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High-power laser systems mostly use coherent or incoherent combined beams to achieve higher
laser output power to satisfy the application. However, the far-field beam quality of laser will be
reduced when propagating over atmosphere. Based on the propagation model of laser beams array,
we use atmospheric coherence length, laser duration and average wind velocity to construct dynamic
atmospheric turbulence which is characterized as a phase screen sequence. Meanwhile, considered
as the indexes to evaluate beam quality, peak intensity and intensity in bucket are comparatively
analysed in coherent and incoherent combined beams in far-field. The results indicate that in weak-
er turbulence circumstances, coherent combined beam has an advantage compared with the inco-
herent combined beams when laser duration is short, and coherent combination is more suitable
for pulsed laser. With laser duration is increasing, the beam quality of incoherent and coherent com-
bined beams both decrease and tend to be close. In stronger turbulence circumstances, the corre-
sponding laser duration will be shorter when the beam quality of coherent combined beams is
extraordinary close to that of incoherent combined beams. The researches can provide important
data for high-power laser system to select the optimal beam combination mode to improve its per-
formance.

Keywords: laser propagation, dynamic atmospheric turbulence, coherent combination, incoherent
combination, beam quality.

1. Introduction

High-power solid laser has extensive application prospects in the field of national de-
fence [1-4]. However, due to the nonlinear effect of the working medium, thermal
damage, pump source brightness and other factors, the output power of a single fiber
laser with single-mode is limited [5]. In order to obtain an output laser with higher pow-
er and better beam quality to satisfy the application of directed energy, it is necessary
to build laser array and combine to it to form a single focused beam. At present, the
main method of beam combination for high-power laser includes incoherent combi-
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nation [6—9], coherent combination [ 10—13] and spectral combination [14—16]. In fact,
no matter which method is chosen, when propagating over atmosphere, the far-field
beam quality of laser will inevitably be declined due to atmospheric turbulence. The
influence of atmospheric turbulence on laser beams array propagation has been ana-
lyzed through simulations and experiments by other researchers [17-21], which sums
up the law of different combination after being affected by various atmospheric con-
ditions. In engineering application, an adaptive optics system can correct the wavefront
distortion partly caused by atmosphere. Nevertheless, the cost and complexity of high
-power laser system will increase accordingly. Therefore, without considering the adap-
tive optics, scholars pay close attention to the comparison of propagation properties
between coherent and incoherent combined beams in atmosphere [22—24]. The common
feature of all above studies is that atmospheric turbulence is characterized by analytical
function or a static single-phase screen through numerical simulation. However, be-
cause the statistical regularities of atmospheric turbulence are related to both space and
time, it is of great significance to study the relationship between the time-varying char-
acteristics of atmospheric turbulence and the far-field beam quality. In the present pa-
per, while we propose the propagation model of laser beams array, the time-varying
phase screen sequence of atmospheric turbulence is established by such parameters as
laser duration 7, average wind velocity v and coherence length r,,. Then, in order to
further explore the comparison of performance for coherent and incoherent beams, we
choose the peak intensity /; and the intensity in bucket /, (the area in bucket of /,, is
defined as the Airy spot area of the ideal plane wave diffracted by a circular aperture
which is the same as the whole laser beams array in size). as criteria for measuring the
far-field beam quality.

2. Principle of constructing phase screen sequence
of atmospheric turbulence

The classical approach of constructing a phase screen sequence are frozen turbulence [25]
and spline interpolation [26]. Here we will use a spline interpolation method, which
is based on adding time variable to static phase screen generated by Zernike polyno-
mials. The static phase screen of atmospheric turbulence can be expressed as [27]

p(x3) = 3 @ Z(x.) M)

k=1

where ¢ (x, y) becomes dynamic if the k-th polynomial coefficient a; is a time parameter
which satisfies specific variation. Therefore, we can suppose that a static phase screen
in formula (1) is initial when 7= 0. Then in order to produce a dynamic phase screen
sequence, each ak changes over time while 7> 0. Such sequence is written as [28]:

o0

0y, T) = 3 [1+ X1 |a, Z(x,9) 2)
k=1
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Because the atmospheric turbulence analyzed in this paper is satisfying Kolmogrov
spectral distribution, according to Tatarski’s model [29], the phase variance of phase
screen sequence corresponding to Kolmogrov spectral obeys Gaussian distribution in
temporal dimension. Consequently, X in formula (2) represents Gaussian random var-
iables with zero mean and specific variance.

Now if we just pay attention to time-varying state, Eq. (2) can be substituted by

(e T) = 3 bU(T) Z(x.y) 3)
k=1

where b, (T) = X;(T )a,. Noll defines the mean square residual error of turbulence
phase [30]:

4 = [{@(p) = 0(PI) W(p)d(p) )

where p is normalized radial variable in polar coordinates, where the pupil function in
a unit circle W( p) has the form:

l/m, p<1

W(p) = {0’ o1 ()

where @( p) denotes the theoretical turbulence phase, ¢ ( p), which is also expressed
as Eq. (3), denotes the fitted of turbulence phase; the angled brackets { ) indicate the
ensemble mean.

Ensemble average is equivalent to time average because the samples used for both
satisfy normal distribution which is based on the statistical characteristics of atmos-
pheric turbulence. Hence, if Zernike’s polynomials of & term are used to fit the turbu-
lence phase, Eq. (5) can be simplified as [30]:

K
A = (D) - D (b?) (6)
k=1

Through calculating, Fried had concluded the value of mean square residual 4y as
shown in Table 1 [31].

After substituting the results in Table 1 into Eq. (6), we get the recursive results of
(b} shown in Table 2.

From Table 2, since (bi) is determined by optical aperture D and coherence length
ro, and a; is given, we can calculate the variance of X;(7) corresponding to each
polynomial in temporal dimension in order to acquire the sequence of X} (7") with
time-varying. Meanwhile, if this sequence is interpolated, a continuous curve which
represents the trend of different Zernike’s terms corresponding to the sequence of time
-varying phase screen is generated.

Suppose the optical aperture is D = 500 mm and the coherence lengthis 7, = 10 cm
(A =1080 nm). After spline interpolation, random nine consecutive images from the
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Table 1. Calculation results of 4.
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Table 2. Calculations results of (bi ).

k (b7)
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phase screen sequence are shown in Fig. 1. Here we find that the variation of the phase
screen generated by the interpolation method is smooth, which could simulate the at-
mospheric turbulence in real circumstances.

3. Relationship between phase screen sequence and laser duration

For the high-power laser system with energy-applied, we mainly focus on the energy
concentration degree of the accumulated spot formed by laser propagating to the target
in a certain duration, so the relationship between the phase screen sequence and laser
duration is analysed in this section. Fried defined the coherence length r, [31] and the
coherence time 7, [32] from spatial and temporal dimension, respectively. As another
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important atmospheric parameter, 7, represents the time correlation of the wavefront
affected by the atmosphere, which can be explained that if the time interval between
two different wavefronts arriving at observation exceeds 7, the phases between them
are no longer correlated. After calculation, the relevance of r, and 7, is described by
the following formula [33]:

o
7, = 0314 — (7)
A%

where v is the tangential average wind velocity on the path of propagation.

According to the hypothesis of atmospheric turbulence freezing [34, 35], the spatial
distribution of turbulent wavefront does not change in short time. However, it will
translationally move affected by tangential wind. Suppose ¢ is the time of the turbulent
wavefront completely passing through the optical aperture of diameter D when the tan-
gential average wind velocity is v. Therefore, after ¢, the turbulent wavefront in D can
be represented by another random wavefront which also fits the statistical rule of
Kolvomogorov spectrum. ¢ can be expressed as:

t = D/v ®)

From Eq. (8), if laser duration is 7, the corresponding number N, of the phase screen
sequence is written as:

N =L 72X )

According to the definition of z;,, the atmospheric turbulence which originally con-
forms to the statistical rule of Kolmogorov spectrum no longer conforms to such rule
after 7). Consequently, in order to maintain the statistical rule of Kolmogorov spectrum
of each atmospheric turbulence phase screen, it is necessary to interpolate every inter-
val of 7,

Combined with Eq. (8) and Eq. (9), the number of frames A, to be interpolated be-
tween two phase screens can be expressed as:

Lo 332 (10)
7o o

N. =

1

The total number of frames of phase screen sequence N, is given by:
N, = Ny +N;(N,~ 1) (11)

When continuous laser with different duration propagates through atmosphere, the
phase screen sequence of , frame can characterize atmospheric turbulence. If laser
duration is shorter, it can be equivalent to the pulse width of pulse laser. The hypothesis
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of atmospheric turbulence freezing [35] tell us that atmospheric turbulence can be as-
sumed to be “frozen” from milliseconds to tens of milliseconds. So, for a single pulse
laser with pulse width 7, if we set the appropriate number of interpolations so that
N, < 1/t when T'=1 s, just a single-phase screen can characterize atmospheric turbu-
lence.

4. Distribution of laser beams array in near-field

The model of laser beams array modulated by optical emitting antenna propagating to
the receiver plane is shown in Fig. 2.

Opfical emitting antenna Laser beams array Intensity distribution in

T far-field

Intensity distribution in Atmospheric turbulence
near-field

Fig. 2. Model of propagation of laser beams array.
Assume that the complex amplitude of the sub beam obeys the Gaussian distribu-

tion of fundamental mode normalized, and all the beams distribute in radial. The whole
complex amplitude distribution at the exit of an optical emitting antenna is written as:

rcos(j@))2 + (y -

Uy, (x,y) =
rsin(je))z} + il//j}

- exp{?[( - sin(j%) sin(j%)
O (12)

where j denotes the number of sub beams, » denotes the radial distance between the
central beam and the others, 8 = 360°/(N — 1) is the angle between the adjacent fringe
beam, w, is the waist of each sub beam, y; is the phase of the j-th sub-beam.
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Fig. 3. Intensity distribution in the near-field.

Suppose N =7, then 8 = 60°. If the diameter of the whole laser beams array is D =
=500 mm and the divergence of the sub beam is ® =20 prad, the intensity distribution
in the near-field is shown in Fig. 3.

5. Propagation of combined beams

In far-field, when propagating convergently, the intensity distribution of incoherently
combined beams should be the sum of the intensity distribution of the sub beam. While
the distance of propagation is L (from z, to z; ), the complex amplitude of each sub
beam is modulated by a spherical wave with curvature radius 2L, and it is expressed as:

2n x?+y?
Upy (3, 21) = Uy 3, 2 exp (- 22 (13)

According to the theory of angular spectrum [36], the complex amplitude of the
Jj-th sub-beam propagating L in dynamic atmospheric turbulence can be expressed as:

Uzj(x:y: ZL) =

_ F]{F[UU (x, v, z;)exp(ip(x, y, T))} exXp {_i—zln—LJl — (L) =L H
(14)

where F and F~! are Fourier transform and inverse Fourier transform, respectively,
/. and f, are spatial frequencies in x and y directions, respectively. The intensity of in-
coherently combined beams in far-field is written as:
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N-1
Uincoherent (x’ ¥, ZL) - z |:U2j (x’ >, ZL) U2*j (xs Vs ZL):| (15)
Jj=0

For coherently combined beams, the phase Y of each sub beam is consistent, and
the intensity in far-field is obtained by the product of the complex amplitude of beams
array and its conjugate. When propagating L in dynamic atmospheric turbulence, the
intensity of coherently combined beams in far-field is deduced as follows:

N-1 2 2
_ 2n x“+y
Uitz = | 3 Uy 20) exp-2E E L) (16)
-

UZ(xa 2 ZL) =

= FI{F[UI()C, ¥, zp)exp(ip(x, y, T))} exp {izTnLA/l — (,1fx)2 _ (,1fy)z H
(17)
Ucoherent (x’ Vs ZL) = Uz(x’ Vs ZL) U;(x’ Vs ZL) (18)

According to the parameter in Table 3, for comparison, we suppose that in free-
space, the total energy of continuous laser in duration is the same as that of pulse laser,
and the atmospheric turbulence phase screen or sequence used to modulate wave front
for such two laser systems mentioned above is identical.

Table 3. Simulation parameters.

Type Value
Coherence length r at A = 1080 nm 10 cm
Average wind velocity v 2 m/s
Propagation distance L 5 km
Number of combined beams N 7
Continuous laser duration 7’ 3s
Pulsed laser duration ¢ 1 ms
Pulsed laser frequency f 1 Hz

As shown in Figs. 4a and 4b, the [, of coherent combined beam is 7 times higher
than that of incoherent combined beam in free-space. Then, Figs. 4c¢ and 4d tell us that
when laser duration is shorter (z = 1 ms) in atmosphere, the /, of coherent combined
beam is less 4 times of that of incoherent combined beam. Finally, it can be seen from
Figs. 4e and 4f that when laser duration is longer (7'= 3 s) in atmosphere, the 1, of co-
herent combined beam is almost the same as that of incoherent combined beam.
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Fig. 4. Intensity distributions in far-field: (a) incoherently combined beams, pulsed or continuous, prop-
agation in free-space; (b) coherently combined beams, continuous or pulsed, propagation in free-space;
(¢) incoherently combined beams, pulsed, propagation in turbulent atmosphere; (d) coherently combined
beams, pulsed, propagation in turbulent atmosphere; (e) incoherently combined beams, continuous, prop-
agation in turbulent atmosphere; (f) coherently combined beams, continuous, propagation in turbulent at-

mosphere.
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6. Numerical results

In order to further explore the influence of the propagation performance of coherently
combined beams and incoherently combined beams by atmospheric turbulence, we set
coherence length and laser duration as variables and keep other parameters constant
in Table 3. We consider the pulse laser duration as 7= 0 s to make comparative analyzes
in a chart convenient. As shown in Figs. 5 and 6, after calculating, we get the rela-
tionship between Ip, I, and laser duration 7 when coherence length ;=10 cm, 20 cm,
and 40 cm.

Figures 5a and 6a show that the far-field beam quality of laser beams array in free
-space is constant, and coherent combination has great advantage compared with incoher-
ent combination. We take A]p = Ip(coherent) - Ip(incoherent) and AIb = Ib(coherent) - Ib(incoherent)
in free-space as standards to normalize in atmosphere with different , and 7. The larger
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Fig. 5. Peak Intensity /, under conditions of laser duration: (a) propagation in free-space; (b) propagation
in turbulent atmosphere, 7, =40 cm; (¢) propagation in turbulent atmosphere, 7, =20 cm; (d) propagation
in turbulent atmosphere, r, = 10 cm.
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Fig. 6. Intensity in bucket /, under conditions of laser duration: (a) propagation in free-space; (b) prop-
agation in turbulent atmosphere, #, =40 cm; (¢) propagation in turbulent atmosphere, 7, =20 cm; (d) prop-
agation in turbulent atmosphere, ry = 10 cm.

Table 4. Statistical results of A/, and Al

Coherence Normalized Alp Normalized Al

lengthrg[em] T=0s 7T=5s T=10s TI=30s TI=0s 7T=5s T=10s T=30s
40 705% 85% 5% 3.5% 56.3% 3.2% 0.1% 0.8%
20 22.8%  7.4% 1.9% 1.9% 292% 27%  —0.1%  —0.2%
10 64% 1.8%  0.9% 0.9% 27.1%  0.1%  —03%  —3.6%

the normalized value, the more obvious the advantage of coherent combination. But
if the normalized value is negative, the incoherent combination is better. The statistical
results are shown in Table 4.

Figures 5b—5d and 6b—6d can illustrate that the far-field beam quality is better and
the superiority of coherent combination is more evident if 7'is shorter, especially when
the pulse laser is chosen, but with the increase of 7, the far-field beam quality becomes
worse and coherent combination is no longer available. It is also confirmed in Table 4,
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suppose ry = 40cm, when T increases from 0 to 30 s, normalized AJ decreased from
70.5% to 3.5% and normalized A}, decreased from 56.3% to —0.8%. In addition, if
ro decreases, the far-field beam quality gets worse and the superiority of coherent
combination weakens faster. For example, in Table 4, if 7y = 40 cm and 7'= 30 s, nor-
malized A/, is 3.5% and normalized Al, is 0.8%. Nevertheless, normalized A/, be-
comes only 1.8% and normalized A, becomes only 0.1% when ry=10 cmand 7'=5 s.

7. Discussions and conclusions

In this paper, we analyze the effect of dynamic atmospheric turbulence on laser beams
array propagating based on the model of coherent combination and incoherent com-
bination, respectively. The results demonstrate following conclusions:

1) Coherent combination possesses attractive advantages, i.e. the constructive in-
terference caused by the same central phase of each sub beam, which makes the inten-
sity distribution in far-field appear characteristic with extremely high peak intensity
of the main lobe.

2) The beam quality of coherent combination is better than that of incoherent com-
bination under the condition of shorter laser duration and shorter coherence length, and
coherent combination is more suitable for pulsed laser. When laser duration increases,
the beam quality of the two decreases to stable condition and tend to be consistent.
There are two reasons for this phenomenon. The one is that the turbulent wavefront
causes the spot expanding and the peak intensity descending in far-field, and the other
one is that the position of the peak intensity alters randomly due to the turbulent wave-
front changing over time, which makes it characteristic that with extremely high peak
intensity the main lobe is no longer significant.

3) It takes less time for the beam quality of coherent combination to reduce to
steady state if coherence length is longer, because the turbulent wavefront distorted
more seriously can cause the destruction of coherence faster, which results in the in-
tensity distribution of coherent combination evolving to be unanimous with that of in-
coherent combination. To sum up, in the application of the high-power laser system,
in order to achieve a higher cost-effectiveness ratio, how to design the roadmap is re-
lated to system requirements, technical complexity and economy principles. The results
of our research presented in this paper just show the key support for selecting a com-
bination mode.
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