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ABSTRACT With the continuous improvement of the power and miniaturization of high-energy laser
weapons, the airborne laser may become the active defense weapon of the next-generation fighter. However,
in order to achieve hard damage to the target, there has been a lack of comprehensive quantitative method
as a reference in the parameter design of airborne laser. This paper establishes the high-altitude, slope-
down, and short-range laser transmission process models based on the laser transmission simulation platform
Easylaser to analyze the effect of multiple parameters of airborne laser weapon on the power distribution
to the target spot. The simulation results show that the laser power, wavelength, laser emission aperture,
tracking accuracy, and transmission distance have significant impact on the power distribution to the target
spot, whereas the atmospheric mode, slanted angle, and adaptive optics almost no impact on that. On the basis
of the simulation results, the response sensitivity of some parameters’ variations to the power distribution to
the target spot are analyzed. The response sensitivity variations of the tracking accuracy and transmission
distance to the target spot power density varies greatly, while the response sensitivity variations of the laser
power and emission aperture to the target power density varies little. These quantifiable outcomes can provide
a basis for parameter optimization of airborne laser in the future.

INDEX TERMS Airborne laser, laser transmission, power distribution to the target spot, power density,
sensitivity analysis.

I. INTRODUCTION
As the next-generation important alternative self-defense
weapon system, the airborne laser weapon has the preponder-
ances of deep magazine, instant engagement, in high-altitude
operations, and makes full use of the advantages of high-
altitude atmospheric cleanliness to improve the target spot
power density [1]. Airborne laser weapons may intercept
incoming missiles and bring revolutionary changes to future
air combat, however the balance between the volume, weight,
and power of laser weapons is still an intractable problem
[2]. The SHIELD project in the United States focuses on the
development of a compact airborne laser weapon system suit-
able for airborne platform mounting and energy consumption
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constraints. It plans to conduct a prototype test on a fighter jet
in 2024.

The difficulties airborne laser weapons faced are not only
the conflict between laser power and platform load, but also
other important aspects such as beam control technology
[3], [4]. The beam control system consists of beam director,
fast tilt mirror, and adaptive deformable mirror, etc., which
requires high-precision tracking and aiming, laser energy
control, and laser beam shaping functions [5]. In order to
deform the missile shell material, destroy the mechanical
structure, melt or directly vaporize, and burn through, it is
necessary to consider the influence of laser power, wave-
length, and beam control system parameters like laser emis-
sion aperture size, laser transmission slanted angle, and track-
ing accuracy on the power distribution to the target spot. In the
demonstration and design of the airborne laser weapons,
the airborne laser system sensitivity analysis of parameters’
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variations to the power distribution to the target spot is of
great significance.

Maurice C. Azar calculated the power density to the target
spot for different laser transmission distances and spot jitter
at a height of 15km based on the Tyson formula [6]. The cal-
culation method is simple and effective, but it is less accurate
since involves few influencing factors. Antonios Lionis used
the WaveTrain and ANCHOR software to analyze the effects
of the UAV’s airborne laser power, laser launch aperture,
combat altitude, flight speed and direction, beam quality, and
platform jitter on the peak power density and the power in the
bucket (PIB) of ground targets [7]. This method has high cal-
culation accuracy, but the calculation speed is limited. Megan
p.Melin used modeling and simulation software HEELEOS
embed a laser transmission fast calculation tool SHARE to
analyze the response sensitivity of the airborne laser weapon
system parameters’ variations, such as slope distance, laser
power, wavelength, and laser emission aperture to the PIB
[8]. The simulation scene was aimed at the ground target, but
the values related to power of the target spot was not included.
Xu et al. used empirical formulas to analyze the influence of
different laser power, apertures, transmission distances, and
atmospheric modes on the power density to the target spot
[9]. The method is efficient, but it is only a rough estimate
of the power density to the target spot. Yun et al. proposed
an improved 4-level guidance system design method to eval-
uate the impact of system design parameters on UAV mis-
sion effectiveness. In summary, the existing studies mainly
focuses on the system design method of the airborne laser,
whereas the calculation methods about the power density to
the target spot are relatively rough and imperfection [10].

The laser propagation process in the atmosphere is also
an important research interest. Zhao et al. used a 4-D laser
transmission program to simulate the impact of atmosphere
on high-energy laser, and compared it with the laser trans-
mission measured in the field [11]. Yin used a low-cost liquid
crystal phase spatial light modulator [12] to load the thermal
blooming phase screen to obtain the far-field distorted phase
diagram, and used the turbulence simulator [13], [14] to
simulate the atmospheric refractive index constant of turbu-
lence. But like most of the previous works, adaptive optics
compensation [15], [16] was not considered. Wu et al. built
a laser transmission process model to study the steady-state
thermal blooming effect of different laser beams in the uni-
form atmosphere based on the laser transmission simulation
platform Easylaser [17]. However, the existing works were
not applied to the scene of airborne laser striking air targets.

In this paper, a numerical simulation method combining
Easylaser with a secondary spot diagnosis calculation pro-
gram is proposed to analyze the effects of system parameters,
transmission path parameters and atmospheric mode on the
power distribution to the target spot in the airborne laser high
altitude and close-range combat scenario. Easylaser [18],
a system-level laser simulation platform which is similar to
WaveTrain, is used to build the laser transmission process
model with adaptive optics compensation. Secondary spot

diagnosis is a new comprehensive method to evaluate the
power distribution of the target spot. In order to further
study the influence of some parameters on the target power
distribution, based on the simulation results, a polynomial
fitting and low-order derivation method is used to analyzed
the respond sensitivity of some parameters’ variations to the
power distribution of the target spot.

This article is organized as following. In Section II, the
influencing factors of the power distribution to the target spot
are introduced. The analysis methods and steps for the effect
of multiple parameters on the power distribution to the target
spot are given in Section III. In Section IV, the influence
of different parameters on the power to the target spot is
analyzed. Finally, section V is the conclusion and briefly
further development directions.

II. INFLUENCING FACTORS
Success of airborne laser high-altitude interception of incom-
ing missiles depends on many factors. In addition to the
obvious factors such as laser power, laser emission aperture,
and transmission distance, the interaction between the laser
and the atmosphere, which resulting in many linear and non-
linear effects play an important role in the successful intercep-
tion. Among the nonlinear effects, this paper only considers
the thermal blooming effect, ignoring the thermoman and
punch-through effect, and the linear effects like atmospheric
absorption, scattering, and turbulence effects are considered.
Besides, the shock wave effect in the flying combat environ-
ment and the thermal effect of the mirror is not considered.

A. ATMOSPHERIC EXTINCTION
In the process of laser transmission in the atmosphere, there
are molecules and aerosols that absorb and scatter the inci-
dent light, resulting in the loss of laser energy. Specifically,
molecules can absorb photons with a certain energy and
re-emit photons with lower energy, while aerosols have very
little energy absorption and are dominated by scattering. This
atmospheric attenuation is related to the laser wavelength and
atmospheric physical properties, and mainly exists near the
ground and at low altitudes. When the laser is transmitted
at high altitude, the attenuation of laser power is small. The
formula for laser transmission in a homogeneous atmosphere
is given as follow [19].

P (λ, z) = P0e−ε(λ)z (1)

where P0 is the output power of the beam director, P(λ, z)
is the power after the transmission distance z with specific
wavelength λ, and ε is the extinction coefficient. The extinc-
tion coefficient consists of four parts.

ε = αm + αa + βm + βa (2)

where α and β are the absorption coefficient and scattering
coefficient. The subscript m represents the molecule, and the
subscript a represents the aerosol.
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B. ATMOSPHERIC TURBULENCE EFFECTS
When the laser is transmitted through the atmosphere, due to
the irregular distribution of refractive index caused by random
changes in local temperature and pressure in the atmosphere,
the phase and intensity fluctuate randomly, resulting in spot
drift, expansion and flickering [20], [21]. A common param-
eter describing the strength of weak turbulence on a path is
the Fried parameter r0.

r0 = [
2.905
6.88

(
2π
λ

)2 ∫ R

path
C2
n (h(z))dz]

2 (3)

where z is the transmission distance, λ is the laser wavelength,
C2
n is the refractive index structure parameter, which can

characterize the main parameter of atmospheric turbulence,
and it depends on local atmospheric data.

C. THERMAL BLOOMING EFFECT
The thermal blooming effect is that when a high-energy laser
transmits in the atmosphere, the laser heats the air to form
an equivalent negative lens, and under the impact of lateral
wind, a meniscus-shaped spot distribution is formed [22].
Assuming constant atmospheric conditions, we can charac-
terize thermal blooming in terms of so-called dimensionless
thermal distortion parameter.

ND ≈
−8
√
2πPnTαT

ρ0CPDλVmind
R (4)

whereP is the laser power, nT is the change of refractive index
with temperature, T is the atmospheric temperature, α is the
absorption coefficient, ρ0 is the atmospheric density, CP is
the atmospheric capacity,D is the beam diameter, Vmind is the
effective wind speed perpendicular to the beam, and R is the
distance between the laser and the target.

D. SPOT JITTER AND BEAM DIFFRACTION
The main function of the beam control system is to point
the laser beam precisely at a certain point of the target and
maintain it for a period of time. The tracking subsystem in
the beam control system consists of a photoelectric sensor
and a gyroscope to track the dynamic target, and the beam
director guides the weapon towards the target. Small errors
are unavoidable during the tracking process.

In the process of laser transmission, the light will deviate
from the straight line propagation when encountering obsta-
cles or small holes. Due to the limitation of the aperture of
the laser emission system, the divergence angle is

θy = 1.22
λ

D0
Q (5)

whereD0 is the laser emission aperture,Q is the quality factor.
The spot jitter and beam diffraction need to be considered
comprehensively with the atmospheric extinction, turbulence
and thermal blooming effects mentioned above.

E. ADPTIVE OPTICS COMPENSATION
The adaptive optics system is used for the phase correction of
the laser. The beacon light and the main laser pass through the
same atmospheric channel. The Hartmann sensor detects the
phase distortion information carried by the beacon light. The
deformable mirror and the tilting mirror are used to correct
wavefront distortion. On the initial phase of laser emission,
a conjugate phase opposite to the phase distortion caused by
turbulence and thermal blooming is superimposed in advance.
The beacon light aberration detected by the Hartmann sensor
is used to solve for the Zernike coefficients [23]:

λλ

{
∂ω(x, y)

/
∂x|m = xc,m

/
2π f

∂ω(x, y)
/
∂y|m = yc,m

/
2π f

(6)
∂ω(x, y)

/
∂x|m =

npl∑
k=1

Ak∂Z (x, y)
/
∂x|m

∂ω(x, y)
/
∂y|m =

npl∑
k=1

Ak∂Z (x, y)
/
∂y|m

(7)

where xc,m, yc,m are the magnitude of the spot drift of the
sub-aperture imaging of the Hartmann sensor, f is the focal
length of the sub-aperture, λ is the laser wavelength. ω(x, y)
is the wave aberration, x and y are the abscissa and ordinate
perpendicular to the beam, respectively, Ak is the Zernike
coefficient, Z (x, y) is the Zernike polynomial, m represents
a certain Hartmann sub-aperture. The beam spot shift of the
beacon light is measured through the Hartmann sub-aperture,
and the polynomial is known data through a look-up table.
According to (6) and (7), the Zernike coefficient can be cal-
culated, which is the input to control the tilt and deformable
mirror.

III. METHODS AND STEPS
A. MODEL BUILDING
Easylaser contains a variety of component libraries, such as
laser source component library, optical component library,
atmospheric component library, detection component library,
etc., which can easily build a three-dimensional optical
path transmission process model. In order to simulate the
high-altitude combat of the fighter, the height position of
the model component is set to 10km. Laser sources use the
ideal Gaussian beam. The laser emission system adopts the
classic Cassegrain system to realize the far-field focusing of
the continuous laser beam. The adaptive opticsmodule is used
to compensate for the atmospheric turbulence and thermal
blooming effect. The laser transmission process model is
shown Fig. 1.

B. SPOT DIAGNOSIS
Multi frame spot distribution data will be generated after the
model runs. The ring radius and power density of the spot
that account for 0.8378 and 0.6320 of the total target power
are selected as the four indicators of the target spot power
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FIGURE 1. Laser transmission process model.

TABLE 1. Laser transmission path, atmospheric setting and target
parameters.

distribution.

I0.8378 =
0.8378Ptarget
πR20.8378

(8)

I0.6320 =
0.6320Ptarget
πR20.6320

(9)

where Ptarget is the total power to the target, R is the circle
radius of the spot, I is the average power density within the
circle radius of the spot. The subscript 0.8378 is the ratio
of the power in the first dark ring of Airy spot to the total
target power, and the subscript 0.6320 is the ratio of the power
within the beam waist radiu to the total target power.

Easylaser lacks a multi-frame spot diagnosis due to spot
jitter. It is necessary to perform a secondary spot diagnosis
on the spot result. We select the ring radius and ring power
density data of the first 200 frames as the analysis object,
and the frame frequency is 1000Hz. Through the Matlab
programming software, we only select three different power
ratios of ring radius and power density for each frame as the
basic data since the amount of data is large. Three different
power ratios are 0.9500, 0.8378 and 0.6320, respectively.
The above result data are processed to display the power
distribution after averaging multiple frames of spots. The
four indicators of the above ideal beam are still used in the
secondary spot diagnosis involving spot jitter, and shown in
Fig. 2. The mesh size is 0.0025 cm, which is smaller than
the target pixel size. The pixel size of the target is shown in
Table 1.

FIGURE 2. Spot power distribution before and after secondary diagnosis.
(a) Multi-frame to target spot distribution (before). (b) Secondary spot
diagnosis (after).

C. SENSITIVITY ANALYSIS
Sensitivity analysis can reflect the influence degree of input
variables on output variables. If a function f (x) can be
derived, its first-order sensitivity can be expressed as

Sratiopara(1x)(x) =
∂f (x)
∂xi

(10)

where xi is the set of parameter variables, Sratiopara(1x)(x) is
called the first-order differential sensitivity of f (x) to the
parameter xi, the subscript 1x is the parameter increment,
and superscript ratio represents the ratio of power to the total
target power.

In the process of numerical simulation, a sufficiently large
and reasonable set of parameters variables are selected. The
continuous parameter response curve is obtained by means of
low-order polynomial fitting. Because the high-order poly-
nomial fitting will cause great fluctuation to the deriva-
tive function curve, the fourth-order polynomial fitting is
chosen, and the polynomial coefficients will be given in
Table 2. The first-order response sensitivity to parameter
increments 1x can be represented by the derivative func-
tion Sratiopara(1x)(x). The derivative function can be obtained
by derivation according to Table 2. When comparing the
response sensitivity of each parameter’s variation to the tar-
get power distribution, it largely depends on the parameter
increment1x.

IV. DATA RESULT ANALYSIS
The high-energy laser passes through the laser emission sys-
tem and the atmosphere to achieve far-field focusing of the
spot. The wavefront distortion caused by turbulence and ther-
mal blooming can be corrected through the adaptive optical
components. In this process, we assume that the system has an
automatic focusing function. The focus position of the laser
emission system is always located at the target, and coincides
with the position of the beam waist of the ideal Gaussian
beam.

In the basic model of laser transmission, the detailed
parameter settings are shown in Table 1 and Table 3.

Note: 1) The laser source power in the Table 2 is 60 kw, but
the actual output power is 44.8 kw, the power loss is mainly
caused by the beam splitter and the central obscuration of the
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TABLE 2. Polynomial fitting coefficient of influence of different parameters on power distribution of target spot. Note: To ensure that the data is clearly
displayed with high precision, ‘‘e value’’ will represent ‘‘×10 value’’, e.g., ‘‘e-07’’ represent ‘‘×10−7’’. ‘‘Laser source power: 30:2:90 kw’’ indicates that the
laser power is between 30 – 90 kw, its increment is 2, and the format of the other variable intervals is similar.

laser emission system. A small fraction of the power loss is
due to mirror absorption. 2) This model uses a coaxial adap-
tive optics system, which may cause the central obscuration

area to be larger than the sub-aperture size of the Hartmann
sensor without central obstruction, making the central area
of the Hartmann sensor without light. Therefore, the laser
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TABLE 3. Airborne laser system and parameters.

emission system in this model needs to choose an appropriate
central obscuration ratio to avoid the above problem.

A. INFLUENCE OF LASER POWER ON THE POWER
DISTRIBUTION TO THE TARGET SPOT
Referring to the 2018 version of the US airborne laser
weapons roadmap, the first phase of the airborne laser
weapon system, based on tens of kilowatts of high-energy
airborne lasers, demonstrates damage to infrared-guided air-
to-air missiles [24]. In 2021, Lockheed Martin had deliv-
ered the first airborne high-energy laser weapon system [25].
According to US media reports, its power is about 60 kw.
Therefore, in the selection of the power parameter, the power
of the laser transmission process model is assumed to be
60±30 kw. Compared with the airborne laser weapon test in
Israel in 2021, the power level of airborne laser weapon is
much higher, and the working distance will be farther.

In order to study the effect of the airborne laser power on
the power distribution to the target spot, we change the power
of the main laser in the laser transmission process model, and
other parameters are consistent with Table 1 and Table 3. The
effect of laser power on the power distribution to the target
spot is shown in Fig. 3.

When the main laser power is low, the spot ring radius
increases approximately linearly with the power. When the
main laser power is higher, the curve of the response sen-
sitivity of the laser power’s variation to the spot ring radius
becomes steeper, as shown in Fig. 3(c). The response sensi-
tivity curve of the laser power’s variation to the spot power
density is related to the response sensitivity curve of the laser
power’s variation to the spot ring radius. With the increase of
laser power, the growth rate of spot power density slows down
shown in Fig. 3 (d). The reason for the slowing down is that
with the increase of laser power, the thermal distortion param-
eter gradually increases, and the adaptive optics correction
ability gradually weakens, which cannot well compensate the
phase fluctuation caused by thermal blooming. In order to

FIGURE 3. The effect of laser power on the power distribution to the
target spot. (a) The effect of laser power on the ring radius to the target
spot. (b) The effect of laser power on the power density to the target spot.
(c) The response sensitivity of the laser power’s variations to the spot ring
radius (parameter increment 10 kw). (d) The response sensitivity of the
laser power’s variations to the spot power density (parameter increment
10 kw).

increase the power density of the target spot, although the
growth rate of the spot power density is slowed down, there
is still a large space for the improvement of the spot power
density by increasing the power. Therefore, within the range
of the above power variation, there is no need to consider
a situation, that is, when the laser power is increased, the
thermal distortion parameter gradually increases according to
formula (4), and the adaptive correction capability is weak-
ened, resulting in the maximum value of the power density to
the target spot [26].

Within the variation range of the laser power, for each
increase of 10 kw, the power density under the power ratio of
0.8378 increases by 418-512 w

/
cm2, and the power density

under the power ratio of 0.6320 increases by 754-978w
/
cm2.

When the laser power of the basic model is 60kw,

S0.8378laser source poewer(10kw) = 476w
/
cm2,

S0.6320laser source poewer(10kw) = 863w
/
cm2.

These data need tomeet the basic preconditions in Table 1 and
Table 3. Similar to the above, we all use the control sin-
gle variable method to analyze the influence of different
parameters on the power distribution to the target spot in the
following other parameter analysis.

B. THE INFLUENCE OF LASER EMISSION APERTURE ON
THE POWER DISTRIBUTION TO THE TARGET SPOT
In the laser transmission process, the larger the laser emission
aperture, the smaller the spot size caused by diffraction.
The laser emission aperture is smaller than the diameter
of the laser launch turret. At present, the diameter of most
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FIGURE 4. The effect of laser emission aperture on the power distribution
to the target spot. (a) The effect of laser emission aperture on the ring
radius to the target spot. (b) The effect of laser emission aperture on the
power density to the target spot. (c) The response sensitivity of the laser
emission aperture’s variation to the spot ring radius (parameter increment
0.1m). (d) The sensitivity response of the laser emission aperture’s
variation to the spot power density (parameter increment 0.1 m).

photoelectric turrets is slightly larger than 0.4m, but there
are a few cases, such as the MTS-B photoelectric sighting
system of Raytheon Company, the diameter of the photo-
electric turret is 0.559 m [27]. Taking into account other
conditions, it is necessary to choose a larger diameter as much
as possible. Therefore, this paper chooses 0.4±0.25 m for
the laser emission aperture. The effect of the laser emission
aperture on the power distribution to the target spot is shown
in Fig. 4.

According to formula (5), the relation function between
the target spot ring radius and the laser emission aperture
is an inverse proportional function. Its shape is a hyperbola
distributed in the first and third quadrants. As shown in
Fig. 4 (a), the variation curve of the spot ring radius with the
laser emission aperture is approximately consistent with a
part of the hyperbola after moving downward for a certain
range. The range of downward movement is numerically
equal to the spot ring radius without considering the aperture
diffraction. However, the relationship function between the
power density and the spot ring radius is an approximate
inverse proportional function again. The variation of power
densitywith laser emission aperture is shown in Fig. 4 (b), and
the magnitude of its variation is shown in Fig. 4 (d). There is
a certain extreme point in the response sensitivity of the laser
emission aperture’s variation to the target spot power density
under two different power ratios. The extreme point cannot be
explained from the point of the above mathematical formula,
but it can be obtained that the response sensitivity of the laser
emission aperture’s variation to the target spot power density
is a decreasing function. In Fig. 4 (d), there is an increase
in the curve. The reason is that the above-mentioned inverse

proportional function ignores the influence of the nonlinear
thermal blooming effect. The response sensitivity of the laser
emission aperture’s variation to the target spot power density
caused by the thermal blooming is an increasing function.
It is combined with the above-mentioned decreasing function
to explain the curve change in Fig. 4 (d). The response
sensitivity of the laser emission aperture’s variation to the ring
radius, if the thermal blooming is also ignored, is a negative
second-order function of the aperture, which is approximately
consistent with the curve change in Fig. 4 (c). However, the
variation curve of the ring radius to the target spot under the
two different power ratios is quite different. It mainly because
the thermal blooming causes the target spot power of the inner
ring move to the outer ring, which increases the ring radius to
the target spot under the power ratio of 0.6320. This can also
be seen in Fig. 4 (a).

In the design of airborne laser weapons, the response
sensitivity under the power ratio of 0.8378 is larger when
the aperture is 0.32 m. Within the variation range of the
laser emission aperture, for each increase of 0.1m, the power
density under the power ratio of 0.8378 increases by 714-
1002 w

/
cm2, and the power density under the power ratio

of 0.6320 increases by 1014-1926w
/
cm2. When the laser

emission aperture of the basic model is 0.4m,

S0.8378laser emission aperture(0.1m) = 944w
/
cm2,

S0.6320laser emission aperture(0.1m) = 1614w
/
cm2.

C. THE INFLUENCE OF LASER EMISSION SYSTEM
TRACKING ACCURACY ON THE POWER DISTRIBUTION TO
THE TARGET SPOT
In modern warfare, the role of high-precision target posi-
tioning and tracking, precision guidance and other technolo-
gies based on airborne platforms in information warfare is
becoming more and more prominent. With the development
of directed energy weapons, higher requirements are put
forward for accurate guidance equipment. At present, the
tracking accuracy of the MX-25D electro-optical sighting
system of Canadian WESCAM company and the SPECTRO
XR electro-optical sighting system of Israel Elbit company
can reach 3 urad. In unpublished reports, its tracking accuracy
is even higher. The tracking accuracy parameter in this paper
is 0-5 urad. The effect of the tracking accuracy on the power
distribution to the target spot is shown in Fig. 5.

As the tracking accuracy increases, the response sensitiv-
ity curve of the tracking accuracy’s variation to the target
spot ring radius gradually slows down and eventually stable,
as shown in Fig. 5 (c). The trend of this curve is more intuitive
as shown in Fig. 5 (a). The reason is that the spot itself has
a certain size when the tracking accuracy is not considered.
When the tracking accuracy is close to 0 urad, the ratio of
the spot ring radius to the ring radius caused by the tracking
accuracy is larger. This relative ratio gradually decreases
as the tracking accuracy increases. When tracking accuracy
is above 3 urad, the relative ratio becomes smaller, which
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FIGURE 5. The effect of tracking accuracy on the power distribution to
the target spot. (a) The effect of tracking accuracy on the ring radius to
the target spot. (b) The effect of tracking accuracy on the power density
to the target spot. (c) The response sensitivity of the tracking accuracy’s
variation to the spot ring radius (parameter increment 1 urad). (d) The
response Sensitivity of the tracking accuracy’s variation to the spot power
density (parameter increment 1 urad).

results in the spot approximated as a point. At this time, the
response sensitivity of the tracking accuracy’s variation to the
ring radius tends to a constant value. The variation curve in
Fig. 5(d) is related to the variation curve in Fig. 5(c).

Under the above premise, the response sensitivity of
the tracking accuracy’s variation to the power density
under the power ratio of 0.6320 has a maximum value
between the tracking accuracy of 1 and 1.5 urad. Within the
variation range of the tracking accuracy, for each increase
of 1 urad, the power density under the power ratio of
0.8378 increases by 402-2725 w

/
cm2, and the power den-

sity under the power ratio of 0.6320 increases by 641-
3731 w

/
cm2.When the tracking accuracy of the basic model

is 2urad,

S0.8378tracking accuracy(2urad) = 1431w
/
cm2,

S0.6320tracking accuracy(2urad) = 3199w
/
cm2.

D. THE INFLUENCE OF LASER TRANSMISSION DISTRANCE
ON THE POWER DISTRIBUTION TO THE TARGET SPOT
Referring to the airborne high-energy laser weapon demon-
stration prototype carried out by the Israeli Air Force in June
2021, which used a about 10 kw laser weapon to shoot down
the Sky Striker cruise missile to 1 km away [28]. In the
laser transmission simulation model of this paper, the 60 kw
laser power can shoot down the missile at a longer distance.
Shells of different materials and thicknesses have different
damage thresholds [29]. At present, high-power laser dam-
age is mainly melting. Normally, laser spot stays for 3s to
burn through a 10 mm thick steel missile casing, and the
power density is about 2-5 kw

/
cm2. Considering the surface

FIGURE 6. The effect of laser transmission distance on the power
distribution to target spot. (a) The effect of laser transmission distance on
the ring radius to the target spot. (b) The effect of laser transmission
distance on the power density to the target spot. (c) The response
sensitivity of the laser transmission distance’s variation to the spot ring
radius (parameter increment 300 m). (d) The response sensitivity of the
laser transmission distance’s variation to the spot power density
(parameter increment 300m).

reflection and other factors, the laser transmission distance
corresponding to the target power density required to melt
through the target is about 3∼5km. This paper is based on
the transmission distance of 4km, and the variation range
is 2 -7 km. The effect of the transmission distance on the
power distribution to the target spot is shown in Fig. 6.

As shown in Fig. 6(a), the relationship between the spot
ring radius and the transmission distance is approximately
linear. As shown in Fig. 6(c), there are onlyminor fluctuations
with a slight upward trend. The reason is that the target
spot itself has a certain size. At the same time, the beams
converge at different distances, and its aberration, turbulence,
thermal blooming, adaptive optics compensation, etc. may
cause a slight disturbance of the response sensitivity curve
of the transmission distance’s variation to the ring radius.
In Fig. 5(b), the variation curve of the spot ring radius with
the transmission distance is approximately consistent with a
part of the hyperbola after moving a range to the left. The
variation curve in Fig. 5(d) is related to the variation curve in
Fig. 5(c).

Under the above premise, the response sensitivity of the
transmission distance’s variation to the power density can be
divided into two sections. Within 3.5 km, the response sen-
sitivity of the transmission distance to the target spot power
density is greater, as the transmission distance is smaller, the
target spot power density rises rapidly. Beyond 3.5 km, the
response sensitivity of the transmission distance’s variation
to the power density is relatively small, for each increase of
300m, the power density under the power ratio of 0.8378 does
not exceed 1466w

/
cm2. The power density under the power
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FIGURE 7. The effect of the laser transmission slanted angle on the
power distribution to the target spot. (a) The effect of the transmission
distance slanted angle on the ring radius to the target spot. (b) The effect
of the transmission slanted angle on the power density to the target spot.

ratio of 0.6320 does not exceed 778w
/
cm2. When the trans-

mission distance of the basic model is 4km,

S0.8378transmission distance(300m) = 455w
/
cm2,

S0.6320transmission distance(300m) = 859w
/
cm2.

E. THE INFLUENCE OF LASER TRANSMISSION SLANTED
ANGLE ON THE POWER DISTRIBUTION TO THE TARGET
SPOT
During the laser transmission process, if the transmission
distance is constant, with the increase of the slanted angle,
the laser end is closer to the ground. The C2

n in the Fried
parameter r0 of atmospheric turbulence and the Vmind param-
eter in the thermal distortion parameterND are related to
the altitude. Easylaser uses the phase screen to simulate the
atmosphere [30], [31]. The wind speed and direction for
each layer of the phase screen are different. The change of
the angle between the wind direction and the laser trans-
mission direction makes the power distribution of the target
spot more complicated [32]. However, the laser transmission
process model in this paper is applied to the airborne laser
high-altitude close combat scenario. Atmospheric turbulence
and thermal blooming are mainly concentrated in the ground
2 km. Therefore, the influence of atmosphere on laser trans-
mission is not great in this model. The effect of the laser
transmission slanted angle on the power distribution to the
target spot is shown in Fig. 7.

In Fig. 7, the target spot ring radius increases slightly with
the increase of the laser transmission slanted angle. After
verification analysis, it is mainly due to thermal blooming
effect. In this model, the laser transmission is below 10 km,
and the wind speed increases linearly with height. When the
target position is low, it is difficult to blow away the air heated
by the laser due to the small wind speed, resulting in a larger
thermal. However, the power density to the target spot and
the ring radius change little with the slanted angle. Due to the
small variation of the power density to the target spot, and
limited by the calculation time of Easylaser, it is not suitable
for sensitivity analysis.

For every 15degrees increase, the maximum relative varia-
tion of the power density under the power ratio of 0.8378 does
not exceed 3.6%, and the maximum relative variation of

FIGURE 8. The effect of atmospheric mode on the power distribution to
Target spot. (a) The effect of atmospheric mode on the ring radius to the
target spot. (b) The effect of atmospheric mode on the power density to
the target spot.

FIGURE 9. The effect of the main laser wavelength on the power
distribution to the target spot. (a) The effect of the main laser wavelength
on the ring radius to the target spot. (b) The effect of the main laser
wavelength on the power density to the target spot.

the power density under the power ratio of 0.6320 does not
exceed 2.6%. The maximum difference in power density
under the power ratio of 0.8378 is 407w

/
cm2. The maximum

difference in power density under the power ratio of 0.6320 is
199w

/
cm2.

F. THE INFLUENCE OF ATMOSPHERIC MODE ON POWER
DISTRIBUTION TO THE TARGET SPOT
Easylaser has a variety of atmospheric modes, and the atmo-
spheric parameters in each atmospheric mode are divided
into conventional, optical, and turbulence parameters. The
conventional parameters include pressure, density, temper-
ature, wind speed, and wind direction. Optical parameters
including absorption and scattering coefficients of molecules
and aerosols. Turbulence parameters include inner and outer
dimensions and refractive index structure parameterC2

n . Each
parameter is a profile that varies with altitude. The effect of
the atmospheric mode on the power distribution to the target
spot is shown in Fig. 8.

Because the atmospheric database in Easylaser is not per-
fect enough, there is a lack of atmospheric data in fog, rain,
etc. In the case of existing atmospheric data, there are only
three levels of atmospheric visibility on sunny days in the
laser transmission process model. Under the same geographi-
cal type, the visibility of 150km and 200km will hardly bring
changes to the laser atmospheric transmission. Therefore,
we only calculate whether it will affect laser transmission for
different regional types.

As shown in Fig. 8, there is a slight decrease in power den-
sity to the target for the desert type and the ocean type com-
pared with the rural type and the urban type. The maximum
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TABLE 4. Influence of adaptive optics, turbulence and thermal blooming effects on the power distribution to the target spot.

relative variation of the power density under the power ratio
of 0.8378 does not exceed 3.0%, and the maximum rela-
tive variation of the power density under the power ratio of
0.6320 does not exceed 2.4%. The maximum difference in
power density under the power ratio of 0.8378 is 167w

/
cm2.

The maximum difference in power density under the power
ratio of 0.6320 is 78w

/
cm2. Since the variation of the target

spot power density is very small, and the atmospheric mode
is the transmission environment of the laser, it is not suitable
for sensitivity analysis.
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G. THE INFLUENCE OF MAIN LASER WAVELENGTH ON
POWER DISTRIBUTION TO THE TARGET SPOT
Atmospheric extinction, turbulence, and thermal blooming
effect is all related to the main laser wavelength. Atmospheric
optical parameters in Easylaser have multiple wavelength
profiles that vary with altitude, which affect the atmospheric
transmittance of laser transmission. According to formu-
las (3) and (4), the commonly used Fried parameter r0 to
describe the turbulence intensity and the thermal distortion
parameter ND to characterize the thermal blooming intensity
are both functions of wavelength. Therefore, the laser trans-
mission wavelength is also one of the parameters that cannot
be ignored. The effect of the laser wavelength on the power
distribution to the target spot is shown in Fig. 9.

As shown in Fig. 9, when the wavelength of the main
laser is 0.88 um and 1.064um, the ring radius to the target
spot is smaller and the power density is higher. The main
reason is the combined influence of laser thermal blooming
and diffraction effect, and a very small part is the influence
of atmospheric turbulence and transmittance. The thermal
blooming effect of the 0.88 um wavelength laser is more seri-
ous, but the diffraction angle is smaller, and adaptive optics
can correct the thermal blooming to a certain extent. The
laser thermal blooming effect at the wavelength of 1.064um
is very small, almost negligible, but the diffraction angle is
larger. As shown in Fig. 9 (b), the main laser wavelengths
of 0.88umand 1.064 um have their own advantages in power
density under the two different power ratios.

When we compare the power density under the power ratio
of 0.6320, the main laser with wavelength of 0.88 um is
slightly better than the main laser with wavelength of 1.064
um. When we compare the power density under the power
ratio of 0.8378, the main laser with wavelength of 1.064um
is better than the main laser with wavelength of 0.88um.

H. THE INFLUENCE OF ADAPTIVE OPTICS
COMPENSATION ON THE POWER DISTRIBUTION TO THE
TARGET SPOT
Adaptive optics compensation can increase the power density
to the target spot, but its related parameters, such as the
number of turns and arrangement of the deformable mirror
driver, the number of Hartmann transverse elements, etc., will
not have a great impact on the power distribution to the target
spot. The numerical selection of more parameters only needs
to be appropriate, and the values of these parameters are all
derived from the relevant cases in Easylaser.

In order to analyze the changes brought by the adaptive
optics system to the target power distribution, in the orig-
inal laser transmission process model, the optical path is
not changed, and the original tilting mirror and deformable
mirror are replaced by reflecting mirrors. Other parameters
are consistent with Table 1 and Table 3. We can compare
the effect on the power distribution to the target spot with
and without adaptive optics compensation, and calculate the
power distribution to the target spot without turbulence and

thermal blooming effects. Since its difference is relatively
small, it is more suitable to be given in tabular form.

As shown in Table 4, when the laser slanted transmission
is 4km, the power density of the power ratio 0.8378 differs
by 188.1 w

/
cm2 with and without adaptive optics compen-

sation. It accounts for 3.23% of the power density under
the power ratio 0.8378 without adaptive optics compensa-
tion. The power density of the power ratio 0.6320 differs by
100.38 w

/
cm2 with and without adaptive optics compensa-

tion. It accounts for 3.30% of the power density under the
power ratio 0.6320 without adaptive optics compensation.

The application scenario of this paper is the airborne laser
high-altitude, close-range combat. The impact of atmospheric
turbulence and thermal blooming effect cannot be ignored.
The adaptive optics system can increase the power density
to the target spot. As the transmission distance increases, the
end of the laser is closer to the ground, and the turbulence and
thermal blooming effects are more seriously affected. At this
time, the effect of adaptive optics compensation is more obvi-
ous. It can determine whether adaptive optics compensation
is necessary according to the demand when the airborne laser
uses low power to strike targets within 2 km.

V. SUMMARY
Through numerical simulation, this paper analyzes the influ-
ence of airborne laser system parameters, transmission path
parameters and atmospheric mode on the power distribution
to the target spot, and the sensitivity analysis about some
important parameters are also performed. Under the boundary
conditions described in the above basic models, the response
sensitivity can be compared and the sensitivity ranking is

Stracking accuracy(1urad) > Slaseremissionaperture(0.1m) >

Stransmission distance(300m) > Slasersourcepoewer(10kw),

which is consistent under the two different power ratios. It can
provide a basis for the parameter design of airborne laser in
the future high-altitude and close-range combat scenarios.

When analyzing the influence of the adaptive optics sys-
tem on the power density to the target spot, the detailed
value of the power density to the target spot is given in this
paper. Although the high-altitude atmosphere is clean, the
influence of atmospheric turbulence and thermal blooming
effect on the laser cannot be ignored, and the adaptive optics
system can compensate for the atmospheric effect to a certain
extent.

In future work, it will be possible to build a full link simu-
lation model of laser operational scenarios, laser transmission
and laser thermal damage to achieve operational effectiveness
analysis. The calculation method of laser transmission can
provide a reference in other laser operational scenarios. The
results of operational effectiveness analysis can provide a
theoretical basis for the parameter design of actual equipment
systems in the future.
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