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New method for detecting air turbulence

WANG Cheng, LIU Jin-song, LIU Shi-xiong, ZHENG Zi-wei
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(School of Optoelectronics Science and Engineering, State Key Lab of Laser Technology, Wuhan 430074, China)

Abstract: A novel method based on photorefractive (PR) two-wave mixing to detect air
turbulence is presented. The air turbulence is modulated on the input pump and signal beams of
a PR crystal, thus creating a phase fluctuation for the input beams. Such a phase fluctuation
results in an intensity fluctuation in the output beams and the intensity fluctuation can be
detected by measuring the differential signals between the two output beams. Our experimental
demonstration shows that air turbulence can be detected effectively based on the process of PR
two-wave mixing and an electrical differential detection. This method may be widely used in
future detecting applications.
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Introduction processing applications'"™*, real-time holographic
Two-wave mixing (TWM) is an exciting interferometry™™, amplification of signal beams
area of research in nonlinear optics, which and vibration analysis"®7). There is a paper

involves holographic storage and optical image introduces TWM in detail"®’. Although TWM has
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been mature in theory and technique, and has
been widely used in many applications, it is rarely
mentioned in detecting systems.

In this paper, we offer a new method based
on photorefractive (PR) TWM f{or detecting air
turbulence. It is well known that air turbulence is
hard to

atmospheric flow

especially  for
[9-10]

detect, transparent
Although phase variations
can be measured via detecting the moving of the
interference fringe by use of a Mach-Zehnder
interferometer, the differential signals between
the interferefering beams cannot be obtained™'’.
Therefore,

(EDD) cannot be used to detect the phase

an electrical differential detection

variations and such an approach usually has a
high detecting sensitivity. In TWM experiments,
if the phase of the input pump and signal beams is
simultaneously affected by air turbulence, such a
phase fluctuation for input beams will be
transferred to the corresponding output pump and
signal beams not only in phase, but also in
intensity because there exists a coupling
interaction between the two beams in the PR
crystal. Such an intensity fluctuation for the two
output beams can be easily detected by measuring
the differential signals between the two beams.,
thus allowing us to use EDD means to detect the
beams’fluctuation caused by air turbulence,
which usually has a high detecting sensitivity. As
a result, a novel method based on PR TWM and

EDD to detect air turbulence is proposed.

1 Experiment

The scheme of two-wave mixing experiment
setup is shown in Figurel. A laser beam is at
632. 8 nm. The pump beam and the signal beam
are in the same direction of polarization. In order
to adjust the pump beam intensity, an attenuator
was placed in the path of pump beam. In this
experiment, we make the intensity of pump beam
equaling to signal beam. Two detectors were
placed to measure the two output beams. We use
the signal generator and loudspeaker as the source
of the air turbulence. We put the turbulence
source at the place (D) or @ or B or @) shown in
Figurel. Experimental results prove that the

turbulence can be detected at whichever place.

Position (1) represents the whole light path
emitted from the laser, position 2) represents the
signal beam path, position 3 represents the
pump beam path, position @) represents the two
beams path. Because the phase difference
between the two incident beams can affect the
phase shift @ between the incident fringe pattern
and the refractive-index modulation, when we put
the turbulence source at each of the four
positions, the phase difference between the two
changed with the

incident beams will be

turbulence, so the turbulence can be detected at

whichever place.
pa > \

®

Attenuator

LiNbO, %
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Fig. 1 Scheme of two-wave mixing experiment
Unlike
modulation signal was added to the light path

other  experiments® 7>, the

directly by a piezo stack, or by holographic

051 The turbulence source needn’t

imaging means
be added to the light path directly in our
experiment. It is well known that the air
turbulence can impact the phase or intensity of
the detecting light beams. The phase difference
between the two incident beams will be changed
with the air turbulence, which resulting in the
interference {ringe movement.

In order to simulate the source of the air
turbulence, we adopt the setting drawing shown
in Figure 2. We change the phase of the beams
through the air turbulence caused by the
loudspeaker. We can simulate regular signal with
signal generator, and simulate irregular signal

with random voice.

Signal generator @

Loud-speaker ‘

Pump beam ",

Signa1M

Fig. 2 Scheme of the air turbulence detecting
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Fig. 3 Two amplified AC signals

Signal generator can produce sinusoidal
wave, saw-tooth wave and square wave. We use
the sinusoidal wave as the regular turbulence
source in our experiments, and the amplitude of
0. 5V, the frequency of 690Hz. We use (4 X5X
6)mm® LiNbO, crystal as the photorefractive
medium, the optical axis (C) parallel to 4 mm
side, the light propagation direction being along 6
mm side. The angle between two incident beams
is 10°.

As shown in Figure 1, the signal generated
by the detector is a composite signal including
alternating current (AC) signal and direct current
(DC) signal.
steady-state

The DC signal represents the

output  energy  without  air
turbulence, and the AC signal represents the
fluctuating energy caused by the turbulence. In
order to detect the air turbulence, we only need
the AC signal, so the DC signal must be
eliminated.

Firstly, we remove the DC signal by passing
the two detected composite signals through
capacitances, and amplify them with special
circuit, then obtain the two amplified AC signals
observed by Tektronix TDS1012 as shown in
Figure 3, CHI signal corresponds to the AC
and CH2

corresponds to the AC output of signal beam. We

output of pump beam, signal
can find them owning differential characteristics.
Then we can use EDD means to detect the beams’
fluctuation caused by air turbulence. Below we
shall explain the advantage of EDD means.
Normally, for weak signal detection, the
noise is an undesired signal, it will severely affect
the detecting sensitivity. Because when we
amplify the weak signal, the noise signal will also
noise will be

be amplified. However, the

eliminated at utmost by using EDD means.
Normally, noise simultaneously affects the two
differential signals, we call this noise as common-
mode noise (CMN) sometimes.

From Figure 3, we can see the difference
between useful differential signals and common-
mode noise. When we use EDD means, we need
minus the signal shown in CH1 with the signal
shown in CH2, because the useful signals own
differential characteristics, the useful signals will
not be affected, however, the CMN will be
eliminated. Which is the most advantage of EDD
means.

For the sake of comparative measurement,
we use oscilloscope to observe the output of the
signal generator and the amplified AC signal of
pump beam. Figure 4 shows the result. CHI1
signal corresponds to the output of signal
generator, and CH2 signal corresponds to the
output of pump beam. We can find that the
output of pump beam is very similar with the

output of signal generator except the phase.
Tek Ju  eStop M Pos: 0.000s
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Fig. 4 The output of the signal generator and
amplified AC signal of pump beam
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Fig. 5 The detected turbulence signal and
amplified AC signal of pump beam
According to Figure 3, we can note that
there exists CMN sometimes. In order to get rid
of CMN, we adopt the EDD method, and amplify
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the result. And the turbulence signal can be
easily obtained as shown in Figure 5. We can {ind
the result eliminates the CMN. CHI signal
corresponds to the detected turbulence signal,
and CH2 signal corresponds to the amplified AC
signal of pump beam. Compare Figure 3 with
Figure 5, the CH2 signal of oscilloscope in two
figures all correspond to the amplified AC signal
of pump beam, we can find the frequency of the
detected turbulence signal shown in Figure 5 is
equal to the frequency of the signal generated by
signal generator shown in Figure 3. It can be
concluded that the air turbulence signal can be
detected by this method.

Comparing Figure 4 with Figure 5, we can
note that the turbulence signal not only can be
detected, but also can be amplified to expected
amplitude. We can also see that the CMN is
eliminated by EDD means. Figure 3-5 shows the
detecting results for regular signal generated by
signal generator. For irregular signal detection,
we consider random voice as the irregular signal

source. Figure 6 shows the detecting differential

results for irregular signal.

Tek S ®Stop
v

M Pos: 9.800ms

CHI 1.00V  CH21.0V M50ms chi/

Fig. 6 The detecting result for irregular signal
As has been

individually simulate the air turbulence with

mentioned above, we
regular and irregular signal, and the results show
the method based on PR TWM and EDD for

detecting air turbulence is feasible.

2 Analysis and discuss

Figure 7 shows the schematic drawing of
two-wave mixing. A is the period of the fringe
pattern. @ is the angle between the incident
beams. The phase @ indicates the degree to which

the index grating is shifted spatially with respect

to the light interference pattern.

Fig. 7 Schematic drawing of two-wave mixing

In photorefractive media that operate by
diffusion only (i.e. , no external static field), the
magnitude of @ is +=n/2 with its sign depending
on the direction of the c¢ axis, and the nonlocal
response phase shift grating is formed in the
media, the intensity coupling coefficiens obtain
maximum, the maximum intensity transfer is
reached at this situation. When the -carrier
transport mechanism is mainly under the control
of the drift with external static field adding on the
photorefractive media, the magnitude of @ is 0 or
m, there is no steady state intensity transfer on
this condition, but exists transient state intensity
transfer when the intensity of signal beam is not
equal to pump beam.

For the sake of simplicity, we only consider
the condition that phase shift between the
incident fringe pattern and the refractive-index
modulation is 0 degree at steady-state. Sometimes

we call the phase-volume grating in this condition

as local response grating. Because the
photorefractive media LiNbO3 owns high
photovoltaic  effect, the carrier transport

mechanism is mainly under the control of the
drift. The phase grating in LiNbO3 crystal is
local response grating. As mentioned above, we
adjust the attenuator to make the intensity of
pump beam equaling to signal beam. Neither
steady state intensity transfer nor transient state
intensity transfer can happen When the phase
shift between the incident fringe pattern and the
refractive-index modulation is fixed at 0 degree.
As soon as there exists air turbulence, the
incident fringe pattern will be changed.
Normally, the photorefractive media needs a long
time to form refractive-index grating. So the

refractive-index grating can’t accompany the
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movement of the interference fringe, and the
phase shift between the incident fringe pattern
and the refractive-index modulation will vary with
the air turbulence. Which resulting in the
transient state intensity transfer between the two
incident beams.

According to Kukhtarev’'s model, we use the
method described in Ref. [8], if the loss were
neglected, we can obtain the solutions of the

steady-state coupled equation

—1
Il(z):I(O)lJﬁim,]yZ
1+m ‘e oh
N 1+m
Iz(z)Iz(O)ilerlehJ
Where m is the input intensity ratio
1)
m—12(0) (2)

Because the transient state intensity transfer
is dynamic process, we must consider dynamic
coupled equation. The dynamic coupled equation
can be found in Ref. [16]. The expressions of the
dynamic coupled equation is similar to equation
(1) except the difference of intensity coefficient
7. In the dynamic coupled equation, ¥ will vary
with time. However, the expression of 7 is very
complicated in Ref. [16], and the relationship
between 7 and the phase mismatch degree @ (¢)
can’t be offered at the same time. Though we
can't present the precise expression between 7
and the phase mismatch degree @ (¢) in dynamic
process, we can offer the empirical equation as;

Y=Bsin(®()) (3)

Where B is proportionality coefficient, which
is affected by space-charge field. Normally, the
space-charge field is proportional to the I,(z,z) %
1,(z.,t). Because the intensity change f{luctuates
with the turbulence is very tiny, the expression of
I,(z,t) % I,(2,t) can be thought unaffected with
the disturbance, and the space-charge field can be
under infinitesimal

thought unchanged

disturbance condition. In this case, the
proportionality coefficient B can be thought as
constant, then the dynamic coupled equation can

be written as:

1+m™! )
LG =10 S i {
> (4)
1+m
Iz(z,t):Iz(O)W J

In order to investigate the influence of the
turbulence on output intensity, for example, we
can write the atmospheric turbulence function as
Asin (wt), where A is the amplitude, © is the
frequency, then the phase mismatch degree ®(z)
can be written as

D) =D, +¢Asin(wt) (5

where @, is 4+ n/2 for the case of nonlocal
response, 0 or m for the case of local response.

In the case of local response, the provided @,
is 0 and the expression (3) can be written as

7=Bsin({Asin(wt)) (6)

Through numerical simulation, in the case of
local response, the relationship between intensity
coupling coefficient 7 and the turbulence can be
seen from Figure 8(a), the relationship between
the two output signals intensity and the
turbulence can be seen from Figure 8 (b). We
note that the two output signals own the
When the

intensity of one signal obtains an increment, the

character of differential signals.
other will decrease at the same time, and the
frequency of the output intensity signal is equal to
the frequency of turbulence signal. The theory
agreement  with

analysis  shows a good

experimental results.
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So if we detect the energy change of the two
output beams, the phase mismatch caused by the
air turbulence can be calculated. And then we can
compute the air turbulence.

Because the EDD means can eliminate the
common-mode noise, it is widely used in many
adopt 3 dB
coupler or polarizing beam splitter (PBS) to

applications. Normally, people
realize differential modulation. However, in our
experiment, we can find the two amplified AC
signals of the two output beams owning
differential characteristics. The photorefractive
media can complete differential modulation by
TWM process.

Although restricted with testing instrument,
we can't give the minimum detectable signal for a
given signal to noise ratio accurately, we can still
observe  the detecting results from the
oscilloscope. The principle of the detection is that
the disturbance can change the phase mismatch
degree between the incident fringe pattern and the
refractive-index modulation, which results in
intensity transfer between two output beams.
Normally, the period of the fringe pattern is pm
magnitude, so we can detect very tiny disturbance

by this means.

3 Conclusion
TWM has

applications, such as holographic technology,

been widely wused in many

amplification of signal beams, etc. However, the
output signal owns differential characteristics,
which is rarely mentioned in other literature. In
this paper, we introduce a new method for
detecting the air turbulence just basing on this
character. At the same time, we eliminate the
common-mode noise, and highly improve the
detecting sensitivity by taking EDD means.
Maybe this method will be very useful in future

applications.
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