure ω0/mm Simulation ω0/mm Threshold
power/W

1 (①+③) 1.046 0.104 0.093 0.108 0.077 56.7

2 (①+⑥) 0.782 0.125 0.112 0.098 0.064 49.9

3 (①+⑤) 0.518 0.148 0.124 0.077 0.058 45.9

4 (①+④) 0.405 0.170 0.149 0.069 0.053 42.9

5 (③+⑥) 0.407 0.176 0.169 0.072 0.042 45.6

6 (③+⑤) 0.370 0.188 0.185 0.070 0.038 46.9

7 (②+⑥) 0.268 0.238 0.220 0.064 0.031 46.6

8 (②+⑤) 0.253 0.243 0.243 0.062 0.029 47.1

FIGURE 3
(A) Plot of the beam waist radius versus NA under simulation and the actual measurement; (B) effect of on the threshold power and its density;
(C) relationship between and Rayleigh length at the focal point; (D) schematic diagram of laser focusing and the formed plasma morphology under
different NA values, with insets showing the plasma images collected under different NA values.
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plane and was numerically equal to the ratio of the threshold

power to the focal plane area, which showed an opposite trend to

the threshold power with ω0, and this relationship can be better

explained by the variation of the plasma luminescence size with

the laser focusing NA in Figure 3D. If the NA was small, that is,

ω0 and Z0 is large, although the plasma size was larger at this

time, but its longitudinal dimension was still less than the

Rayleigh length of the focused laser, and the threshold power

density at this time reflects the power conditions that should be

met when the plasma was lit; as NA increases, Z0 decreases to the

same scale as the plasma length, the power density at the

luminous edge still met the value required in the first case,

and the power density at the focal plane was in a rising stage

due to the decrease of ω0; this process continued until the

Rayleigh length was smaller than the plasma length, that is,

the case of large NA, and the power density beyond the Rayleigh

length still met the threshold power density for maintaining the

plasma under this condition, which also meant that the plasma

needed more energy to maintain, and the maintenance power

that should be continuously decreasing becomes stable and

appears to increase. In addition, this trend was further

increased by the fact that the decrease in ω0 tends to level off

with increasing NA during the actual transmission. In summary,

we believed that a certain threshold power density was necessary

for the formation of a stable plasma; this value was in the

approximate range of 1,500–2,000 W/mm2, but the required

laser power was also influenced by the Rayleigh range and the

relative length of the plasma size when analyzed from the point of

view of plasma maintenance. This was also better verified by

combination 4 (circled in Figures 3B,C), that is, ①+④, which

had a lower threshold power due to its larger Rayleigh length

than the combination in the same ω0 conditions.

4 Discussion and conclusion

We adopted the method of combining simulation and

experimental measurement to study the continuous and stable

luminescence process of the laser-maintained xenon plasma at a

fixed pressure. The following main conclusions were drawn for

this process.

In the selection of optical path, the lens should be chosen

from a lens group with small aberration and large energy

transmission to obtain a focused beam, the poor focusing

effect mainly occurred in the case of large NA, and ZEMAX

in this process can play a preliminary screening role. In addition,

the beam waist radius decreased with increasing NA, and the

elevated power density was to some extent conducive to the

reduction of the threshold power, but as the Rayleigh length also

decreased along with it, the reduced energy concentration region

reduced the plasma size, while the mismatch between the two

sizes can make the plasma maintenance require higher power,

and the threshold power no longer decreased or even appeared to

increase slowly, and the two factors, ω0 and Z0, each played a

major role in maintaining the laser threshold of the plasma in

different NA ranges.
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We proposed and numerically demonstrated the combination of temporal and
spatial shaping of high power nanosecond laser pulses based on stimulated
Brillouin scattering (SBS) in this paper. With the intensity-dependence
characteristic of SBS, the higher intensity parts of the laser beam obtain higher
reflectivity, and the incident non-uniform high power laser beam would be well
smoothed. A parameter adjustable feedback control loop was used to tailor the
output temporal profile by pre-compensating the temporal profile of the input
pump. In our numerical simulation, a 3 ns super-Gaussian shaped single-
frequency laser pulse with a 527 nm wavelength was used as the pump. And the
heavy fluorocarbon FC-70 was chosen as the Brillouin medium. Simulation results
show that the laser spatial modulation can be significantly pulled down when the
energy efficiency is maintained above 90% in our beam smoothing system with
suitable laser intensity. The flat-toped laser pulses both in temporal and spatial
domain were demonstrated to be achievable simultaneously. The method proposed
here paves a simple and effective way to optimizing the near field pattern and
temporal shape of high power laser systems.

KEYWORDS

spatial beam smoothing, pulse shape control, high power lasers, stimulated brillouin
scattering, pre-compensation

1 Introduction

High-power lasers have broad applications in various fields [1–4], especially in the research
of inertial confinement fusion for clean energy exploring. Controlling the uniformity of laser
spatial and temporal profile acts a significant role in mitigating laser-induced damage and laser
transmission in high-power laser systems. The spatial non-uniformity in a laser beam is mainly
comes from the uneven gain in the active laser medium and the diffraction modulation caused
by the intensity and phase perturbation of laser components. Because the optics damage in high
power laser systems is closely related to the local intensity, the over-high local intensity should
be suppressed by spatial beam shaping.

In the past decades, laser system engineering has accumulated several techniques to avoid
excessive spatial modulation by using liquid crystal spatial light modulators (SLMs) [5–7],
random phase plates [8], far-field spatial filter [9], and so on. Randomized phase plates is
randomly arranged by hundreds of small units with 0 or π phase delay, and the far-field
smoothing is realized through the superposition of diffraction of each unit. It is insensitive to
wave-front distortion, but it has some problems such as low diffraction efficiency and easy to be
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affected by incident wavelength. In general, SLM combined with
spatial filtering can realize arbitrary spatial shaping in high-power
laser systems. SLM is an active programmable beam shaping device,
which can pre-compensate the non-uniformity of laser beam profile
by adjusting the transmissivity of each pixel, with good results.
However, the total transmissivity of SLM devices is relatively low
[7], and the beam quality is improved at the cost of the output energy.
In our previous research, we proposed a more effective method based
on SBS to enhance laser near-field uniformity with high energy
transmittance [10, 11]. SBS attracts extensive attention owing to its
wide applications both in high quality laser generation [12–15], optical
amplification [16, 17] and distributed optical fiber sensing [18]. In
addition to the above applications, a special application called SBS
optical limiting has attracted extensive attention [19–21]. When high
power lasers with uneven beam profiles are injected into Brillouin
medium and SBS is excited, the transmitted light energy and power
will be limited to a certain level. A flat-topped profile in temporal or
spatial domain can be obtained as a result of the non-linear properties
of SBS [19]. This kind of optical limiting is easier to be realized in non-
focusing scheme than multiphoton absorption and intensity
dependent polarization rotators based optical limiting for its
simpler structure and lower threshold [22, 23].

The SBS beam smoothing benefits from the higher reflectivity of
higher intensity parts of laser beam, then a non-linear distortion
occurs between profiles of output and input pulses. To obtain a flat-
topped profile both in temporal and spatial domain, the input laser
pulse shape should be pre-compensated strictly before introducing
into the medium cell. In this paper, we demonstrate the temporal
shaping of the output laser pulse from a Brillouin beam smoothing
system by controlling the temporal profile of the pump laser with a
feedback control loop. A top hat profile both in the temporal and
spatial domain are obtained simultaneously in our numerical
simulation with an energy efficiency of about 90%, which paves the
way for the application of SBS in optical field shaping of high power
laser systems.

2 Theory

The purpose of our work is to obtain top hat laser pulses both in
temporal and spatial domain with SBS. The temporal pulse shape
controlling and spatial beam smoothing process can be described by
the following equations:

∇2
TAP + zAP

zz
+ n
c
zAP

zt
� igρAS (1)

∇2
TAS + zAS

zz
− n
c
zAS

zt
� −igρ*AP (2)

zρ

zt
+ 1
2
Γρ � iγq2

16πΩB
APA

*
S + f (3)

where the amplitude of the pump and Stokes are represented asAp and
As, and ρ is the amplitude of acoustic wave; n is the refractive index of
the medium, c is the speed of light, g is the Brillouin gain coefficient, γ
is the electrostrictive constant, q is wave vector of the acoustic wave,
ΩB and Γ denote the acoustic frequency and Brillouin linewidth, f is the
thermal noise which initiates the spontaneous Brillouin scattering and
it can be described as a Gaussian random function in our model. The
first terms of the two optical field equations illustrate the diffraction of

the pump and Stokes light, which can be used to study 3D property
of SBS.

By numerically solving the equations, the SBS process with a large
aperture pump can be simulated. In our simulation, the split-step
Fourier method is used by assuming that in propagating the optical
field over an iteration step, the diffraction and non-linear effects can be
treated independently. In general, diffraction and non-linear effects
act together along the length of the medium cell, but the above
assumption acts well when the iteration step size is small enough.
Fast Fourier transformation method is utilized to deal with the laser
diffraction, while an implicit finite differencing in time and a backward
differencing scheme in space are used for the algorithm of non-linear
effects calculation.

The main parameters of non-linear medium and laser source
used in our simulation are set as follows: the wavelength of pump
light is 0.527 μm, the pump pulse duration is 3 ns, the refraction
index of the non-linear material is 1.303, the Brillouin gain
coefficient is 0.2 cm/GW, the acoustic frequency is 2.14 GHz
and the phonon time is 5 ps (parameters above are corresponds
to heavy fluorocarbon liquid materials FC-70 [11]). The beam
diameter used in our simulation is 40 mm. The length of the
medium cell is 350 mm.

3 Numerical results and discussions

3.1 Beam smoothing effect by SBS

With the proposed numerical model, spatial beam smoothing
effect of a large aperture high power laser was studied. When the
mean intensity of the pump is set to 1.68 GW/cm2, the calculated
3D intensity distribution of the input and output laser in the near
field are shown in Figures 1A, B. It can be seen clearly from the
pictures that after propagating through the medium and exciting
SBS, hot spots have been cleaned up, and the near field pattern was
smoothed obviously. The energy conversion efficiency of the beam
shaping system is calculated to be above 95%. The spatial
modulation caused by the high spatial frequency components
(see Figure 1A) can easily be removed in the far-field by
conventional spatial filtering of the high-order spatial
frequencies. But the pinhole spatial filtering system needs a high
vacuum environment to prevent air breakdown at the focal point
from polluting the optical element and requires complicated design
to avoid ghost damage. The simple structure and high energy
efficiency are the main advantages of our beam smoothing
method compared with the traditional scheme.

The above simulation results verified that the near field of high
power laser could be well cleaned up by SBS. However, when we focus
on the time domain, the waveform of output pulse becomes distorted
compared with the input laser pulse. Simulation results are shown in
Figure 1C, the black dash line denotes the waveform of the pump
pulse, the solid red line represents the temporal profile of the output
laser pulse (the residual pump), and the solid blue line stands for that
of the backward SBS. The parameters used here are the same as those
above. It can be seen clearly from this figure that the transmitted laser
is distorted noticeably in the trailing edge of the pump pulse. The main
reason for this phenomenon is that part of the pump energy is taken
off by the reflected Stokes light due to the non-linear development of
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SBS process. This distortion is harmful for applying the proposed
beam smoothing scheme in high-power laser systems.

To quantitatively evaluate the SBS beam shaping effect, three
parameters named the near field intensity modulation index (MI),
energy efficiency (η) and pulse distortion ratio (PDR) were utilized. MI
is defined as the ratio of the peak intensity to the average intensity in
the flat top area of the laser field. Energy efficiency is related to the

percentage of the output laser energy out of the total input laser
energy. PDR denotes the distortion degree of the output pulses, and it
is calculated with the following equation (24):

PDR �

���������������������
∑ T t( ) − ∑T t( )R t( )∑R2 t( ) R t( )( )2

∑T2 t( )

√√
(4)

FIGURE 1
Numerical results of SBS beam smoothing. (A)Near field pattern of the pump (B)Near field pattern of the output light (C) Typical waveforms of the pump,
Stokes and output pulse (residual pump) (D) Evolution of MI, η and PDR with the increasing of laser intensity.

FIGURE 2
The process of the waveform pre-compensation.
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where T(t) and R(t) represent the temporal profile of the input (target) and
the output (result) pulse shape, respectively. The above three parameters
were calculated with the changing of pump laser intensity, and the results
are shown in Figure 1D. The calculated results indicate that the MI factor
decreases sharply with the raise of the pump intensity. TheMI factor can be
mitigated largely from 1.49 to 1.08 with an energy efficiency of 89.7%when
the pump intensity is 1.82 GW/cm2. The calculated energy efficiency of our
scheme is much higher than that of the widely used method with SLM.
However, time-domain distortion of the output pulse increases rapidly with
the laser intensity, and the PDRwas calculated to 0.25 when the pump laser
intensity is 1.82 GW/cm2. Thus, it is necessary to take some steps to balance
the MI reduction and the PDR increase.

3.2 Pre-compensation of the laser pulses

According to the above explanation, the output laser pulse
distortion in the time domain occurs in the falling edge of the
pulse because of the avalanche increase of the Stokes light by
extracting pump energy. Thus, it is easily comes to mind that the
output pulse profile distortion would be weakened if the rear pulse
edge has much higher intensity. Then, we utilize the following
feedback compensation algorithm for pump pre-compensation,
which is based on the ratio between the targeted and the obtained
waveform. The pre-compensated pump profile can be
described as:

FIGURE 3
Simulation results of the pulse compensation with different pump intensities. (A,B) represent the pre-compensated pumpwaveforms and related output
laser waveforms with the top-hat intensity of 1.6 GW/cm2, (C,D) draw the correspond results with the top-hat intensity of 1.7 GW/cm2, while (E,F) shows that
of 1.82 GW/cm2.
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In t( ) � In−1 t( ) · P S − 1( ) + 1[ ] (5)
Where In−1(t) represents the pump profile of the previous iteration,
S � T(t)

Rn−1(t) denotes the difference between the target waveform and
the output laser pulse of the previous iteration, and P stands for the
additional parameter which ranges from 0 to 1. The process of the
waveform compensation with Equation 5 is shown in Figure 2.
During each iteration, we calculate the parameter S with the aimed
waveform and the measured waveform, firstly. Then the optimized
pump profile of this iteration can be obtained after multiplying the
previous pump waveform by the calculated parameter S. When the
optimized pump is injected into the Brillouin cell, the output pulse
will turn out to be much closer to the aimed profile. We repeat the
above procedure until the output pulse is identical to the aimed
pulse waveform.

To study the proposed feedback algorithms under test, we
numerically simulated the compensation process with different
laser intensities. The laser peak intensity used here were 1.6 GW/
cm2, 1.7 GW/cm2 and 1.82 GW/cm2 with a 3 ns pulse duration, and
the parameter P of Equation 5 was set to 0.9. The calculated results are
shown in Figure 3. Figures 3A, B draw the optimized pump and the
related output pulses of each iteration with 1.6 GW/cm2 pump. It can
be seen from these two pictures that, when the proposed pre-
compensation method is used, the back of the pump pulse rises
and the output pulse distortion disappears gradually with the
increase of the iteration times. A perfect flat-top output pulse can
be obtained within four iterations. Figures 3C, D show the calculated
results with a laser intensity of 1.7 GW/cm2, the same phenomenon
appears and the optimized flat-top output pulse was realized when five
iterations were carried out. When the laser intensity was set to
1.82 GW/cm2, seven iterations in our algorithm were needed to
compensate the output pulse distortion (see Figures 3E, F). The
energy conversion efficiencies of the SBS system for the optimized
pump waveform with the above three peak intensities are calculated to
be 92.3%, 81.1% and 52.3%, respectively. Then, we can conclude from
the above simulation results that the output pulse profile can be pre-
compensated with our algorithms perfectly, and the iteration times
increase with the rise of pump intensity. The main reason is that much
higher SBS reflectivity and more serious output pulse distortion occur
with higher pump intensity. Meanwhile, it should be taken into
consideration that the optimum temporal profiling necessitates a

pronounced trailing edge of the pump pulse, whose required
intensity is nearly one order of magnitude higher than that of the
flat-top range when the laser intensity is 1.82 GW/cm2. It is a challenge
to produce such a laser pulse in practice, although pulse stacking
technique has been widely used in high power laser systems. And it
may even threatens the safe operation of the laser system when the
trailing peak is too high. In view of these reasons, our temporal-spatial
beam smoothing system should be operated slightly above the SBS
threshold according to Figure 1D. This condition can be achieved by
choosing suitable medium with low gain coefficient for powerful laser
operation.

The proposed compensation algorithms shown in Equation 5 consist
of an important parameter P, which controls the feedback depth of our
method. Then, it is necessary to evaluate the influence of this parameter
on output pulse pre-compensation. The abovementioned parameter PDR
was calculated during each iteration with different P when the pump
intensity was fixed as 1.82 GW/cm2, the numerical results are shown in
Figure 4. It can be seen clearly from this picture that the value of PDR
drops sharply with the increase of iteration numbers, which indicates that
the output pulse is compensated gradually with the proposed algorithms
of this work. The compensate process develops more quickly with an
increasing value of P. The output pulse can be optimized properly and the
value of PDR remains nearly zero when the parameter P is below 0.9. But
there exists an interesting phenomenon that the PDR index rebounds
from bottom with the further increase of iteration number when the
parameter P is set to 1, which indicates an instable compensation. From
the above results we can draw a conclusion that the index P should be
chosen slightly smaller than 1, and 0.9 is a proper value used in our
calculation.

4 Conclusion

In this paper, we have presented a method to correct the temporal
pulse profile at the output of a Brillouin cell used for laser beam
smoothing by changing the pump pulse utilizing a feedback loop. This
method is applied simply using the knowledge of the input and of the
output of the system. We numerically studied the dependence of the
pulse compensation performance on the number of iterations and the
proportionality factor P. In our numerical simulation, a 3 ns 20th
order super-Gaussian shaped laser pulse with a 527 nm wavelength
was used as the pump and FC-70 was chosen as the Brillouin medium.
The calculated results indicate that the near field modulation index
droops obviously with a proper laser intensity and the output pulse
distortion decrease exponentially as a function of iterations. Our
method minimizes the error between the output pulse profile and
the target flat-top laser pulse, only about seven iterations are needed to
complete the compensate process for 1.82 GW/cm2 pump intensity
(which is the proper laser intensity for beam smoothing in our
simulation) with a parameter value of 0.9. This simple
spatiotemporal shaping scheme has good application potential in
the output optimization high power and energy nanosecond lasers.
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FIGURE 4
The relationship between output pulse distortion ratio and the
calculation iteration with different parameter P.
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Measurement and reconstruction
of geometric parameters of the
barrel bore based on the laser
scanning strategy

Pengjun Zhang, Wei Jin*, Dongdong Ren and Yunfei Lyu

School of Mechatronics Engineering, North University of China, Taiyuan, China

The inner surface defects can be displayed intuitively by measuring the geometric
parameters of rifling of the artillery barrel. In this paper, the parameters of the barrel
bore were scanned based on the high-precision laser, and the three-dimensional
reconstruction of the bore shape was conducted based on the test data. The wavelet
transform was used for multiple de-noising of the test data, and the Delaunay
triangulation interpolation algorithm was used to reconstruct the three-
dimensional contour structure of the barrel bore, forming a high-fidelity
measurement strategy for the parameters of the barrel bore. The results show
that this measurement strategy can achieve the high-precision measurement of
the geometric parameters of barrel rifling, and the accuracy can reach .001 mm. By
comparing the measured value of rifling with the standard value, the flaw points in
the rifling of the birth tube can be accurately specified. The three-dimensional model
reconstruction based on the massive sample data realizes the high-fidelity
measurement of rifling geometric parameters. This measurement strategy can
provide support for the visualization of barrel rifling and effectively improve the
detection accuracy of the barrel bore.

KEYWORDS

laser detection, inner bore, geometric reconstruction, rifling, laser scanning

1 Introduction

As the key component of artillery, the surface quality of the artillery barrel has an important
influence on the firing accuracy, service life, projectile velocity, and other tactical and technical
indicators [1]. The traditional barrel bore detection method mainly depends on the detection
machinery to identify the relevant technical personnel use endoscope for defect detection. This
detection method is not only time-consuming and labor-intensive, with detection accuracy,
reliability, and low degree of automaton, but also the operator has certain technical
requirements, and the subjective error is very large [2, 3]. With the development of
photoelectric technology, sensor technology, image processing, computer technology,
precision machinery technology, and electrical control technology, the detection technology
of the barrel is also constantly improving. The current detection methods are mainly attributed
to two categories. One is the contact measurement, such as the air plug gauge method. This kind
of method is relatively mature, and the measurement time is short. It is mainly used in factory
production detection, but it also has the disadvantage of low accuracy so that it cannot be widely
applied [4, 5]. The other is the non-contact measurement, which uses optical scanning and
reflection methods. Non-contact measurement methods include the CCD camera detection
method, laser projection detection method, and laser triangulation method [6].
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1) CCD camera detection method: This method uses the projection
head in the barrel bore surface-projected aperture orthogonal to its
axis, and then, the CCD camera is used to image the aperture; then,
the image was used after relevant calculation to detect the barrel
bore size [7, 8]. The advantages of the CCD camera detection
method are high detection accuracy and fast image processing
speed. The disadvantage is that the aperture must be imaged in the
imaging area, and there are strict requirements on the focal length;
otherwise, the detection accuracy will be greatly reduced.

2) Laser projection method: The annular laser emitted by the laser
emitter in the laser projection detection system is reflected and
projected onto the barrel bore to form an annular light spot. The
light spot is then reflected by another mirror, and the receiving lens
forms an optical image ring on the CCD. The image size of a
section of the barrel can be obtained by processing the ring [9, 10].
When the detection system moves along with the barrel diameter,
the size of the whole barrel can be measured. Although this
detection method has high detection accuracy, the disadvantage
is low detection efficiency [11].

3) Laser triangulation detection method: When the light source
emitted by the semiconductor laser is illuminated to the surface
of the inner wall of the barrel, the distance between the light source
and the surface of the inner wall of the barrel is different, the angle
of light reflection will be changed, and its imaging position on the
linear CCD array of the laser displacement sensor will be changed
synchronously [12, 13]. The advantages of the laser triangulation
method are simple structure, a small measurement point, small
shape, strong anti-interference ability, highmeasurement accuracy,
and continuous measurement. However, the disadvantage is that
the installation and debugging are relatively complicated [14].

The research purpose of this paper is to establish the artillery
barrel bore detection system based on multi-laser sensor fusion. The
system adopts the design method of combining the laser displacement
sensor and laser range finder with an automatic feed device. According
to the principle of the laser triangulation test, the experiment was
carried out for an artillery barrel.

2 Barrel detection system

2.1 Laser triangulation test

The laser triangulation method is a measurement method
designed by using the stability of the laser source and the
propagation characteristics of the laser. The laser beam emitted by
the laser is reflected on the surface of the measuring object, and the
reflected light falls on the receiving surface through the mirror. The
position of the falling spot will change with the distance between the
laser and the measuring object, and the measuring distance can be
calculated according to the falling point [15].

A laser is placed above the surface of the measured object, and the
laser emits a beam to themeasured surface through the condenser lens.
Some of the laser will diffuse because the surface cannot be absolutely
smooth. A lens is placed in front of the photodetector for imaging
convergence, and the diffusely reflected laser will converge to a spot on
the optical sensor. When the measured object is reversed, the spot will
shift [16]. According to the displacement value, the angle θ between
the incident laser and the divergent laser, the image distance L1 and the

object distance L2, and the displacement value of the measured surface
can be obtained. The relevant microprocessor is used to calculate and
obtain the numerical results. The laser triangulation test diagram is
shown in Figure 1.

2.2 Geometric characteristic parameter
processing of the bore

The bore detection system uses the laser displacement sensor and
laser range finder to collect the axial and radial data. Due to the
measurement accuracy of the sensor and the vibration of the test
equipment in the process of movement and other factors, the
acquisition signal will be interfered, affecting the measurement
accuracy of the data. Therefore, it is necessary to denoise the
collected signal to reduce or eliminate the influence of the noise
signal on the original signal and, thus, improve the measurement
accuracy of the system.

2.2.1 Denoise method based on wavelet
transformation

For the noise signal caused by the measurement accuracy of the
sensor and the vibration in the acquisition process, the signal is usually
denoised by filtering. In this paper, the wavelet transform of the
ordered point filtering is used as the noise reduction method of system
error. Wavelet transform is a new numerical analysis method based on
the short-time Fourier transform (STFT) [17]:

F w( ) � ∫∞

∞
f t( )*e−iwtdt, (1)

WT a, τ( ) � 1��
a

√ ∫∞

−∞
f t( )*ψ t − τ

a
( )dt, (2)

where ω is the frequency of the Fourier transform, a is the scale of the
wavelet transform for controlling the scaling of the wavelet transform
and corresponds to the frequency, and τ is the shift of the wavelet
transform which controls the shift of the wavelet function and
corresponds to the time.

The approximate expansion of the wavelet transform is shown as
follows:

f t( ) � ∑
k

∑
j

aj,kψj,k t( ), (3)

where aj,kψj,k is the wavelet pole number, and the combination
transformation of aj,kψj,k forms the small basis of the wavelet
transform.

The mother wavelet and father wavelet jointly determine the
function of the wavelet transform, and the complete expansion is
shown as follows:

f t( ) � ∑∞
k�−∞

ckφ t − k( ) + ∑∞
k�−∞

∑∞
j�0
dj,kψ 2jt − k( ), (4)

where ψ(t) is the mother wavelet and φ(t) is the father wavelet (scale
function). When ψ(t) and φ(t) have been initialized, the function
f(x) can be expanded into a linear combination of scaling functions
and wavelet functions at different scales and positions [18], as shown
in Eq. 4. In this equation, j is the scale order; the larger the j, the
smaller the scale is, and the smaller the j, the larger the scale is; k is the
position coefficient.
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f x( ) � ∑
k

cj0 ,kφj0 ,k x( ) + ∑
j> j0

∑
k

dj,kψj,k x( ), (5)

where cj0 ,k is the approximate coefficient and dj,k is the detail
coefficient.

Their relationship is described by the following equation:

cj0 ,k � ∫f x( )φj0 ,k
x( )dx, (6)

dj,k � ∫f x( )ψj,k x( )dx. (7)

In this paper, the wavelet base used in the wavelet transform is a
function, and the approximate wavelet coefficients and detail
wavelet coefficients under scale 3 are extracted. Then, the
threshold of each layer is selected by using the unbiased
likelihood estimation principle of the stein, and the threshold
size is set to obtain the filtered data.

2.2.2 Calculation of rifling parameters after noise
reduction

The width and depth of the filtered barrel rifling are collected and
drawn into a curve. The standard barrel is tested, and the data on a
certain section of the barrel are collected, as shown in Figure 2.

1) Width calculation

Assuming that two pointsM1(x1,y1) andN1(x2,y1) are taken on the
continuous negative line and the positive line, the width calculation
formula of the hatching and the width rifling rib is

l � 2π x2 − x1( )y
60

. (8)

The width value of the rifling rib L1 is 3.818 mm, L3 is 5.104 mm,
and L5 is 5.104 mm; the width value of hatching L2 is 6.045 mm, L4 is
6.072 mm, and L6 is 5.924 mm.

FIGURE 1
Laser triangulation test principle diagram.

FIGURE 2
Barrel bore contour curve diagram. (A) Width of rifling. (B) Depth of rifling.
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2) Depth calculation

Collect the cross-sectional view of the barrel and measure several
points at different positions on the continuous hatching and rifling rib
and then calculate the depth value. The depth value of L1 and L2 is
1.033 mm, the depth value of L3 and L4 is .975 mm, and the depth
value of L4 and L5 is .319 mm.

The width and depth of the processed and calculated rifling are
compared with the standard parameters. The standard width of
hatching is 6.06+0.3−0.3 mm, the standard width of the rifling rib is
4.04+0.3−0.3 mm, and the standard depth of the rifle is .98 mm.

Comparing the width test value with the standard parameters,
the rifling rib L3 shows the abnormal data. The width test value and
depth test value of the other hatching and rifling rib are within the
standard value error range. Finally, the test value can be accurate to
.001 mm .

3) Defect calculation

It is a rifling diagram of the barrel, and the rifling rib in this
position is abrasion. The section where the position is measured and
the rifling diagram is obtained is shown in Figure 3.

In Figure 3, the coordinates of points A and B are A (9.366, 62.092)
and B (10.151, 62.092) respectively; according to Eq. 8, the distance
between the width of the defect is 5.104 mm. The depth value
measured is .319 mm, and the standard rifling depth is .98 mm.
We can calculate the wear depth of the defect is .661 mm.

3 3D reconstruction based on the
Delaunay triangulation algorithm

The flexibility of the mesh surface reconstruction method is
sufficient. For simple or complex surfaces, triangles or their variant
forms can be used to fit and express. This method has strong
versatility, which can be used across platforms for different fitting
requirements, and it has become a common method in the 3D surface
reconstruction [19]. The triangle is the smallest unit that represents a
surface. Any surface can be decomposed into numerous small triangle
surfaces. Therefore, this technique, as the triangulation method, is

used commonly in mesh generation. There are many algorithms in the
triangulation method, and Delaunay triangulation is one of them [20].

In this paper, the laser is used to scan the bore of the barrel in the
radial direction to obtain the data on the profile of the bore at a certain
cross-section position. Scanning multiple cross-sections of the barrel
repeatedly along the axial direction to obtain the data from multiple
profiles, then the data on multiple profiles are processed by three-
dimensional data conversion. A function is used for three-dimensional
drawing, and the specific steps are as follows:

1) Reading the data to be reconstructed and correcting by using the
cosine theorem.

2) De-noising of the corrected data by the wavelet transform.
3) Coordinate conversion of the denoised data, converting polar

coordinates into rectangular coordinates, xi � Ri cos θi, yi �
Ri sin θi, and forming the x vector and y vector, respectively.
Because the motor is in uniform motion during the operation,
the angle of each turn of the motor keeps consistent, θi � i × 2 × π

m ,
particularly i ∈ 1, m{ }, m is the total number of sampling points per
lap. Draw a two-dimensional curve in the x–y plane with the
converted two-dimensional data.

4) Taking the data collected by the laser range finder as the value of
the z axis, the z vector of the z axis is formed, and it can obtain the
coordinate value of the three-dimensional space (x, y, and z).

5) Drawing the three-dimensional curved figure of the tube bore after
noise reduction.

6) Delaunay triangulation of x, y, and z vectors to form a new point
set DT.

7) Drawing a 3D surface graph through a surface construction
function.

8) A three-dimensional curved surface of the artillery barrel can be
obtained by color filling with the shading function.

It can be seen from Figure 4 that the surface model of the barrel
bore can be obtained after the three-dimensional reconstruction of the
barrel bore based on Delaunay triangulation. After the local
amplification, the flaws and defects of the barrel bore can be
discovered and judged intuitively, which is mutually supported by
the defects calculated by the two-dimensional curve, and provides
visual support for the inner bore detection data.

FIGURE 3
Bore flaw diagram.
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4 Conclusion

Based on the principle of the laser triangulation method, this paper
studies the test technique of geometric parameters of the barrel bore.
We performed laser scanning measurements on the actual barrel
damage characteristics and reconstructed the three-dimensional
model. The conclusion is as follows:

1) According to the principle of the laser triangulation test, the
geometric parameters of rifling width, depth, and inner radius
are extracted by the high-precision laser test method. The data
measured can achieve a .001 mm level of accuracy. We obtained
the data after noise reduction and the reconstructed artillery barrel
contour curve.

2) The geometric parameters of the barrel bore are extracted and
analyzed. By comparing the test values with the standard values,
the defects of the barrel are accurately restored, and the
quantitative non-destructive testing of defects is effectively solved.

3) The Delaunay triangulation algorithm is used to transform
multiple contour data and changes the three-dimensional
reconstruction of the barrel surface, which can realize the
intuitive expression of the structure and defects of the barrel.
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An aperture of 21cm telescopewith
polarized coaxial for satellite laser
ranging
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With the development of aerospace and space scientific research, satellite laser
ranging (SLR) has put forward higher requirements for response speed, data density,
and measurement accuracy. In coaxial common optical path laser ranging, the
emitted laser and the received laser echoes pass through the same optical
system. Due to the reversibility of the optical path, the laser emission, monitoring,
and laser echoes’ optical path all pass through the same optical system structure, and
the response speed and ranging ability of the laser ranging system have been greatly
improved. Based on the SLR system of the Shanghai Astronomical Observatory
(SHAO), the laser transmitting telescopewith an aperture of 21 cmwas used to build a
polarized coaxial SLR system. It uses a picosecond pulsed laser with a pulse repetition
frequency of 2 kHz and a single-pulse energy of 2 mJ. Also, a 4f system was applied
to shrink the laser echo beam and filter out noise, the measurements of low-Earth
orbit and long-distance high-orbit satellites were realized, and the ranging accuracy
was ~2 cm. As far as we know, this is currently the smallest aperture telescope for SLR
globally, which is conducive to the miniaturization and integrated development of
SLR systems.

KEYWORDS

satellite laser ranging, polarized coaxial, high pulse repetition frequency, 4f system,
picosecond laser

1 Introduction

Laser ranging accuracy can reach sub-centimeters by satellite laser ranging (SLR), and it is
widely used in determining the satellite attitude, high-precision time comparison, precision
orbit setting, relativity verification, and other fields [1–5]. The emission optical path of the laser
in the coaxial telescope laser ranging system would be the same as the monitoring optical path
for the satellites, and also, the optical system of the return laser echoes through the same as the
structure. The field of view for laser beam emission is the field of view monitored by the coaxial
telescope. When the satellites fall in the field of view covered by the laser beam emission, the
aiming of the satellites can be quickly achieved. At the same time, since the laser beam is
emitting, the monitoring optical path and laser echoes’ optical path all pass through the same
optical structure, the changes in the surrounding ambient temperature have the same impact on
the monitoring, emission, and laser echoes’ optical path, and it can enhance the long-term
stability of the laser ranging system, which is conducive to solving the problem of automated
target aiming of the laser ranging system. Compared with the separate sending and receiving
SLR, it can reduce the influence of aiming off-target caused by the influence of environmental
factors on the transmitting optical path and the receiving optical path caused by the circling of
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the transmitting laser. At the end of the 20th century, the National
Aeronautics and Space Administration (NASA) used a coaxial
telescope to develop a highly automated SLR system named
SLR2000 [6]. A high-precision sub-millimeter-level ranging Space
Geodesy Satellite Laser Ranging (SGSLR) system also uses a coaxial
telescope in recent years [7].

The coaxial telescope laser ranging in lunar laser ranging (LLR)
can make full use of the advantages of large-aperture telescopes to
compress the divergence of the laser beam angle [8]. At present,
there are only a few LLR observatories in the world, such as Apollo
(an aperture of 3.5 m telescope) in America, MLRS (McDonald
Laser Ranging Station, an aperture of 2.7 m telescope), Grasse (an
aperture of 1.5 m telescope) in France, and MLRO (Matra Laser
Observation Observatory, an aperture of 1.5 m telescope) in Italy
[8, 9]. In China, the Yunnan Observatory of the Chinese Academy
of Sciences has developed the LLR system based on an aperture of
1.2 m coaxial telescope, which used a mechanical rotating mirror
with a pulse repetition frequency (PRF) of 10 Hz [10]. Immediately
afterward, the LLR of the ‘Tian Qin Project’ of Sun Yat-sen
University was up to 100 Hz [11]. At present, the rotating
mirror method is generally used in the process of coaxial
ranging. However, it is affected by the speed of turning the
mirror, and the PRF is low and hard to increase; this makes the
amount of measurement data small, and also a large-energy laser
pulse output is required, which puts forward much higher
requirements for the laser.

In this paper, a polarization coaxial telescope laser ranging
method was applied to build a small SLR with an aperture of
21 cm telescope based on the SLR system of the Shanghai
Astronomical Observatory (SHAO). With the polarization coaxial
telescope, the PRF of SLR can be raised higher than that of a rotating
mirror.

2 Analysis of polarized coaxial laser
ranging

As the equation laser ranging [12], the average number of laser
echo points D per unit time is:

D � fe− n1+n2( ) 1 − e
− 16
π2
•
ληq
hc •

EtArAs
R4θ2

t
θ2s
•T2•Kt•Kr•α( ), (1)

where λ is the wavelength of the laser, h is the Planck constant, c is
the light velocity, ηq is the quantum efficiency of a single-photon
detector (SPAD), Et is the single-pulse laser energy, Ar is the effective
receiving area of the telescope, AS is the reflection area of the reflector,
T is atmosphere one-way transparency, Kt is the efficiency of
transmitting optics, Kr is the efficiency of receiving optics, α is the
attenuation factor, θt is the divergence of the laser beam, and θs is the
reflector divergence angle. R is the distance from the ground station to
satellite, n1 is generated by background noise, and n2 is generated by
the dark noise of the SPAD itself. From the aforementioned formula,
in order to increase the average number of laser echo points D, the PRF

FIGURE 1
Schematic representation of a polarized coaxial generator for SLR.

TABLE 1Measurement results of the polarized coaxial for SLR at the PRF of 2 kHz.

Number Date Satellite Point RMS/cm

1 2022/2/25 Glass132 547 1.89

2 2022/2/23 Ajisai 18,420 2.26

3 2022/2/24 Ajisai 412 2.33

4 2022/2/24 Cryosat2 190 1.9

FIGURE 2
Structure (A) and optical path diagram (B) of the polarized coaxial SLR system.

Frontiers in Physics frontiersin.org02

Long et al. 10.3389/fphy.2022.1099101

159158

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1099101


of the laser should be increased; therefore, when D is constant,
increasing the PRF can reduce the single-pulse energy of the pulse
laser or the effective receiving area of the system, that is, a receiving
telescope with a small-aperture telescope and a low-pulse energy laser
with a high PRF can be used. It is much easier to be achieved than that
of a large-aperture telescope with large pulse laser energy in a low PRF.

Polarized coaxial laser ranging only requires the polarization
state of the output laser, and there is no requirement for the PRF. It
is possible to achieve laser ranging with a high PRF. The
polarization coaxial method is shown in Figure 1, and the TFP
is the thin film plate polarizer, the QWP is the quarter wave plate,
and the TS is the telescope, which make a polarized coaxial

FIGURE 3
Real-time measurement (A) and data processing of the Glonass 132.
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generator (PCG). The linearly polarized laser passes through the
TFP, and its polarization rotates 90° through the QWP to become a
circularly polarized laser, and is emitted from the TS. The returned
laser echo passes through the TS, QWP, at this time the circularly
polarized laser changes to the vertically polarized laser, it would be
reflected by the TPF, and the laser echoes would be obtained by the
SPAD, therefore, laser emission and laser echoes received would be
by the same telescope, and also this has nothing to do with the PRF
of the laser, the high frequency coaxial laser ranging systems can be
applied, which can reduce the single-pulse energy of the laser, and
the small receiving area to improve the measurement accuracy and
enhance the stability of the system.

3 High PRF of the polarized coaxial
satellite laser ranging system

The system is designed based on the SLR of the SHAO [13–15], as
shown in Figure 2. Compared with the traditional high PRF of the
SLR system of the SHAO [15], its laser transmitting telescope with an
aperture of 21 cm was applied, the laser emission, laser reception,
and satellite monitoring were all used by the aperture of 21 cm
telescope system. The average power of 4 W at the wavelength of
532 nm ps laser with a divergence angle of 0.6 mrad was used, and its
pulse width is about 30 ps, the PRF was 2 kHz, and beam quality was
M2 = 1.2.

The structure of polarized coaxial SLR was as shown in
Figure 2A. The satellite orbit prediction parameters are
downloaded to the controlling software of the computer, and the
computer processes convert the satellite orbit prediction parameters,
then it sends out controlling command to the servo system, which
controlled the telescope mount to track the satellite with accurate
feedback track from the grating encoder. The satellite would be
monitored by the aperture of 21 cm polarized coaxial telescope’s
monitoring charge coupled device (CCD). At this time, the laser is
ignited by a ranging gate generator (RGG) through the coupé optics
and the aperture of 21 cm telescope to the satellite, and also the laser
pulse is processed by a discriminator, and it is sent to the event timer
(ET). The ET (USB, A033 origin Latvia) would be started, and it sent
the start time of laser pulses t1 to the computer, and gated pulses
from RGG would be sent to SPAD (by East China Normal
University, China). The laser echoes passed through the receiving
system to the SPAD, and the return time t2 is obtained by the ET. In
all, the RGG, computer, and ET were provided high-precision time
from the GNSS′ clock. Delaying of △t0 from the polarized coaxial
SLR system is considered, with the speed of light C, and the range of
satellite R was as shown:

R � t2 − t1 − Δt0( )•C
2

. (2)

The optical path diagram of polarized coaxial SLR is shown in
Figure 2B, M1, M2, M3, M5, and M6 are 45° reflective mirrors with
high reflectivity mirrors at the wavelength of 532 nm green laser, DM
is a 45° dichroic mirror, which is highly reflectivity at the wavelength
of 532 nm and highly transmission efficiency at the other

wavelengths (more than 550 nm). M4 is a 45° reflective mirror
that is highly reflective in the entire visible band. The lenses
AR1 and AR2 comprise a 4f system, which can reduce the laser
beam to one-third. D is a small aperture, and it is located in the focal
position of AR, FP is a narrow band of 4 nm filter, the SPAD is a
single-photon detector, Z is the laser pulse photoelectric probe,
and TS is the aperture of 21 cm telescope. The laser beam from
the laser was transmitted by the M1, M2, TPF, QWP, M3, DM, M4,
and TS to the satellite, and the return laser echoes were transmitted
by the M4, DM, QWP, TPF, M5, AR1, D, AR2, M6, and FP to
the SPAD.

The beam size of the laser echoes from the TS is larger than the
receiving aperture of the SPAD. The laser echo beam needs to be
compressed to reach the allowable receiving caliber of the SPAD,
therefore, the lenses AR1 and AR2 are used to form a 4f system,
which can reduce the laser echo beam to one-third. The laser will
have part of the laser diffused and diffuse reflected on the mirrors. A
small hole aperture D is inserted at the focus position of the 4f
system, which can filter out most of the diffuse light into the SPAD.
At the same time, the entire echo receiving part is placed in a dark
box to avoid diffuse light entering the SPAD from other spaces, and
also the diffuse laser from diffuse and diffuse reflection can easily
enter the field of view, which would saturate interference of CDD. In
this, the satellite was monitored by the CCD when the laser was
output.

4 Measurement results and discussion

With the aforementioned configuration of the SLR system, an
aperture of 21 cm telescope with polarized coaxial for SLR was built,
the data measurement results are shown in Table 1.

As shown in Figure 3, it is the real-time measurement
(Figure 3A) and measurement data processing (Figure 3B) of
the laser echo detection of the far-Earth Satellite of Glonass 32,
it is about 20,000 km far away, the ranging precision of root mean
square is 1.89 cm. As in Figure 3B, owing to the narrow band of the
4 nm filter, the aperture of the 21 cm telescope with polarized
coaxial for SLR has more noise points than that of conventional
SLR at the SHAO with a narrow band of 0.15 nm filter. Also, if a
narrow band of 0.15 nm filter is used in polarized coaxial for SLR,
the noise points would be reduced, and the number of laser echo
points would be increased.

5 Conclusion

From the laser ranging equation, the requirements of pulse
energy and receiving telescope size in the SLR system can be
reduced by increasing the PRF of laser ranging. Through the
transformation of the original ranging system of the SHAO, a
PRF of 2 kHz polarized coaxial laser ranging system with an
aperture of 21 cm telescope has been established. A satellite that
is 20,000 km away satellite was measured with an RMS of 1.89 cm: as
far as we know, this is currently the smallest aperture telescope for

Frontiers in Physics frontiersin.org04

Long et al. 10.3389/fphy.2022.1099101

161160

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1099101


SLR globally for a satellite at this distance. It is demonstrated that the
system could achieve small-size receiving telescopes for SLR, and it
would provide high-precision laser ranging with high repetition
frequency for the LLR, which can provide the basis for the
miniaturization, integration, and automation development of the
SLR ranging system in the future.
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Study on the quenching depth and
surface hardness of metal materials
by laser quenching variable
parameters
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Laser quenching is one of the most outstanding gear tooth surface quenching
methods due to its high efficiency, environmental friendliness, and performance
consistency. Since gear tooth surface laser quenching requires repeated scanning,
changing the laser scanning velocity and power by program control can meet the
needs of variable depth quenching. The effects of laser scanning velocity and output
power on the quenching depth and surface Rockwell hardness after quenching were
studied and experimentally analyzed. The result shows that by adjusting the
parameters, the surface hardness of the specimen changes slightly with the
actual received laser energy. However, the quenching depth can be consistent
with the laser scanning velocity. The maximum surface Rockwell hardness that a
laser quenched material can achieve depends on the material itself, not on the laser
power or scanning velocity. Compared with accelerated laser quenching,
decelerated laser quenching is more suitable for tooth surface machining due to
the cumulative effect of energy within the quenching depth range of metal materials.

KEYWORDS

laser quenching, quenching depth, Rockwell hardness, scanning velocity, dimensionless
power

1 Application introduction

High-frequency laser quenching is a technology widely used in the heat treatment
process of metal materials, which is an effective method to improve the mechanical
properties of steel with high carbon content [1, 2]. Feng [3] studied the microstructure
and mechanical properties of composite strengthened high chromium cast iron by laser
quenching and laser shock processing. The microstructure observation, microhardness,
residual stress and full width at half maximum (FWHM) measurement, impact toughness,
and wear experiment were carried out on untreated, laser quenched, and laser quenched-
laser shock peening high chromium cast iron samples. Tang [4] adopted a new laser
induction hybrid quenching process, combined with laser and electromagnetic induction
heat source, to improve the depth and uniformity of the laser hardening layer of 42CrMo
steel. Li [5] established a combination of temperature and microstructure prediction
models for laser quenching of GCr15 bearing steel. Based on the experimental results,
the temperature and microstructure evolution of GCr15 bearing steel during laser
quenching were simulated. YasudaT [6] characterized the nanomechanics and sub-
microstructure of laser quenching-induced heat-affected zone (HAZ) of carbon steel.
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The mechanical properties of the samples were characterized by
nanoindentation, and the microstructure was observed by using a
scanning electron microscope (SEM).

The gear transmission system relies on the meshing contact of the
gear tooth surface to transmit power. One of the biggest influencing
factors of the non-linear dynamic characteristics of the system is the
dynamic meshing stiffness. One of the factors affecting the dynamic
meshing stiffness of the gear system is the local material stiffness of the
meshing area of the tooth surface, which is determined by the surface
hardness of the material and the characteristics of the shallow
structure. At present, laser quenching is one of the most
environment friendly and easy-to-control process quality among
several gear tooth surface quenching technologies, which has the
highest consistency of mechanical properties after quenching.
Related physical and chemical mechanisms and processing
equipment and technology are constantly being widely studied and
applied. Surface hardening heat treatment is widely used to improve
tooth surface properties such as wear and rolling contact fatigue [7, 8].
After the experiment, Cai [9] found that the cracks mainly appeared in
the top fillet, pitch circle, and tooth root of the gear. The size and
distribution of slag inclusions in 16MnCr5 steel also had a certain
influence on the origin of gear surface cracks. Barglik, J [10] measured
the microstructure of gears by continuous dual-frequency induction
hardening of small gears made of special quality steel AISI 4340. Li
[11] studied the quenching microstructure and hardness distribution
of 40Cr gear steel by means of a Axioskop 2 scanning electron
microscope, KEYENCE VH-Z100R ultra-depth 3D microscope, and
Q10M microhardness experimenter and revealed the mechanical
behavior and phase hardening law of the material during quenching.

In general, in the application of the processing industry, the high
consistency of the mechanical performance of the products is
guaranteed by the initial settings of the laser, such as source power,
wavelength, and other parameters. Therefore, many studies have been
carried out based on invariant laser source characteristic parameters
[12]. In this paper, several laser light source parameters that can be
automatically adjusted by the laser control system are selected, and
their changes in the mechanical properties of the gear tooth surface
after quenching are experimented and studied. Considering that the
laser quenching technology is applied to gear tooth surface quenching
with a modulus more than 5, the results will be excellent. Therefore, we
focus on the laser light source power, scanning velocity, and scanning
frequency to analyze the tooth surface quenching depth and Rockwell
hardness. At the same time, in order to obtain more accurate
numerical results in the experiment, the laser quenching
experiment was carried out by using the method of plane specimen
and laser vertical scanning in the process of controlling the experiment
variables.

2 Theoretical analysis of laser quenching

Laser scanning quenching used in this paper is a directional
transmission of heat by transforming a cylindrical laser beam
passing through a set of zoom field lens into a fan-shaped beam
illuminating the target surface, and then, a local heating layer is
formed on the surface of the material. The heat conduction from
the high-temperature surface of the material to the substrate is the
main heat transfer mode of laser quenching, and it is also the key to
phase transformation hardening during laser quenching. Laser

quenching phase transformation hardening can obtain higher
residual compressive stress on the surface, which is determined by
the characteristics of laser quenching local treatment.

As the material cools, the structure changes and its unit volume also
changes, resulting in an increase in the volume of the material and an
increase in compressive stress, and the direction of this structural
transformation is opposite to the direction of heat conduction, that is,
the inner layer points to the surface of thematerial. Therefore, the volume
of the material’s structural transformation increases, causing the
compressive stress to expand from the inner layer to the surface,
resulting in a hardened layer with a high residual compressive stress
in the hardened layer. The local rapid heating and coolingmake the ultra-
fine grain austenite of the steel grow very late, and themartensite structure
after laser phase transformation strengthening becomes very fine lath
martensite and contracture martensite to obtain an ultra-fine grain size
and phase transformation structure. The line scanning laser and its gear
quenching principle and basic working mode are shown in Figure 1.

As shown in Figure 1, the scanning laser is protected by the CO2

shielding gas flow, which is emitted from the laser equipment output
after passing through the zoom field lens and directly irradiated on the
surface of the gear teeth. After irradiation, an elliptical spot is formed
on the surface of the gear. The power of the laser energy emitted by the
laser during operation and transmitted to the surface of the target
material is derived as follows:

PL � P/η � Q
πab

2ηη0
· exp −2 · x

2 + y − v · t( )2
ab

[ ]
−1
, (1)

where PL is the laser source power, η is the laser source emission
efficiency, Q is the laser energy density, η0 is the laser quenching
energy efficiency, a and b are the spot half-axis length on the x and y
axes, respectively, and v is the laser scanning velocity.

According to the change mechanism of the laser absorption rate,
the laser absorption rate of the steel alloys will gradually increase with
the increase of its own resistivity [13]. The relationship is as follows:

A � 0.1457

�
ρ

λ

√
+ 0.09e

−0.5
���
λ− c

N
ρ

√
+ ρ

Nλ − 10−6
, (2)

where A is the laser absorption rate, ρ is the resistivity of the material,
N is the number of electrons outside the material, λ is the laser
wavelength, and c is a fixed constant.

For a more accurate analysis of the relationship between the laser
source and the quenching properties, the output power of the source
and the actual laser energy received by the surface of the quenched
object need to be accurately quantified. The change of energy in the
interaction between the laser and the metal material follows the energy
conservation equation:

E0 � Er + Ea + Et, (3)
where E0 is the laser energy incident on the surface of the material, Er

is the energy reflected by the material, Ea is the energy absorbed by the
material, and Et is the energy retained after the laser passes through
the material.

Eq. 3 can be transformed into the following equation:

1 � Er

E0
+ Ea

E0
+ Et

E0
� R + α + T, (4)

where R is the reflection coefficient, α is the absorption coefficient, and
T is the transmission coefficient.
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During high-power laser quenching, the heat transfers to the
surface of the steel instantaneously, so this causes the surface
temperature to accumulate rapidly and rises to the critical point
of phase transformation of the steel and continues to rise. As soon
as laser scanning is completed, the heat in this region is rapidly
transferred to the metal matrix, and the rapid decrease of
temperature leads to the rapid conversion of some austenite
structures into martensite. The carbon element in the retained
austenite cannot diffuse, resulting in an increase in the carbon
content of the martensite, thus resulting in an increase in the
hardness of the region after laser scanning. Using the energy
balance of the solid–liquid interface as the detection criterion of
interface motion, the mathematical model for predicting and
controlling the tissue under rapid solidification conditions is as
follows [14]:

μ � 2B − B − a( ) + 2B − B − a( )2 − b[ ]1/2. (5)
In the equation,

a � 1 − k( )ε/ k + V( ),

2B � aV

1 + V
+ 1 − k

1 + k
,

b � a a + V + k( )
1 + V

,

V � δi/Di,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(6)

where k is the equilibrium distribution coefficient, δi is the jump
distance between atoms, Di is the interface diffusion coefficient, V is
the velocity constant obtained by the solid–liquid interface when the
molten pool reaches the quasi-steady state, and ε is the dimensionless
concentration coefficient of the interface temperature. In the three
cases of steady state (μ< 0), the corresponding structures formed by
rapid solidification are the planar crystal structure, cellular crystal
structure, (μ � 0) and dendritic structure (μ> 0).

For the isothermal kinetic model of diffusive phase transition [15],
the basic form is as follows:

f T,t( ) � 1 − exp −btn[ ], (7)
where f(T,t) is the amount of the new phase, t is the time, and b and n
are the material constants under certain conditions.

For non-diffusion martensitic transformation, the amount of
transformation is only determined by temperature and has nothing
to do with time. The martensitic transformation formula can be
expressed as follows [16]:

fm � fp 1 − T −Mf

Ms −Mf
( )

2.5

( ), (8)

where T is the current temperature, Ms is the starting temperature of
martensitic transformation, Mf is the termination temperature of
martensitic transformation, and fm is the martensite content.

According to the aforementioned analysis, when we use high-
power laser quenching equipment to quench the surface layer of the
gear tooth surface, we can analyze the actual quenching effect of
laser quenching on steel by the quenching experiment of different
laser light source power and frequencies, scanning spot sizes, and
scanning velocities (quenching depth and surface Rockwell
hardness). In addition, the effect of laser scanning velocity on
the mechanical properties of steel was studied. In order to eliminate
the influence of the gear tooth profile radian on the laser scanning
velocity and angle and, at the same time, to ensure the single
variable principle of the experiment and control the variable
accuracy in the experiment process, we used cuboid specimens
for experimenting. As a widely used material, the experimental
results of 45 steel would be highly representative. Its high carbon
content could also show the mechanical performance change
suitability during laser quenching, so it is used as the target
material of our experiment specimens.

FIGURE 1
Variable depth quenching principle of gears by laser quenching.
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3 Experimental process

In order to obtain reasonable experiment results, this paper uses
HWL-AW6000RC laser quenching equipment which can stably
control the high-power output parameters of the laser to
experiment the laser quenching treatment of the surface of 45 steel
specimens. The maximum power of this type of laser equipment is
6000 W, and the actual output power of the laser source can reach
3000 W. The laser beam is a single beam, and the scanning range is
0–30 mm. During the experiment, laser focal length is fixed (300 mm)
and the laser scanning width is 20 mm, which is slightly less than the
width of the specimen.

The material of the experiment specimen is 45 steel, and the size
of each specimen is 30 × 20 × 5 mm. Before the experiment, the
surface roughness of each sample was uniformly treated and
cleaned with alcohol. The experiment was divided into three
groups. The first group was quenched with stable velocity,
including 27 cases. The second group was subjected to an
accelerated quenching experiment, including 12 cases. The third
group conducted a deceleration experiment, including 12 cases. In

the first group, nine well-behaved specimens were taken as
reference and the average surface Rockwell hardness was
experimented. Finally, the actual quenching depth is measured
after the experiment, and the average Rockwell hardness and
quenching depth are determined at three positions for the other
two specimens. After the preliminary selection and trial analysis of
the laser light source and quenching parameters, we selected the
following parameters for formal experiment analysis.

In this laser quenching experiment group, nine qualified samples
in the first group were selected for display. Figure 2 shows the actual
morphology and their different parameters after laser quenching.

It can be known from the laser quenching experiment results that
the surface consistency of the quenching experiment at a fixed laser
scanning velocity is consistent, and the results under the same
experiment conditions are basically consistent identically.

Based on this result, we determine that the laser quenching power
and frequency used in variable velocity laser quenching as follows are
consistent with cases 7, 8, and 9.

After experimenting with the surface Rockwell hardness of the
cases, we cut the specimens longitudinally without damage and

FIGURE 2
Actual morphology of 9 specimens after laser quenching.

TABLE 1 Results of the laser quenching depth and surface hardness.

Parameter Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9

Scanning velocity (mm/min) 200 250 300 450 550 650 600 500 400

Laser power(W) 1850 1950 2100 2250 2400 2550 2550 2550 2550

Laser focus (mm) 300 300 300 300 300 300 300 300 300

Depth of quenching (mm) 0.90 0.80 0.60 0.50 0.40 0.40 0.55 0.80 0.90

Rockwell hardness (HRC) 60 58 61 54 58 55 61 61 61
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measured the actual quenching depth. The laser quenching depth and
surface Rockwell hardness of every case as a reference for the further
experiment are shown in Table 1.

The Rockwell hardness experiment of steel specimen material
before laser quenching is 30HRC. Comparing the results in the
aforementioned table, it can be found that high-power and high-
frequency laser scanning quenching can quickly increase the
surface hardness of the material with a thickness of 1 mm. But
for 45 steel, on the surface layer within 1 mm after laser quenching,
its Rockwell hardness can only reach 61HRC, which is related to its
material composition. In addition, according to the
aforementioned experiment results and empirical analysis, the
laser light source power and quenching scanning velocity are
the most important parameters affecting the material properties
after quenching.

The laser scanning velocity changes in both accelerated and
decelerated laser quenching experiments (scanning velocity varies
from 400 to 650 mm/min). The scanning velocity is smoothly
changed by the automatic control system of the laser itself. The
experiment process was carried out at standard room
temperature. At the same time, the laser quenching process was
only protected by the CO2 protective gas of the laser itself, and

different degrees of spotted oxidation zones appeared in the
intermediate variable velocity stage of the laser quenching
specimen. However, after the hardness experiment, we find that
spotted oxidation zones had little effect on the surface hardness of
the specimen. The morphology of comparative specimens
after accelerated and decelerated laser quenching is shown in
Figure 3.

It can be seen from the aforementioned figure that the variable
velocity laser quenching process shows little difference in morphology,
and the quenching area and boundary area of the material surface after
laser quenching still maintain a high surface quality.

On the side view of the uncut section, it can be seen that the
quenching layer at the edge of the specimen is also consistent with
the variation of the scanning velocity. It can be seen that the
quenching scheme of automatic control of scanning velocity by
the laser quenching system can meet the process requirements of
variable depth and surface hardness. In addition, because the surface
of the specimen is not protected by inert gas during the quenching
process, the morphology of the intermediate variable velocity region
of the laser quenching of the specimen shows a certain amount of
spotted oxidation zones, which may be due to the unstable
quenching velocity.

FIGURE 3
Schematic diagram of specimen morphology after accelerated and decelerated laser quenching.

TABLE 2 Dimensionless results of variable quenching parameters.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10 Case 11

Dimensionless energy 3.92 4.08 4.25 4.43 4.63 4.85 5.10 5.37 5.67 6.00 6.38

Dimensionless depth (velocity
increase)

4.0 5.0 5.8 6.5 7.0 7.5 8.1 8.45 8.6 8.85 9.0

Dimensionless depth (velocity
decrease)

4.0 5.0 5.7 6.7 7.2 7.5 8.1 8.6 8.8 8.9 9.0
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4 Results and discussion

After completing all the experiment cases, we performed Rockwell
hardness experiments on the surface of specimens quenched by a
variable velocity laser. The specimen was then subjected to a non-
destructive longitudinal cutting to measure its actual quenching depth.
The measurement results of the second group of specimens are
averaged, and the distribution results are interpolated by multiple
term functions to obtain the fitting results, as shown in Figure 4.

As it is shown in Figure 4A, during the scanning process of
deceleration laser quenching, the actual quenching depth of the
specimen is basically consistent with the reference specimen, and
the average hardness is basically consistent with the reference
specimen in the initial stage, but it tends to the maximum value
and remains stable in the final stage of deceleration.

It can be seen from Figure 4B that during the scanning process of
decelerated laser quenching, the actual quenching depth of the
specimen is basically consistent with that of the reference
specimen, while the hardness is basically consistent with the result
of the reference specimen in the initial stage of acceleration. However,
in the final stage of acceleration, there is a slight change and its value
decreases slightly faster.

From the previous numerical analysis, it can be seen that whether
it is accelerated or decelerated scanning; the effect of laser quenching
on the surface Rockwell hardness of 45 steel is consistent with that of
constant velocity scanning. The reason is that despite the high
frequency and high-power laser quenching used in the experiment,
the energy transfer efficiency is sufficient to meet the energy demand
of the phase change of the material surface structure in a short time,
but the increase of hardness depends on the specific composition of
the structure, especially the carbon content level. However, during
variable speed quenching in a short time, the accumulative effect of
laser energy on the surface of the material and the temperature rise of
the shallow layer of the material are different, resulting in a slight
difference in the final quenching performance.

Then, we numerically analyzed the actual output power of the
dimensionless laser and the average quenching depth of the variable
velocity scanning quenching specimen, ignoring the effect of laser
scanning time. The results are shown in Table 2.

According to Table 2, when the influence of the heat accumulation
effect caused by scanning time on the quenching depth is not
considered (that is, when the influence of the scanning velocity is
not considered), the laser source power in the laser quenching process
is almost proportional to the actual quenching depth because the
higher the laser output power in unit time, the more heat the material
receives, resulting in a rapid temperature rise and faster radiation to
the deep material.

Although the output power and scanning velocity of the laser
source have a major impact on the actual effect of quenching, the
program control adjustment of the scanning velocity can change the
quenching performance within a certain range when the laser power is
inconvenient to change in production applications. Coincidentally, for
a commonly used small gear with the modulus about 5–10, the laser
scanning velocity adjustment range can be applied to their tooth
surface quenching depth changes. However, according to [17] and
Equations 4, 8, the maximum hardness of metal materials achieved by
laser quenching is related to the material itself. Therefore, in practical
applications, when the same material is quenched to a specified depth
using variable parameter laser parameters, its final performance can be
determined by dimensionless laser scanning speed and power.

5 Conclusion

Variable velocity laser quenching is one of the most effective methods
to precisely control the variable depth quenching process of the gear tooth
surface, compared with other quenching techniques and control methods.
Although laser quenching has excellent consistency and controllability
compared to other quenching techniques, we do not recommend changing
the scanning velocity too fast to avoid other uncontrollable damage on the
surface of the specimen during laser quenching without inert gas
protection. For further summary, we have the following conclusions.

1) The quenching experiment of 45 steel with fixed focus was carried
out by changing the laser scanning velocity. It was found that the
change of the laser quenching depth with the laser scanning
velocity can be controlled within a reasonable range, and the
surface hardness of the quenched sample also meets the
expectation with an increase in percentage from 80% to 100%.

2) By adjusting the parameters of the laser source power and the
scanning velocity for quenching experiments, we found that the

FIGURE 4
(A) Deceleration quenching results. (B) Accelerated quenching
results. Results of variable quenching scanning velocity.
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surface hardness of the specimen does not change with the excessive
laser energy received in fact. The reason is that the microstructure
characteristics of the alloy at a given quenching depth, especially the
carbon content, determine its maximum hardness level.

3) Taking constant velocity laser quenching as a reference, the
Rockwell hardness of the specimens after accelerated and
decelerated laser quenching is taken into consideration and
analyzed. Compared to the results of material properties under
two experiment conditions, it is found that the rate characteristics
of heat accumulation effect deceleration quenching may be more
suitable for laser quenching of the gear surface with increased laser
quenching depth.
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