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A fixed high-power laser system used as an aerospace defense weapon has

limitations such as the transmitter size, serious thermal blooming during

propagation, rapid motion, and the variation of the location of the target. In

the present paper, we propose a method by arranging many high-power

systems with adequate distance in a defense area. The intensity distribution

and the energy irradiated on the target are studied and compared with a fixed

laser system. Results show that adequate arrangement of many high-power

laser systems can reply to the arbitrary and rapid motion of the target.
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Introduction

In today’s world, aerospace defense has become more important and complex

accompanied by the development of hypersonic missiles [1, 2]. High-power lasers are

considered one of the most promising methods due to the energy travels with the speed of

light [2, 3]. However, the output power of the laser and the effect of the atmosphere are the

major barriers of high-power lasers used as the aerospace defense weapon [4, 5].

Since coherent beam combining (CBC) is more complex and expensive, incoherent

beam combining (IBC) is regarded as the major method to increase the output power of

the transmitter in the application of the laser weapon [6–11]. There are two factors that

will hinder the application of IBC in aerospace defense. One factor is the size of the

transmitter. When we use a transmitter to send the combined beams, the size of the

aperture will limit the channels of the beam. Another factor is that further increasing the

output power of the combined beams will result in serious nonlinear effects [12–14].

In the present paper, we propose a new aerospace defense method by combining laser

beams apart from a long distance.
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Concept of incoherent combination
of different location beams

The propagation of incoherent combination of different

location beams is shown in Figure 1. There are many laser

beams located in different locations. All the laser beams are

transmitted to the same target.

There are many factors that will affect the propagation, such

as the wavelength, size of the transmitter, the distance between

each laser, and the propagation distance [4, 15]. In practice, the

target moves in a very high speed which will cause the change of

the propagation distance, as shown in Figure 2. P denotes the

location of the target which moves in a velocity v. Q is the

location of one laser source.

We can see from Figure 2 that the distance between the beam

and the target is

L �
��������������������������(p − a)2 + (q − b)2 + (H − h)2,

√
(1)

where (a, b, h) and (p, q, H) are the coordinates of the beam and

the target, respectively. In addition to the propagation distance,

the zenith angle of propagation also affects the destructive effect,

as shown in Figure 3.

From Figures 2, 3 we can see that the direction of beam is

⎡⎢⎢⎢⎢⎢⎣ cos(α)cos(β)
cos(γ) ⎤⎥⎥⎥⎥⎥⎦ � 1

L
⎛⎜⎝p − a

q − b
H − h

⎞⎟⎠, (2)

where (α, β, γ) are the direction angles of the beam. If we assume

that the surface irradiated by the laser is �S � Sn̂, where S is the

area and n̂ is the normal direction, the flux of the beam on an area

can be described as

Φ � ∫∫ I(x, y, z)[cos(α)̂i + cos(β)ĵ + cos(γ)k̂] · dS,→ (3)

where I(x, y, z) is the intensity arriving at the target and γ also is
the zenith angle.

In practice, laser beams need a period of time to damage the

target. The energy of the laser irradiating on the target can be

expressed as

E � ∫T

0
Φdt, (4)

where T is the time of the irradiation of the laser on the

target. From Eqs 3, 4, we can see that Φ and E are the

power and energy of the laser radiating on the area S,
respectively.

Laser beam propagating in the
atmosphere

Absorption, scattering, turbulence, and thermal

blooming of the atmosphere will affect the propagation of

the laser beam in free space [16]. In the present paper, only

the effect of turbulence is considered. For simplicity, we

assume that the beam has a Gaussian intensity distribution.

Thus, the initial optical field at the arbitrary location is

denoted as [17]

Um(x0, y0) � ����
2P
πw2

0

√
exp[ − (x0 − am)2 + (y0 − bm)2

w2
0

], (5)

where P is the power of the beam, w0, the waist width, (am, bm),

the location of the laser beam, and (x0, y0), the coordinates of

the initial plane perpendicular to the propagation direction.

The intensity distribution at the target can be calculated

by [18]

FIGURE 1
Propagation schematic representation of the incoherent
beams by combining different location beams.

FIGURE 2
Variation of the distance between the target and the beams
due to the motion of the target.
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〈Im(r, z)〉 � ( 1
λL

)2 ∫∞

−∞
∫∞

−∞
Hm(sd)M(sd) exp(ik

L
r · sd)d2sd,

(6)
where

( s
sd
) � ( (r01 + r02)/2

r01 − r02
) (7)

is the coordinate conversion, and r � (x, y) is the position vector

at the receiver. When the propagation distance is equal to the

focal length, also at the focal plane

Hm(sd) � ∫∞

−∞
∫∞

−∞
Um(s + sd

2
)U*

m(s − sd
2
)d2s (8)

and M(sd) � exp(−s2d/ρ20) is the transfer function of turbulence,

where * denotes the conjugate and ρ0 is the coherence length of a

spherical wave and can be found by [19]

ρ0 � cos 3/5(γ)ρH (9)
where

ρH � ⎡⎣1.46k2 ∫H

h0

C2
n(h)(1 − h

H − h0
)5/3

dh⎤⎦−3/5 (10)

is the coherence length vertical from the ground to the altitude H

[20], and C2
n(h) is the vertical index structure constant function.

From Eqs 5–10, we can obtain the intensity distribution of one

laser at the focal plane as

〈Im(r, z)〉 � 2P
πτ2w2

0

exp[ − 2
τ2w2

0

(x2 + y2)], (11)

where τ �
������
τ22 + τ23

√
, τ2, and τ3 are the factors of the beam spread

due to diffraction and the turbulence effect, respectively. The

non-dimensional quantities are introduced as [17]

τ2 � 2L
kw2

0

; τ3 � 2
�
2

√
L

kw0ρ0
(12)

The total average intensity of the incoherent combining beam

at the target is the sum of the average intensity of each laser

radiating on the target.

Special cases and discussion

To analyze the performance of the aerospace defense method,

the special case is given as follows.

To compare the damage effect of the incoherent beams, the

power levels are evaluated by using the total average intensity of the

incoherent combining beam at the target, which is the sum of the

average intensity of each laser radiating on the target. The average

intensity of each laser is expressed in Eq. 11, where P is a constant.

For simplicity, we assume h = 0, namely, all of the laser sources

are located at the ground, as shown in (Figure 4). The coordinates

of the laser sources areQ11 (-a, -a),Q12 (0, -a),Q13 (a, -a), Q21 (-a,

0), Q22 (0, 0), Q23 (a, 0), Q31 (-a, a), Q32 (0, a), and Q33 (a, a). The

coordinate of the target is p = p0 + vt and q = 0, and the altitude is

H. For calculation, we set a = 10 km, p0 = –50 km, v = 300m/s, and

H = 10 km.

In this paper, we select the ITU-Rmodel presented in 2001 to

describe the model of the altitude-dependent structure constant.

C2
n(h) � 8.148 × 10−56V2h10 exp(−h/1000)

+ 2.7 × 10−16 exp(−h/1500) + C0 exp(−h/100), (13)

whereV � (v2g + 30.69vg + 348.91)1/2 is the wind speed along the
vertical path and vg is the ground wind speed. C0 is the nominal

FIGURE 4
Special case for analyzing the performance of the aerospace
defense method, where Q11 to Q33 denote nine laser sources and
the target moves horizontally in a uniform velocity.

FIGURE 3
Variation of the direction of the irradiation for the beam and
the surface of the target.
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value of at the ground level (the typical value is 1.7 × 10−14m−2/3).

For the convenience of the study, we set vg = 0 in this paper.

For comparison, we assume that the power of each laser is P

when all of the nine lasers are sent to the target together. Even

though, the spot of the laser maybe an ellipse, in practice, we only

concern a certain area. We assume the area is a circle with the

radius R = 0.1 m. If only one laser is sent to the area, we assume the

output power of the laser is 9P. Figure 5 shows the variation of the

energy in the area of the circle with the irradiated time. It should be

noted that the ratio of energy to power expresses the damage ability

of the incoherent beam on the area S of the target and has the unit

of time when the power of these lasers is a constant.

Because Q21 is in the front of the three lasers, the energy

increases fast at the start. The energy increases slowly when

the target is far apart from the laser. With the increase in the

angle of elevation, the growth rate of the energy becomes fast

and keeps a period of time. This period of time is the

optimum irradiated time. The energy irradiated by Q22

and Q23 has the same variation. Figure 6 gives the

variation of the energy in the area irradiated by lasers Q11,

Q12, and Q13, respectively.

Comparing with Figure 5, we can see that the variation of the

energy irradiated by lasers Q11, Q12, and Q13 has the same trend

as in Figure 5. Because the trajectory of the target is just above the

line determined by Q21, Q22, and Q23, namely, the angle of

elevation for Q21, Q22, and Q23 is larger than that for Q11,

Q12, and Q13, the total energy irradiated by Q21, Q22, and Q23

at the same time is larger than that by Q11, Q12, and Q13,

respectively.

In application, it is difficult for letting a laser just under the

trajectory of the target. Arrays of many lasers can solve the

problem of the target moving in the arbitrary trajectory. Figure 7

shows the comparison between variation of the energy irradiated

by one laser or by all of the lasers. We assume the power of each

laser is P when all of the lasers irradiate the target together. Thus,

the total power of all the lasers also is 9P. The energy irradiated

on the target is expressed by Q. The power of one laser is 9P if

only one laser irradiates the target.

It can be seen that the effect of irradiation by the laser array is

better than that only by Q12 and is worse than that only by Q22.

When the target is far from the laser, namely, the angle of

elevation is small, the effect of the irradiation has little

difference between the lasers Q, Q12, and Q22.

FIGURE 5
Variation of the energy in the irradiated area with the
irradiated time for lasers Q21, Q22, and Q23, respectively.

FIGURE 6
Variation of the energy in the irradiated area with the
irradiated time for lasers Q11, Q12, and Q13, respectively.

FIGURE 7
Comparison between the variation of the energy irradiated by
only one laser and all of the lasers, where Q denotes the energy
irradiated on the target by all lasers.
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Conclusion

It is important and difficult for the aerospace defense duo to

the complex trajectory and very fast velocity of the target. Not only

the power of one laser system is hard to satisfy the requirement but

also its propagation distance and the variation of the angle of

elevation will hinder the performance, even though the laser

system is fixed in a moving device.

Arranging the laser system with an adequate distance can

solve the problem of aerospace defense by using high-power laser

systems. No matter what location the targets come from, there

are several high-power laser systems with effective operating

distance. Results show that these arrangements of laser systems

take many advantages over a fixed laser.
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