Optical Bragg imaging of acoustic fields after reflection
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Bragg diffraction of x-rays occurs when the rays interact with a crystalline lattice at the appropriate
angle. Bragg diffraction of visible light occurs when the light interacts at the Bragg angle with an
ultrasonic field of the appropriate frequency. 共The spacing between acoustic condensations and
rarefactions acts like the planes in an atomic lattice.兲 If a beam of light is Bragg diffracted by an
ultrasonic beam that previously has passed through an object, an image of the structure of the object
is made visible in the diffraction field of the optical beam since there is a one-to-one mapping of the
ultrasonic field onto the diffraction order. In many acoustic Bragg imaging applications, the sound
field must pass through the object which is to be imaged. Ultrasonic attenuation at the very high
acoustic frequencies needed for Bragg imaging 共typically ⬃25– 30 MHz兲 severely limits the
nondestructive testing 共NDT兲 applications of traditional acoustic Bragg imaging. In this paper, a
reflection-based application of acoustic Bragg imaging is discussed which may have useful
industrial and biomedical NDT applications.
© 2010 Acoustical Society of America. 关DOI: 10.1121/1.3419772兴
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I. INTRODUCTION

Recently, there has been renewed interest in the development of possible acousto-optic techniques for biomedical
imaging applications.1 The first experimental investigations
of the interaction of light with ultrasound were made in the
first half of the last century.2 Of particular interest were observations that the wavefronts of an ultrasonic beam in a
transparent medium such as water or CCl4 can act like the
slits in a transmission diffraction grating and diffract light.
Raman and Nath3–6 developed the theoretical framework that
explained the mechanisms by which light can be ultrasonically diffracted. At low ultrasonic frequencies 共in the range
from 1–15 MHz兲 the condensations of the acoustical wave
act like planes in a crystal lattice. Figure 1 shows a diagram
of typical Bragg diffraction of x-rays in a crystal lattice compared to its acoustic analog. Phariseau7 further developed the
theory of Raman and Nath to include calculations of light
intensities in the Bragg diffraction orders.
A new means of utilizing Bragg diffraction for imaging
was developed by Korpel8–10 who showed that the first
Bragg diffraction orders contain an image of the ultrasonic
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wavefront which diffracted the light. Korpel demonstrated
that an object placed in the ultrasonic field is imaged in the
Bragg diffraction order; he also developed a theoretical
analysis of this effect which treated the process as analogous
to parametric mixing. He showed that there is a one-to-one
mapping of the ultrasonic wavefront onto the first diffraction
order.8–10
Van Den Abeele et al.11 showed that there are additional
mappings of the acoustic field to the higher diffraction order
共with 2 images present in the 2nd order, 3 images in the 3rd,
etc.兲. Na and Breazeale12 extended the work of Korpel to
explore NDT applications of acoustic Bragg imaging. No
matter if transmitted or reflected sound is considered, the
sound beam contains an image of the object as it is directly
disturbed by it. This can be represented by an appropriate
plane wave spectrum containing that information as well.
The focused light beam contains a Bragg angle for each of
those acoustic plane waves and hence, as thoroughly described in Ref. 11, there is a mapping between the optical
spectrum and the acoustic spectrum, this mapping occurs in
phase and amplitude and hence an optical image is formed of
the acoustic beam and therefore also the object.
Until now reflected ultrasonic waves have never been
exploited for Bragg imaging of objects.
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FIG. 3. Bragg imaging from a reflected acoustic beam.

acoustic beam rather than a transmitted one, surface features
共and perhaps those just under the surface兲 of an object of
arbitrary thickness can be imaged.
II. EXPERIMENTAL SETUP

FIG. 1. Interference condition leading to Bragg diffraction in a crystal lattice and in an acoustic standing wave.

Typical frequencies needed for acoustic Bragg imaging
fall in the range from 25–30 MHz. At lower frequencies we
would work in the Raman-Nath regime, which does not generate optimum images as in the Bragg regime. The Bragg
regime involves strong interaction between light and sound,
hence improving the imaging possibility. The acousto-optic
regime13 共Raman-Nath or Bragg兲, is determined by the mechanical properties of the acoustic medium, by the interaction length and by the color of light that is used. For red light
in water 共from a He Ne laser兲, 25–30 MHz forms the right
conditions for Bragg imaging. This creates practical problems which previously have inhibited widespread use of
acoustic Bragg imaging as a tool for nondestructive testing
共NDT兲 applications. These problems include a very high attenuation of the sound as it passes through the object, which
causes an image of the general contour of the object form as
an acoustical shadow. This has limited the applications of
Bragg imaging to objects that were either thin enough for the
sound to pass though or situations where only information
about the general contour of the object is desired. In this
paper, we present a new approach to acoustic Bragg imaging
whereby the acoustic beam is reflected from the object to be
imaged rather than directed through it. By using a reflected

FIG. 2. Experimental setup used in the traditional acoustic Bragg diffraction
experiment.
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Figure 2 shows the experimental setup used in the traditional acoustic Bragg diffraction experiment 共which uses
transmission of the sound through the object兲. As seen in the
figure, laser light is first incident on a diverging spherical
lens 共1兲. The light is arranged to diverge from the focal point
of a second lens 共2兲 in order to produce collimated light. The
collimated light is incident on lens 共3兲, a cylindrical lens
which focuses the light into a wedge, the geometry that gives
the best image; this light wedge assures that some portion of
the light is incident at the Bragg angle.
Lens 3 is placed just before a water 共or some other transparent liquid兲 filled tank in which the diffraction occurs. In
the tank, a transducer generates an acoustic signal which
travels down the length of the tank and is incident on an
absorber. The object to be imaged is placed in the tank at a
position where the sound must pass through it before the
sound interacts with the optical beam.
After passing through the tank, the light is focused by
the cylindrical lenses 共4兲 and 共5兲 which are oriented with
their respective axes 90° apart. Two different cylindrical
lenses 关共4兲 and 共5兲兴 compensate for the foreshortening of the
light along one direction, which causes differing along the
two axes. Item 共6兲 can be a projection screen or a camera.
The arrangement described above is for transmissionmode acoustic Bragg imaging; the sound interacts with the
object by passing through it, and then the light interacts with
the sound field to produce an image of the object. In order to
achieve acoustic Bragg imaging from a reflected acoustic

FIG. 4. Bragg image 共left兲 and photographs image 共right兲 of a 4 mm wide
slit in a circular brass disk of 2 mm thickness. The disk is placed on a
damping material to make sure only reflection from the brass disk is possible. The slit and the disk edge are clearly visible on the Bragg image.
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FIG. 5. Photographic picture of a brass sample with rectangular grooves
engraved of 0.0254 cm deep and wide. The grooves are organized in sets of
2, 3, 4 and 5 grooves

beam, one must modify the placement of the transducer and
object. For reflection-based acoustic Bragg imaging, the optical system is identical to that used in the transmissionbased experiment. Figure 3 shows the configuration of the
transducer/object system that is needed for reflection-mode
Bragg imaging.
III. RESULTS

To gain a better understanding of the possibilities presented by reflection-mode Bragg imaging, three different
types of reflector were used. Figure 4 shows a reflection
mode Bragg image of a metal disk with a cavity cut down
the center in the form of a large slit 共the actual disk is also
shown in the figure兲. In Fig. 4, the Bragg image 共left兲 and
photographs image 共right兲 of a 4 mm wide slit in a circular
brass disk of 2 mm thickness is shown. The frequency of the
acoustic wave was 30 MHz, and the light was from a helium
neon laser. The disk is placed on a damping material to make
sure only reflection from the brass disk is possible. The slit
and the disk edge are clearly visible on the Bragg image.
Figure 5 shows a photograph of a brass bar upon which
varying numbers of rectangular grooves have been ruled in
order to evaluate the response of reflection-mode Bragg imaging to multiple grooves. The grooves are 0.0254 cm deep
and wide. The grooves are organized in sets of 2, 3, 4 and 5
lines.
Figure 6 shows reflection-mode Bragg images of the different sets of grooves. Bragg images of the sets of 2, 4 and 5
grooves are shown. For each set of grooves there is always a
line structure visible possessing white lines which corresponds to the periodic groove structure shown. Lines are
clear in the center of the structure and are more difficult to
distinguish and count on the edges of the structure.

FIG. 7. Bragg image of a coin.

Figure 7 shows a coin 共United States 1-cent coin兲 and its
corresponding reflection-mode Bragg image. The contour of
the portrait is somewhat visible in the Bragg image, but the
image is not as clear. Evidently, the variation of height in the
portrait embossed on the coin does not provide sufficient
depth for clear Bragg imaging.
IV. CONCLUDING REMARKS

The advantages and limitations of Bragg imaging on reflection have been explored. Traditional transmission-mode
Bragg imaging is often limited by the acoustic attenuation of
the sound as it passes through the sample. This limits the
possible applications of acoustic Bragg imaging for NDT
applications. A new, reflection-mode method of acoustic
Bragg imaging has been demonstrated. Since the sound does
not penetrate into the sample, the thickness of the sample is
not a limiting factor. So while reflection-mode Bragg imaging is limited to the imaging of surface features of a sample,
it can be used with samples where transmission-mode Bragg
imaging would fail. The most obvious advantage is that
Bragg imaging on reflection can be used in situations where
sharp edges are prominent. When thin grooves are present,
the effects resulting from acoustical diffraction are noticeable. It is less able to delineate images when the surface
roughness presents a variation less than one acoustical wavelength. With a more optimized imaging system, possible applications of Bragg imaging to NDT or biomedical applications may be possible. Additionally the clarity of images
obtained by the proposed technique will depend on the reflectivity properties of the envisaged objects. The better an
object reflects acoustic waves, the more likely a clear image
is possible.
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