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The Raman—Nath diffraction in acousto—optic effect was studied theoretically and experimentally in the paper. Up
to now, each order of diffracted light in Raman—Nath diffraction was still considered simply to be just frequency-shifted
and to be a plane wave. However, we find that the phase and frequency shifts occur simultaneously and individually in
Raman—Nath diffraction. The findings demonstrate that, in addition to the frequency shift, the optical phase of each order
of diffracted light is also shifted by the sound wave and fluctuates with the sound wave and is related to the location
in the acoustic field from which the diffracted light originates. As a result, the wavefront of each order of diffracted
light is modulated to fluctuate spatially and temporally with the sound wave. Obviously, these findings are significant for
applications of Raman—Nath diffraction in acousto—optic effect because the optical phase plays an important role in optical

coherence technology.
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1. Introduction

Acousto—optic effects occur in all optical media. So far,
acousto—optic effects have been applied to a wide range of
optical system applications.!'! When an acoustic wave is
launched into an optical medium, it generates a phase grating.
The incident light on the grating is diffracted.®! The diffrac-
tion is divided into two distinct diffraction types: Raman—Nath
and Bragg diffraction.!®! When the Klein-Cook parameter is
less than 1, only the Raman—Nath diffraction occurs.!%! The
Klein—-Cook parameter Q obeys Q = 27Al/(ngA2), where A
and A, are the wavelength of incident light in vacuum and
sound in the medium respectively, / is the acousto—optic in-
teraction length, and ny is the refractive index of the medium
in the absence of sound. Additionally, the diffracted light
is frequency-shifted by an integer multiple of the acoustic
frequency.!'~®! In the paper, only the Raman—Nath diffraction
in acousto—optic effect is studied.

The Raman—Nath diffraction includes multiple diffraction
orders. Each order of diffracted light has a specific frequency
shift and a diffraction angle. However, each order of diffracted
light was still considered as a plane light wave. In this pa-
per, we find that each order of diffracted light is not a plane
light wave, and that its optical phase is shifted by the sound
wave and fluctuates with the sound wave and is the function of
the location inside the acoustic field from which the diffracted
light originates. As a result, the wavefront of each order of
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diffracted light is modulated to fluctuate spatially and tempo-
rally with the sound wave.

2. Theory

The sound-light interaction configuration we deal with is
two dimensional, with the longitudinal sound wave propagat-
ing in the Y direction and the light wave in the Z direction. A
typical configuration is seen in Fig. 1. This shows an ideal-
ized sound beam, being contained between planes z = 0 and
z =1 inside a medium. The medium is optically transparent.
A plane light wave, of angular frequency o, is incident from
the left normal to the sound beam, 0 is the deflection angle of
the incident light.
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Fig. 1. Sound-light interaction configuration.
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Consider an acoustic plane wave traveling in the medium
with velocity v and angular frequency . The refractive index
n(t,y) at position y and time ¢ is[’~’!

n(t,y) =ngp [l—i—msina)(t—i—%)]7 (1

where ng is the refractive index of the medium in the absence
of sound and m is the modulation constant of the refractive
index. From Eq. (1), we can know that the refractive index
of the medium in the acoustic field is modulated spatially and
temporally by the sound wave.

2.1. A plane wave for each order of diffracted light in
Raman-Nath diffraction

A light wave getting into the acoustic field will be
diffracted. For Raman—Nath diffraction, the diffracted light
E (1) was still expressed as!!%!1]

E(t) = /j;Eoexp{jknol [1+msinw(t+y>}}

v
2 inf
X exp [J <a)ot — 776”0;8“1 > ] dy

~+oo
= Egexp(jknol) Y 14 (knolm)

x explj (@ +q)1] 5 (”Osf‘e = ﬁ) . @

where Ej is the electric field of incident light, k, @y, and A
are the wave vector, angular frequency, and the wavelength
of incident light in vacuum, respectively, g is an integer, J,
denotes the gth-order Bessel function, and A, is the acoustic
wavelength in the medium.

It is seen from Eq. (2) that the gth-order of diffracted light
is shifted in frequency by g and its diffraction angle 6, obeys

gA
noty’

and each order of diffracted light has the same optical phase

0, = arcsin

3)

exp(jknyl) and is a plane light wave. Additionally, the opti-
cal phase of each order of diffracted light is not shifted by the
sound wave and does not fluctuate with the sound wave and is
not related to the location y.

To reveal the relationship between the sound-modulated
light and its origin (a specific location inside the acoustic field
from which the modulated light originates), only the light es-
caping from a very small defined region inside the acoustic
field is collected. The region is assumed a rectangle with the
2a and 2d sizes along the X- and Y-axes respectively. The re-
gional center is a point (0, y, 0). Additionally, the regional
sizes are much shorter than the acoustic wavelength in the
medium. Then, all collected light can be considered to origi-
nate from the same location (0, y, 0) inside the acoustic field.

Generally, the diffracted light with the absolute diffrac-
tion order more than five is very weak.['”] Consequently,

we can assume that only the diffracted light of the absolute
diffraction order less than five is collected. Then, the collected
light intensity I() is

a y+d 5
’/ dx/ dyEo Y. Jg (knolm)
—a y—d

q=—5

1(7)

2
x exp {j [(o0 +qo)t+knol] }

2
5
= 16a°d*E} Z Jq (knolm) exp{(jgor)}
q=-5
= 16a*d°E}F (1), 4)
in which F(r) is a periodic function with acoustic period 27/ ®
and obeys
27 +5 ] 2
F(t)=F <t + w> = Z Jg (knolm)exp[j (qot)]
q=-3
= Mo+ M;sin(wt) +---+ Mysin(qot) + - --
+M1()Sin(100)t), ®)]

where M, is a constant.

From Egs. (4) and (5), the collected light intensity fluc-
tuates with the sound wave but is not related to its origin y
inside the acoustic field. Additionally, even though the values
of a and d are increased, the collected light intensity is not
also related to its origin y. In other words, the intensity is not
also related to the origin y even though one or many orders
of diffracted light, escaping from outside the small defined re-
gion, is also collected.

Additionally, if only the gth-order of diffracted light is
collected, the collected light intensity will be

a y+d
I(r) = ‘/ dx/ dyEo], (knolm)
—a y—d

2
x exp{j[(@o +qw) +knol]}

= 16a°d*EY, (knolm) . (©6)

From Eq. (6), the collected light intensity does not fluctu-
ate with the sound wave and is not related to the origin y.

From above all, if each order of diffracted light for
Raman-Nath diffraction is a plane light wave, the collected
light intensity will not be related to the origin y even though
one or many orders of diffracted light, escaping from outside
the small defined region, is also collected. Additionally, the
optical diffraction, caused by the small defined region, can be
ignored in the derivation process.

2.2. Not a plane wave for each order of diffracted light in
Raman-Nath diffraction
However, we believe that the spatial and temporal modu-
lations of the refractive index, induced by the sound wave, will
inevitably lead to the spatial and temporal fluctuations of the
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optical phase of diffracted light for Raman—Nath diffraction in
acousto—optic effect. Consequently, the optical phase of each
order of diffracted light must be shifted by the sound wave and
fluctuate with the sound wave and be related to its origin y in-
side the acoustic field. In other words, equation (2) must be
rewritten as

E(t,y) = Epexp {jknolqy [1 +msin® (H_ };j)} }

X f Jg (knolm)exp[j (wo + qw)1]

g=—o0

nosin® q
xd < 1 lu) ; (7

where [,y is defined as the effective transmission distance of

light in the acoustic field and is a function of ¢ and y. If the
gth-order diffracted light can be approximated to travel along
the Z direction, the value of /,, will be able to be proximately
equal to /. Here, both the frequency shift and diffraction angle
of each order of diffracted light remain unchanged.

Firstly, only the zero-order diffracted light is collected.
When the light passes through the acoustic field along the Z
direction, only its optical phase is shifted by the sound wave.
Then, the collected light intensity (z,y) is

a y+d
I(t,y) = ’/adx - EoJo (knolm)
2
xexp{jknol [l—i—msinw(t—i—X)]}dy
v

= 16a*E3J3 (knolm)
vsin (0gd/v) &
x |dJo (knolm) + —————=Y" 1, (knolm)
q0 q70
2
< expliag (1+7)] ] . ®)

It is very obvious that the value of (v/g®) decreases
rapidly with the absolute value of q. Consequently, the value
of (v/qw)J,(knolm,)sin(qwd/v) can be approximately zero
for the absolute value of ¢ more than five. Additionally, the
value of d is much lower than the acoustic wavelength in the
medium. In this case, equation (8) can be approximated as

1(1,y) ~ 16a*d*E213 (knlm) F [m (z + %)} .

From Eq. (9), the collected light intensity fluctuates with
the sound wave. Additionally, the intensity also fluctuates with
its origin y over a cycle of acoustic wavelength in the medium
and therefore the acoustic velocity can be obtained by a dual-
trace phase measurement.

Secondly, for convenience of derivation, only the gth-
order diffracted light, which can be approximated to travel
along the Z direction, is collected. Then, the following equa-
tion derived similarly to the one for Eq. (9):

a y+d
I(t,y) = ‘/ dx . EoJg (knolm)
—a Sy

2
X exp {jknol [1 +msinw (tJr X)} } dy‘
1%
= 16a2d>E3Y2 (knolm) F (r + X) . (10)
1%

From Eq. (10), the collected light intensity also fluctuates
with the sound wave and its origin y.

In fact, because of optical diffraction, it is impossible that
only the light escaping from the very small defined region is
collected. According to Egs. (8) and (10), for only collecting
one order of diffracted light, the collected light intensity also
fluctuates with the sound wave and its origin y even though
the order of diffracted light, coming from outside the small
defined region, is also collected. Consequently, here the opti-
cal diffraction can also be ignored in the derivation process.

3. Analysis

If each order of diffracted light for Raman—Nath diffrac-
tion in acousto—optic effect is a plane light wave, the collected
light intensity will not fluctuate with the sound wave and its
origin y inside the acoustic field for only collecting one order
of diffracted light. Additionally, the collected light intensity
will also not be related to the origin y even though many orders
of diffracted light, escaping from outside the small defined re-
gion, is also collected.

However, if each order of diffracted light is not a plane
light wave and its optical phase is shifted spatially and tem-
porally by the sound wave, the collected light intensity will
fluctuate with the sound wave and its origin y for only collect-
ing one order of diffracted light.

Additionally, optical diffraction does not affect the above
theoretical results.

4. Experiment

The experimental setup is shown in Fig. 2. A func-
tion generator output is a sine electrical signal that excites
an unfocusing transducer to generate a continuous ultrasound
with 1.0-MHz frequency and 10-mm diameter and about 10*-
The elec-
trical signal is read by a dual trace oscilloscope. The dis-

Pa peak ultrasonic pressures in distilled water.

tances from the central axis of the ultrasound beam to the
front and left surfaces of a tank are approximately 3.5 cm and
2.5 cm, respectively. The tank, of which the dimensions are
7.0 cmx9.0 cmx5.0 cm along the X, Y, Z-axes respectively,
holds 270-ml distilled water. He—Ne laser light, expanded to
3.0 cm in diameter after passing through a rectangular hole, is
irradiated onto the tank along the Z direction. A convex lens,
with the aperture of 25 mm and the focal length of 550 mm, is
used. After the light, escaping from the tank, passing through
the lens, a diffraction pattern in the lens focal plane is obtained
by a CCD and is shown in Fig. 3. The distances from the lens
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optical center to the right surface of the tank and the pinhole 2
are approximately 50 mm and 550 mm, respectively. The dis-
tance between the two pinholes with the aperture of 0.2 mm
is about 1.000 m. The line of the two pinholes’ centers and
the lens optical center is parallel to the Z axis. The distance
from pinhole 1 to PMT is about 1.0 cm. Optical signals are
collected by a photo-multiplier tube (PMT) with the 4.0-mm
incidence window in diameter, from which the electrical sig-
nals are also read by the oscilloscope after amplification by
an amplifier. The two pinholes and PMT and convex lens are
fixed together and can be moved together in the Y direction.
An acoustic absorber is placed in the bottom of the tank.

1
6 /Py
[PH2 PHI)
L | |
& | il oL
DW
[u] {Do]} A

Fig. 2. Schematic diagram of experimental setup. U: ultrasonic trans-
ducer and its driver; DO: digital oscilloscope; A: amplifier; P: photo-
multiplier; PH: pinhole; DW: distilled water; L: laser light; CL: convex
lens.

By calculation, the value of Q is about 0.014. Conse-
quently, in the following experiments, the optical diffraction
caused by the sound wave must be the Raman—Nath diffrac-
tion.

In this experiment, by spatial filtering effect of the con-
vex lens and pinhole 2, it is possible for only one order of
diffracted light to be collected. Additionally, pinhole 1 is
used so that most of the collected light can be considered to
originate from the specific location inside the ultrasonic field.
Then, according to the above theoretical analysis, the optical
diffraction of pinhole 1 can be ignored. At last, the electrical
signals exciting the ultrasonic transducer are chosen as a ref-
erence, and then the fluctuation of optical signals from PMT
with its origin y inside the acoustic field is observed and mea-
sured by a dual-trace phase measurement method.

From Fig. 3, the diffraction pattern is regular and symmet-
rical, and the diffraction fringes are linear and parallel. Con-
sequently, both the light diffraction along the X direction and
the ultrasound diffraction can be ignored, and the ultrasound
wave can be considered as a plane wave and the different or-
der diffracted light can be separated. Additionally, the optical
diffraction in the experiment must be the Raman—Nath diffrac-
tion since there are five diffraction fringes.

By calculation from Eq. (2), the diffraction angle of the
first-order diffracted light is about 1.1 min and therefore the
order of diffracted light can be approximated to travel along

the Z direction. On the basis of the focal length of the lens
and the aperture of pinhole 2, only the light with a diffraction
angle smaller than 0.63 min can be collected. Additionally,
by measuring the diffraction pattern (Fig. 3), the separation
of diffraction stripes is three times more than the zero-order
fringe width. Consequently, only the zero-order diffracted
light can be collected in the experiment.

Y

Fig. 3. Diffraction pattern of Raman—Nath diffraction in the lens focal
plane.

As shown in Fig. 4, when the two pinholes and PMT and
convex lens are moved together in the Y direction, the wave-
form of the collected optical signals also moves and the wave-
form of the electrical signals remains still and the peaks of the
two waveforms overlap periodically. Obviously, the relative
movement has nothing to do with time and depends on the
origin y. By the dual-trace phase measurement, the moving
distance is about 1.46 +0.03 mm for a period. Then, the ul-
trasonic velocity in the distilled water is about 1.46 x 103 m/s,
which is identical to the actual value. The experimental results
show that the collected light intensity fluctuates with the sound
wave and its origin y inside the acoustic field.

Fig. 4. (color online) Two signal waveforms for two different detection
positions from an oscilloscope. Curve a: electrical signals exciting the
ultrasonic transducer. Curve b: ultrasound-modulated optical signals
from PMT. (a) Position 1; (b) position 2.

Secondly, only the two pinholes and PMT are moved to-
gether 0.176 mm in the Y direction so that only the first-order
diffracted light is collected. Then, the above experiment is
repeated. The experiment also shows that the collected light
intensity fluctuates with the sound wave and its origin y.

Additionally, according to Eq. (4), if each order diffracted
light for Raman—Nath diffraction in acousto—optic effect is a
plane light wave, the collected light intensity will not be re-
lated to the origin y even though many orders of diffracted
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light, escaping from outside the small defined region, is also
collected.

Consequently, each order of diffracted light for Raman-—
Nath diffraction in acousto—optic effect is not a plane light
wave. Additionally, because of the spatial and temporal mod-
ulations of the refractive index, the optical phase of each order
of diffracted light is shifted and fluctuates with the sound wave
and is related to its origin inside the acoustic field.

5. Conclusions

We present the further theoretical and experimental stud-
ies on Raman—Nath diffraction in acousto—optic effect. The
Raman—Nath diffraction includes multiple diffraction orders.
Each order of diffracted light has a specific frequency shift
and a diffraction angle. However, we found that each order
of diffracted light is not a plane light wave. Additionally, the
optical phase of each order of diffracted light is shifted by the
sound wave and fluctuates with the sound wave and is the func-
tion of the location inside the acoustic field from which the
diffracted light originates. As a result, the wavefront of each

order of diffracted light is modulated to fluctuate spatially and
temporally with the sound wave. Obviously, our findings are
expected to be helpful for applications of Raman—Nath diffrac-
tion in acousto—optic effect.
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