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The analytical expression for the propagation of a ﬂattened laser beam array in a turbulent atmosphere
is derived based on extended Huygens–Fresnel principle. The inﬂuence of beam order and turbulent
atmosphere on beam quality is studied. It is revealed that the beam quality of a coherently combined
laser beam array with higher order is better than its lower order counterpart when propagating in
free-space, weak and medium turbulence (i.e. Cn2o1013 m2/3). The beam quality of higher order beam
arrays degrades faster as the intensity of turbulence gets stronger. In the case of propagating in strong
turbulence, the beam order has no inﬂuence on coherently combined beam quality.
Crown Copyright & 2008 Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The coherent combining of laser beams, which has been under
intense research recently [1–4], has the potential to solve the
power limitation in single laser caused by medium inhomogeneity, mode control, heat management and offers the ability to excite
large gain volumes as well as maintaining good beam quality. The
propagation of coherently combined laser beams in free space,
through paraxial optical system or in turbulent atmosphere, has
been modeled and discussed extensively to show the advantages
and wide application potential [5–9]. Most previous research
focused on the properties of single-mode Gaussian beam arrays,
which unavoidably leads to a loss of beam quality compared to
fully ﬁlled, uniform (i.e. ﬂat-top) near ﬁeld [1,10]. Coherent
combining four 100 W ﬁber beamlets distributed in a 2  2 laser
array was reported in [3], yet only 63% of the whole laser power is
contained within the far-ﬁeld central main-lobe. The encircled
far-ﬁeld central main-lobe energy can be substantially increased
by shaping the near-ﬁeld energy distribution of radiation from
each element in the laser array to be ﬂattened beams [4,11].
Although high-power ﬂattened beams generation is not so easy
for today’s laser technology, however, the coherent combining of a
ﬂattened laser beam array has the potential and may ﬁnally lead
to applications such as long-range energy delivering. To the
best of our knowledge, the propagation of a ﬂattened laser
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beam array in a turbulent atmosphere has not yet been discussed.
In the present paper, based on the extended Huygens–Fresnel
principle, we derive analytical formulae for average intensity
distributions in receiving plane. The propagation properties of
coherently combined ﬂattened laser beam array and the inﬂuence
of beam order, intensity of turbulence will be discussed in
detail.

2. Theories
2.1. Propagation formula for ﬂattened laser beam array
We assume that the coherently combined ﬂattened laser beam
array is located at a source plane (z ¼ 0). The laser beams
propagate along the z axis in the Cartesian coordinate system. The
optical ﬁeld of the beam array can be expressed as
Eðx; y; z ¼ 0Þ ¼

M
X

Ei ðx; y; z ¼ 0Þ

(1)

i¼1

where Ei(x,y,z ¼ 0) denotes the ith ﬂattened beamlet in the laser
array, which can be written as [12–14]
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Here w0 denotes the waist radius of the ﬂattened laser beam
and (ai,bi) is the center of the ith beamlet located at the source
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By using the integral formula Eq. (3.323.2) of Ref. [15] and
performing the related integral we can obtain
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plane, ðNnÞ denotes a binomial coefﬁcient and N is the order of the
ﬂattened beams. When N ¼ 1, Eq. (2) reduces to a single-mode
Gaussian beam.
By using the extended Huygens–Fresnel principle, the average
intensity of the coherently combined ﬂattened laser beam array at
the z-plane after propagating in the turbulent atmosphere can be
expressed as [8,9,12,14]
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(3)
where k ¼ 2p/l is the wave vector modulus (lambda is the laser
wavelength). (p,q) denotes the transverse coordinate at the
recover plane, c(x,y,p,q) denotes the random part of the complex
phase of a spherical wave that propagates from the source point to
the receiver point, the angle brackets indicates the ensemble
average over the medium statistics covering the log-amplitude
and phase ﬂuctuations due to the turbulent atmosphere. In this
paper, Kolmogorov spectrum and a quadratic approximation of
the 5/3 power law for Rytov’s phase structure function is
employed. The last term in the integrand of Eq. (3) can be written
as [8,9,12,14]



exp½cðx; y; p; qÞ þ c ðx; Z; p; qÞ
(
)
1
(4)
¼ exp  2 ½ðx  xÞ2 þ ðy  ZÞ2 

r0

Here r0 ¼ (0.545Cn2k2z)3/5 is the coherence length of a spherical
wave propagating in turbulent atmosphere with Cn2 being the
structure constant.
We can express the average intensity of the coherently
combined ﬂattened laser beam array at the z-plane in the
following form:
M X
M X
N X
N

 X
IN ðp; q; zÞ ¼
Gmnls ðp; q; zÞ

where b1 ¼ (l/w20)+(1/r20)(ik/2z), b2 ¼ (s/w20)+(1/r20)(ik/2z),anm ¼
anam, bnm ¼ bnbm. Eq. (7) is the main analytical result of the
present paper, which presents a convenient and effective way for
studying the propagating properties of coherently combined
ﬂattened laser beam array in the turbulent atmosphere.
If we set N ¼ M ¼ 1, the average intensity of single Gaussian
beams propagating in turbulent atmosphere can be obtained
Iðp; q; zÞ ¼
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2.2. Beam quality factors
In order to give a more quantitative study, beam quality factors
should be used to study the inﬂuence of beam order, intensity of
turbulence on coherently combined beam qualities. Beam quality
factors such as M2 factor and Strehl ratio have been extensively
used to characterize laser beam quality of single laser beam
[17,18]. However, it has been calculated and proven that those
beam quality factors are not always convenient to characterize the
beam quality of coherently combined beams [19,20]. We consider
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It agrees with the existing results of Gaussian beams in
turbulent atmosphere [16].

n¼1 m¼1 l¼1 s¼1

Gnmls ðp; q; zÞ

(7)

(6)
Fig. 1. Schematic diagram of the radial laser beam array.

ARTICLE IN PRESS
P. Zhou et al. / Optics & Laser Technology 41 (2009) 403–407

that the beam quality of the coherently combined beam can be
better characterized by the beam propagation factor (BPF) [21],
which can be calculated by using the following equation: BPF ¼
P/PDL. Where P is the laser output power in a speciﬁed far-ﬁeld
bucket, and PDL is the total output power radiating from the
effective near-ﬁeld exit aperture of the laser beam array.

405

According to Ref. [21], the far-ﬁeld bucket is deﬁned as A ¼ (p/4)
(yz)2, which is the diffraction-limited bucket, y ¼ 2.44l/D, D is the
effective exit aperture of the combined laser beam. BPF focus on
the energy encircled in a certain bucket (basically the main-lobe),
in general, BPF is smaller than 1. The closer BPF is to 1, the better
beam quality is.

Fig. 2. Average intensity distribution of coherently combined ﬂattened beam array with different orders at several propagation distances.
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3. Numerical calculation and analysis
In this section, we study the propagation properties of
coherently combined ﬂattened laser beam array in turbulent
atmosphere and the inﬂuence of beam order and intensity of
turbulence on coherently combined beam quality.
We consider a radial laser beam array located symmetrically at
the source plane with six equal beamlets, as shown in Fig. 1. The
parameters used in Fig. 1 are chosen as l ¼ 1.5 mm, w0 ¼ 1 cm,
D ¼ 7 cm.
Fig. 2 shows the average intensity distribution of coherently
combined ﬂattened beam array with different orders at several
propagation distances. The propagation distances are selected to
be 0.5, 3, and 10 km, the structure constant is chosen as
C2n ¼ 1015 m2/3. The ﬁgures at the left side are for ﬂattened
laser beam array with order N ¼ 1 (i.e. single-mode Gaussian
beam), ﬁgures at the middle and right side are for ﬂattened laser
beam array with order N ¼ 6 and 10, respectively. The average
intensity distribution for a coherently combined laser beam array
propagating in free space is also plotted as a reference case. From
Fig. 2 one sees that the intensity distribution of coherently
combined single-mode Gaussian beam array gradually evolves
from multiple-petal-like shape into the pattern that contains one
main-lobe in the center with multiple side-lobes. For the case of a
coherently combined single-mode Gaussian beam array propagating in free space, there is no energy distributed in the large-area
gaps between the main-lobe and the side-lobes when the
propagation distance is of z ¼ 10 km. While for a ﬂattened laser
beam array with higher order (N ¼ 6 and 10), the intensity
distribution gradually evolves from multiple-petal-like shape
into the pattern that contains only one main-lobe with several
side-rings. The coherently combined ﬂattened laser beam with
higher beam order is less expanded when propagating in
turbulent atmosphere with Cn2 ¼ 1015 m2/3, as a result more
energy will be encircled in the main-lobe. The BPF value for Fig. 2
(g)–(i) are calculated to be 0.60, 0.78 and 0.81, respectively.
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)
(j)
(k)
(l)

N ¼ 1, z ¼ 0.5 km, C2n ¼ 1015 m2/3,
N ¼ 6, z ¼ 0.5 km, C2n ¼ 1015 m2/3,
N ¼ 10, z ¼ 0.5 km, C2n ¼ 1015 m2/3,
N ¼ 1, z ¼ 3 km, C2n ¼ 1015 m2/3,
N ¼ 6, z ¼ 3 km, C2n ¼ 1015 m2/3,
N ¼ 10, z ¼ 3 km, C2n ¼ 1015 m2/3,
N ¼ 1, z ¼ 10 km, C2n ¼ 1015 m2/3,
N ¼ 6, z ¼ 10 km, C2n ¼ 1015 m2/3,
N ¼ 10, z ¼ 10 km, C2n ¼ 1015 m2/3,
N ¼ 1, z ¼ 10 km, C2n ¼ 0,
N ¼ 6, z ¼ 10 km, C2n ¼ 0,
N ¼ 10, z ¼ 10 km, C2n ¼ 0.

The dependence of BPF on the intensity of a turbulent atmosphere is shown in Fig. 3. On the whole, whatever the order of the
ﬂattened laser beam array, BPF value will decrease with increasing
intensity of the turbulent atmosphere. One can see from Fig. 3
that the turbulent atmosphere has almost no inﬂuence on the
beam quality when propagating in weak turbulence (i.e.
Cn2o1015 m2/3). Beam quality degrades rapidly when propagating in medium intensity turbulence (i.e. 1 1015 m2/3
oCn2o5  1014 m2/3), the beam quality of a ﬂattened laser
beam array with higher beam order is on the whole better than
the ones with lower order. For the strongest levels of turbulence
intensity (i.e. Cn2o1 1013 m2/3), the beam quality is nearly the
same for ﬂattened laser beam array with any beam order. Fig. 4
shows the dependence of BPF on beam orders. Since more optical
energy is encircled in the central main-lobe for a higher order

Fig. 3. The dependence of BPF on the intensity of turbulent atmosphere.

Fig. 4. The dependence of BPF on beam orders.

beam array in different atmospheric environments, it can be
concluded generally that the beam quality of a ﬂattened laser
beam array with higher order is better than their counterparts
with lower order. The degradation of beam quality of a ﬂattened
laser beam array with higher order is faster than the lower order
array when the intensity of turbulence gets stronger. The beam
quality of the ﬂattened laser beam array with higher order is no
better than its lower order counterpart when Cn2 ¼ 1 1013 m2/3.
This can be explained by the fact that for a laser beam array
propagating in strong turbulence, beam radius expansion is
mainly caused by turbulence, which is independent of the source
coherence and the beam radius of the intensity distribution across
the source plane (see Eq. (7) in [22]). Fig. 3 together with Fig. 4
presents a basic understanding of the propagating properties in
turbulent atmosphere with different beam orders.

4. Conclusions
In the present paper, the analytical expression for propagation
of a ﬂattened laser beam array in turbulent atmosphere is derived.
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The inﬂuence of beam order and turbulent atmosphere on beam
quality is studied. A radially distributed laser array is taken as an
example and numerical calculation of the average intensity
distribution at several given propagating distance is performed.
From the investigation we can see that the beam quality of
coherently combined laser beam array with higher order is better
than its lower order counterpart when propagating in free-space,
weak and medium turbulence. However, the beam quality of
coherently combined laser beam array with higher order degrades
faster as the intensity gets stronger. In the case of propagating in
strong turbulence, there is almost no difference in beam quality
for coherently combined ﬂattened beam array with different
orders.
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