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Propagation of coherent combined laser beams in turbulent atmosphere is numerically studied based on
the extended Huygens-Fresnel principle. By choosing beam propagation factor (BPF) and beam quality
factor (BQ) to characterize the far-field irradiance distribution properties, the influence of turbulence on
far-field coherent combined beam quality is studied in detail. The investigation reveals that with the
coherence length decreasing, the irradiance distribution pattern evolves from typical non-Gaussian shape
with multiple side-lobes into Gaussian shape which is seen in the incoherent combining case. In weak
turbulent atmosphere, the far-field beam quality suffers less when the laser array gets more compact and
operates at a longer wavelength. In strong turbulent atmosphere, the far-field beam quality degrades into
the incoherent combining case without any relationship with the fill factor and laser wavelength.
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In the past decade, coherent combining of laser beams
have been widely investigated theoretically and exper-
imentally due to their wide applications such as long-
range energy delivering[1]. Fiber lasers are particularly
well-suited to beam combining because of their inher-
ent compact size. Robust coherent combining of a small
number of fiber lasers has been demonstrated[2−4]. Prop-
agation of coherent combined laser beams in free space
has been studied in detail, and the effects of phase error,
asymmetric intensity distribution, and fill factor on the
far-field coherent combined beam quality have been dis-
cussed theoretically[5−8]. Laser beams have to propagate
in the atmosphere for long-range use. Propagation of co-
herent combined laser beams in the atmosphere has not
yet been studied until very recently[9−11]. The analytical
expression for far-field irradiance distribution of coher-
ent combined laser beams in a turbulent atmosphere has
been derived and calculated numerically[9,10]. However,
further calculation is needed to give a quantitative study
on the influence of atmosphere turbulent.

In this letter, we study the influence of atmosphere tur-
bulence on the far-field coherent combined beam quality.
Propagation properties and far-field irradiance distribu-
tion are obtained by using extended Huygens-Fresnel
principle, and beam propagation factor (BPF)[12] and
beam quality factor (BQ)[13] are chosen as characteristic
parameters of beam quality in the far field. Our moti-
vation is to learn the influence of atmosphere turbulence
quantitatively and obtain some references for design op-
timization of practical engineering systems.

We assume that the fiber laser array is located at the
source plane (z = 0) and suppose that each fiber laser
beam has a Gaussian single mode field distribution. The
laser beams propagate along the z axis in the Cartesian
coordinate system. The field distribution of the laser
array at the source plane is written as
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By using extended Huygens-Fresnel principle, the far-
field average irradiance distribution (at z = L plane, L
denotes the propagation distance) of coherent combined
laser beam in a turbulent atmosphere can be expressed
as[9−11,14−16]
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where k = 2π/λ is the wave number, λ is the wavelength,
(p, q) denotes the transverse coordinates at the far-field
plane, and angle brackets indicate the ensemble average
over the medium statistics covering the log-amplitude
and phase fluctuations due to the turbulent atmosphere.

The ensemble average term in Eq. (3) can be expressed
as

〈exp [ψ (x, y, p, q) + ψ∗ (ξ, η, p, q)]〉

= exp [−0.5Dψ (x− ξ, y − η)]

= exp
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where Dψ is the wave structure function, r0 =
(

0.545C2
nk

2L
)

−3/5
is the coherence length of spherical
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wave propagating in the turbulent medium with C2
n be-

ing the structure constant of the refractive index. It has
to be noted that Eq. (4) is valid only under the Rytov
approximation. Equation (3) provides a convenient and
effective way for studying the propagating properties of
coherent combined beams in a turbulent atmosphere.

We consider a ring distributed fiber laser array shown
in Fig. 1 for its high fill factor value[7] which is a great
advantage for coherent combining. An array with N
rings contains M lasers, M = 1 + 3N (N + 1). The ring
distributed array consists of a central element and sev-
eral surrounding rings of elements. The core diameters of
double-clad fibers used for generating high power lasers
are about 20 µm and the laser beam waist is thus rather
small, which corresponds to a relatively large diffraction
angle and not practical for long-range use. As shown in
Fig. 1(b), the laser beams can be expanded and colli-
mated by microlens array. The beam waist of each laser
beam after expanding is ω0. Fiber lasers are arranged
in the array with the nearest neighbor separated by a
distance of d. Fill factor is defined as t = (d− 2ω0)/ω0

to describe the compactness of the array. A smaller t
corresponds to a more compact array. The diameter of
the whole fiber laser array is D = 2Nd.

In order to investigate the effect of turbulence on co-
herent combined beam, we firstly consider a fiber laser
array with 4 rings (61 lasers). The parameters are taken
as follows: λ = 1 µm, ω0 = 1 cm, t = 0.5, d = 2.5 cm,
D = 20 cm, and L = 10 km. Figures 2(a)—(d) show
the contour plots of far-field irradiance distributions for
the coherent combined beam propagation in turbulent
atmosphere with different coherence lengths. Figure 2(e)
shows the contour plot for the coherent combined beam
propagation in free space, and Fig. 2(f) shows the con-
tour plot for the incoherent combined beam propagation
in the atmosphere with the same coherence length as in
Fig. 2(d).

One can see from Fig. 2 that in atmosphere with weak
turbulence, the beamlets propagate to the far-field plane,
overlap and interfere with others. The on-axis irradi-
ance becomes the maximum. However, as the turbulence

Fig. 1. Fiber laser array with ring distribution. (a) Front
view; (b) side view.

Fig. 2. Contour plots of the far-field irradiance distributions
for coherent combined beam propagation with different coher-
ence length r0. (a) D/r0 = 1; (b) D/r0 = 5; (c) D/r0 = 10;
(d) D/r0 = 15; (e) D/r0 = 0 (free space); (f) D/r0 = 15
(incoherent combining).

effect gets stronger, the coherence between laser array
elements is destructed, thus the far-field beam quality
degrades. The far-field irradiance distribution pattern
gradually evolves into Gaussian shape, which is often the
distribution characteristic of incoherent combining. This
phenomenon is caused by the isotropic influence of the
atmosphere turbulence[10]. It has to be noted that the ir-
radiance distribution is statistically averaged for multiple
short-exposure irradiance patterns. It cannot be used to
embody the practical irradiance distribution of coherent
combined beams propagating in turbulent atmosphere at
specified time due to the varying characteristics of tur-
bulence.
M2 factor and β parameters are often used to evalu-

ate single laser beam[17]. In order to study the influence
of atmosphere turbulence on the far-field coherent com-
bined beam quality, BPF and BQ are chosen as charac-
teristic parameters of coherent combined beam quality in
the far field. BPF is defined as the laser output power in
a specified far-field bucket P divided by the total output
power from the effective near-field exit aperture of the
combined laser beam PDL,

BPF = (P/PDL), (5)

and BQ is defined as[13]

BQ =
√

PDL/P . (6)

According to Ref. [12], the far-field bucket is defined as
ADL = (π/4)(θDLz)

2, which is the diffraction-limited
bucket and θDL = 2.44λ/D, where D is the effective exit
aperture of the combined laser beam, namely, the diam-
eter of the whole array. There is a simple mathematical
relationship between BPF and BQ. In general, BPF is
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Fig. 3. Dependence of BPF and BQ on the atmosphere co-
herence length. (a) λ = 1 µm, ω0 = 1 cm, t = 0.5, d = 2.5
cm, D = 20 cm; (b) λ = 1 µm, ω0 = 1 cm, t = 1, d = 3 cm,
D = 24 cm; (c) λ = 2 µm, ω0 = 1 cm, t = 0.5, d = 2.5 cm,
D = 20 cm.

smaller than 1 and BQ is larger than 1. The closer to 1
these two parameters are, the better the beam quality is.

Figure 3(a) shows the dependence of BPF and BQ on
the atmosphere coherence length. The array parameters
of the laser array are the same as those used in Fig. 2.
When the fill factor t = 1, the distance between array
elements become larger than that in Fig. 3(a) and the
dependence of BPF and BQ on the atmosphere coher-
ence length will be different, as shown in Fig. 3(b). Fig-
ure 3(c) shows the dependence of BPF and BQ on the
atmosphere coherence length when the laser wavelength
λ = 2 µm, while the other array parameters conservers
as those used in Fig. 3(a).

Figures 3(a) and (b) demonstrate that the fill factor
plays an important role on the far-field coherent com-
bined beam quality in weak turbulent atmosphere. A
more compact laser array corresponds to a better far-field
beam quality in weak turbulence. However, the beam
quality degrades faster for a more compact laser array
as the turbulence effect gets stronger. Figures 3(a) and
(c) demonstrate that for laser arrays with the same geo-
metric size but difference laser wavelengths, longer laser
wavelength leads to better far-field beam quality in weak
turbulent atmosphere. Again, the beam quality degrades
faster for the array with longer laser wavelength as the
turbulence effect gets stronger. The BPF and BQ values
for the three laser arrays are all about 0.03 and 6 respec-
tively when D/r0 = 15. Comparing the BPF curves and
BQ curves in Fig. 3, one can tell that in strong turbu-
lence, the beam quality does not depend on the fill factor
and laser wavelength anymore. Figure 3 also shows that
for different laser arrays, the BQ value has an approx-
imate linear relationship with D/r0, which can be used
for quantitative analysis of far-field beam quality in tur-
bulent atmosphere for any given laser array.

In conclusion, the propagation of coherent combined
laser beams in turbulent atmosphere is numerically stud-
ied based on the extended Huygens-Fresnel principle, and
the influence of turbulence on far-field coherent com-
bined beam quality is studied in detail by choosing BPF

and BQ to describe the far-field irradiance distribution
properties. We find that the irradiance distribution pat-
tern evolves from the typical non-Gaussian one with mul-
tiple side-lobes into Gaussian shape with the coherence
length decreasing. The investigation also reveals that
more compact laser array and longer laser wavelength
correspond to better beam quality in weak turbulence.
However, the beam quality degrades into the incoherent
combining case in strong turbulence, which does not de-
pend on the fill factor and laser wavelength.

It should pointed out that for coherent combined beams
propagating in the atmosphere, only the influence of tur-
bulence on the far-field coherent combined beam qual-
ity is studied in this paper. The influence of extinction,
scattering, and thermal blooming is to be studied in the
future to give a comprehensive understanding of the mul-
tiple laser system performance.
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