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Abstract. Intensity fluctuations of a crossbeam are evaluated in weak atmospheric turbulence. A crossbeam is
defined as two asymmetrical Gaussian beams oriented perpendicular to each other, and one of these beams is
wider along the x -axis whereas the other beam is wider along the y -axis. Our results indicate that in terms of
the intensity fluctuations in weak turbulence, focused crossbeams offer favorable results when compared to
the corresponding focused Gaussian beam intensity fluctuations. However, for collimated crossbeams, such
a comparison is in favor of the collimated Gaussian beam. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.OE.53.5.055105]
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1 Introduction
It is well known that initial optical beam profiles result in
different intensity fluctuations after propagating in a turbu-
lent atmosphere. There exist numerous results in the litera-
ture describing the basic intensity fluctuations arising due to
weak turbulence.1–10 Effects of the beam profiles on the
intensity fluctuations are studied for many types of symmet-
rical optical beams such as flat-topped,11 annular,12,13 cos-
Gaussian,13 higher-order sinusoidal Gaussian and annular,14

dark hollow,15 laser array,16 and Bessel Gaussian.17 The scin-
tillations of some asymmetrical optical beams are also scruti-
nized.18–20 We have reported the review of the intensity
fluctuations in turbulence for different incidences.21 It is
interesting that some beam types show favorable intensity
fluctuations under certain atmospheric conditions. Thus, it
is important to understand the behavior of the intensity fluc-
tuations of any possible incidence that may be employed in
an atmospheric optics links. Previously, we have studied
the propagation of crossbeams in a turbulent atmosphere.22

A crossbeam is simply defined as a beam composed of two
orthogonal asymmetrical Gaussian beams where each asym-
metrical Gaussian beam has a wider source size along one of
the orthogonal axes at the source plane. The asymmetry fac-
tor (AF) of the individual beam composing the crossbeam is
defined as the ratio of the source size along the y-axis and
x-axis. In this paper, by employing the Rytov method, the
scintillation index of a crossbeam at the receiver plane is
formulated after it propagates through a weakly turbulent
atmosphere. Our evaluations are aimed at the comparison
of the intensity fluctuations of the crossbeams, having differ-
ent asymmetries, among themselves, and with the Gaussian
beam intensity fluctuations. The results in this paper can be
used in atmospheric optics link design when a crossbeam
incidence is used.

2 Formulation
As also noted above, a crossbeam is obtained by superposing
two asymmetrical Gaussian beams that are oriented
perpendicular to each other. One Gaussian beam is wider

along the x-axis and the other Gaussian beam is wider
along the y-axis. The incident field at the laser exit plane
ðz ¼ 0Þ for the crossbeam is thus given by22

uincl ðsx; sy; z ¼ 0Þ ¼
X2
l¼1

Al exp

�
−
k
2
ðβxls2x þ βyls2yÞ

�
;

(1)

where z is the axis of propagation, ðsx; syÞ presents the trans-
verse x- and y-coordinates at the source plane ðz ¼ 0Þ, Al is
the amplitude of the l’th Gaussian beam with l ¼ 1; 2,
k ¼ 2π∕λ, λ is the wavelength, βxl¼ð1∕kα2sxlÞþði∕FxlÞ,
βyl ¼ ð1∕kα2sylÞ þ ði∕FylÞ, i ¼ ð−1Þ0.5, αsxl and Fxl are
the source size and the focal length in the x-direction, and
αsyl and Fyl are the source size and the focal length in
the y-direction.

The limiting cases of our earlier formulations for the cor-
relation functions of general type23 and arbitrary beams24 in
weak turbulence yield the scintillation indices, which are the
measure of the intensity fluctuations, of many types of beams
such as the symmetrical flat-topped, annular, sinusoidal
Gaussian, dark hollow, array, Bessel Gaussian and their
higher-order and asymmetrical counterparts. Thus, using the
log-amplitude correlation function, Bχ given by Eq. (13) of
Ref. 23, multiplying it by 4 {which can be derived by starting
from Eq. (13.13) of Ref. 1 and applying the approximation
exp½4BχðLÞ� ≅ 1þ 4BχðLÞ valid in weak turbulence} and
employing Eq. (1), the scintillation index of crossbeams
in weak turbulence is obtained as

m2 ¼ 4BχðLÞ ¼ 4πRe
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where ΦnðκÞ is the spectral density of the index of refrac-
tion fluctuations which is given by 0.033C2

nκ
−11∕3 for

Kolmogorov turbulence, C2
n being the structure constant
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in horizontal link, L is the link length, Re is the real part, η is
the distance parameter, κ ¼ κeiθ is the spatial frequency vec-
tor with κ ¼ jκj ¼ ðκ2x þ κ2yÞ1∕2 (κx ¼ κ cos θ, κy ¼ κ sin θ,
d2κ ¼ dκxdκy ¼ κdκdθ), and θ being the amplitude and
phase of the spatial frequency, respectively,

M1ðη; κ; θÞ ¼
Nðη; κ; θÞNðη;−κ; θÞ

DðLÞDðLÞ ; (3)

M2ðη; κ; θÞ ¼
Nðη; κ; θÞN�ðη; κ; θÞ

DðLÞD�ðLÞ ; (4)
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b3xl ¼ iγxlðη − LÞ
k

: (7)

γxl ¼ ð1þ iβxlηÞ
ð1þ iβxlLÞ

: (8)

Here b3yl and γyl are found by inserting y instead of x in
Eqs. (7) and (8), and * denotes the complex conjugate. To
check Eq. (2) for the Gaussian beam case, first Eq. (1) is
reduced to a Gaussian beam incident field by removing
the summation, taking βxl ¼ βyl ¼ β ¼ ð1∕kα2sÞ þ ði∕FÞ
in Eq. (1), where αs and F are the source size and the
focal length of the Gaussian beam, respectively. Inserting
this Gaussian beam incident field expression into the
BχðLÞ given by Eq. (13) of Ref. 23 which is the formula
used in Eq. (2), and integrating over κ and θ, the variance
of the log-amplitude fluctuations is obtained, which reduces
to the well-known variance of the log-amplitude fluctuations
for the Gaussian beam given by Eqs. (18)–(29) of Ref. 4.
Since the scintillation index in weak turbulence is related
to the variance of the log-amplitude fluctuations by a factor
of 4, in the limiting case, Eq. (2) correctly reduces to the
Gaussian beam scintillation index. In Sec. 3, we present
the results obtained by using Eq. (2).

3 Results
In this section, all the figures show the variations of the scin-
tillation index of crossbeams versus αsx1∕ðλLÞ1∕2, i.e., the
source size, normalized by the Fresnel zone, in the x-direc-
tion of the first Gaussian beam that forms the crossbeam.
In each figure, the corresponding αsy1, αsx2, αsy2, and the
turbulence parameters are provided. AF1 ¼ αsy1∕αsx1 and
AF2 ¼ αsy2∕αsx2 are the AFs of the first and the second
asymmetrical Gaussian beam composing the crossbeam.
Collimated and focused crossbeams are defined as the
beams having Fx1 ¼ Fy1 ¼ Fx2 ¼ Fy2 ¼ ∞ and Fx1 ¼
Fy1 ¼ Fx2 ¼ Fy2 ¼ L, respectively. Except in Figs. 2 and

5 in which a single beam is taken, in all the plots, the ampli-
tudes of both beams of the crossbeams are taken as
A1 ¼ A2 ¼ 0.5.

In Fig. 1, collimated crossbeams whose individual
beams possess AFs that are inverse of each other, i.e.,
AF1 ¼ 1∕AF2, are chosen. Note that when AF1 ¼ AF2 ¼ 1,
the collimated crossbeam reduces to the Gaussian beam and
the corresponding curve in Fig. 1 correctly represents the
collimated Gaussian beam intensity fluctuations in weak
turbulence. It is observed in Fig. 1 that the variations of
intensity fluctuations of the collimated crossbeams versus
αsx1∕ðλLÞ1∕2 are similar when compared to the variations
of intensity fluctuations of the collimated Gaussian beam.
This means, as implied by the Rytov solution, an increase
in the source size first reduces the intensity fluctuations of

Fig. 1 Scintillation index of collimated crossbeams whose individual
beams possess asymmetry factors (AFs) that are inverse of each
other.

Fig. 2 Scintillation index of collimated asymmetrical Gaussian
beams.

Fig. 3 Scintillation index of collimated crossbeams whose individual
beams possess independent AFs.
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the collimated crossbeams, but after a dip is reached, the
intensity fluctuations of the collimated crossbeams start to
increase until the plane wave intensity fluctuations are
reached, after which the scintillations stay at the same
value. For all αsx1∕ðλLÞ1∕2 larger than 0.25, the collimated
crossbeam intensity fluctuations are larger than the colli-
mated Gaussian beam intensity fluctuations. To explain
this, we consider the beam wander, which is one factor influ-
encing the scintillations. The collimated crossbeam com-
posed of two beams is expected to exhibit larger beam
wander as compared to a single collimated Gaussian
beam, which results in the larger scintillations for the colli-
mated crossbeams. The collimated crossbeams having larger
asymmetry, i.e., having larger AF1, and thus smaller AF2,
exhibit larger intensity fluctuations. Another observation
from Fig. 1 is that at the very small and very large source
sizes, similar to the collimated Gaussian beam, all the colli-
mated crossbeams attain the same spherical and plane wave
intensity fluctuations. In Fig. 2, we report the intensity fluc-
tuations of single collimated asymmetrical Gaussian beam,
i.e., collimated crossbeams having only one collimated
Gaussian beam component. It is seen from Fig. 2 that the
beams having larger asymmetry show larger intensity fluc-
tuations when the source size is large [αsx1 > 0.25ðλLÞ1∕2],
but when the source size is small to satisfy
αsx1 < 0.25ðλLÞ1∕2, the situation flips and the beams with
larger AF have lower scintillation indices. In Fig. 3, we
repeat Fig. 1, but this time without taking the AFs of the indi-
vidual beams as inverse of each other, i.e., the asymmetry of
each individual beam is independent of each other. The
results obtained from Fig. 3 are the same as the results
obtained from Fig. 1.

Figures 4–6 are drawn by employing the same parameters
used in Figs. 1–3, respectively, except the crossbeams are
taken to be focused. In Fig. 4, AFs of the individual
beams of the focused crossbeams are chosen to be inverse
of each other, i.e., AF1 ¼ 1∕AF2. In Fig. 4, it is seen that
the variations of intensity fluctuations of the focused cross-
beams versus αsx1∕ðλLÞ1∕2 are similar when compared to the
variations of intensity fluctuations of the focused Gaussian
beam. For the focused Gaussian and focused crossbeams,
increase in the source size monotonically reduces the inten-
sity fluctuations until the focused plane wave intensity fluc-
tuation values are reached; eventually the scintillations
merge to zero. For all αsx1∕ðλLÞ1∕2, the focused crossbeam
intensity fluctuations are smaller than the focused Gaussian
beam intensity fluctuations. Beam wander effect in shaping
the scintillations is more important in the focused case.
When a single focused Gaussian beam is considered, the
beam wander is more critical in shaping the scintillations
as compared to a focused crossbeam composed of two
focused beams. For the focused crossbeam, beam wandering
effect on the scintillation index for one of the beams could be
compensated for by the beam wandering effect on the other
beam. This results in a smaller overall beam wandering
effect, and thus a smaller scintillation index is obtained
for the focused crossbeam when compared to the focused
Gaussian beam scintillations. Intensity fluctuations of the
focused crossbeams that have larger asymmetry, i.e., larger
AF1, thus smallerAF2, are smaller. The intensity fluctuations
of a single focused asymmetrical Gaussian beam are shown
in Fig. 5; it is seen that the larger asymmetry beams exhibit
smaller intensity fluctuations. Figure 6 has the same param-
eters as in Fig. 4, except that the asymmetry of each

Fig. 5 Scintillation index of focused asymmetrical Gaussian beams.

Fig. 4 Scintillation index of focused crossbeams whose individual
beams possess AFs that are inverse of each other.

Fig. 6 Scintillation index of focused crossbeams whose individual
beams possess independent AFs.

Fig. 7 Scintillation index, evaluated at a larger link length than in
Fig. 1, of collimated crossbeams whose individual beams possess
AFs that are inverse of each other.

Optical Engineering 055105-3 May 2014 • Vol. 53(5)

Baykal: Crossbeam intensity fluctuations in turbulence

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 03/01/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



individual beam is taken to be independent of each other.
The results obtained from Fig. 6 follow the same trends of
the results found in Fig. 4.

In Figs. 7 and 8, Fig. 1 is repeated for the same colli-
mated crossbeams but at larger link length and at smaller
structure constant, wavelength, respectively. Results
obtained from Figs. 7 and 8 indicate that the change in
the turbulence parameters naturally changes the scintilla-
tion index, however, it does not vary the trend in the inten-
sity fluctuations of the crossbeams. Finally, Fig. 9 is
presented to observe the effects of the turbulence parame-
ters on the intensity fluctuations of the focused crossbeams.
It is observed that the variations in the turbulence param-
eters do not change the trend in the intensity fluctuations
of the focused crossbeams.

4 Conclusion
The intensity fluctuations of crossbeam incidences are
investigated in weakly turbulent atmosphere by using the
Rytov solution. In weak turbulence, the crossbeam is
found to exhibit a similar intensity fluctuations trend as
the Gaussian beam intensity fluctuations. Especially when
the source size is larger than the Fresnel zone, the intensity
fluctuations of the collimated crossbeams attain larger values
as the asymmetry of the collimated crossbeam increases.
For the focused crossbeams, however, for all the source
sizes, the intensity fluctuates less as the focused crossbeam
possesses higher asymmetries. Our results presented in this
paper can be utilized in atmospheric optics, atmospheric

imaging, and adaptive optics applications when crossbeam
incidences are employed. In such applications, compared
to the case when focused Gaussian beams are employed,
the use of the focused asymmetrical crossbeams will serve
to minimize the effects of weak turbulence. Higher asymme-
try in the focused crossbeam will further improve the scin-
tillation performance in these applications.
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Fig. 8 Scintillation index, evaluated at smaller structure constant and
wavelength than in Fig. 1, of collimated crossbeams whose individual
beams possess AFs that are inverse of each other.

Fig. 9 Scintillation index, evaluated at smaller structure constant,
wavelength, and larger link length than in Fig. 4, of focused cross-
beams whose individual beams possess AFs that are inverse of
each other.
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