Opto-acoustic Imaging
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1. Limitations of Conventional Ultrasonic Imaging Techniques
Photo-acoustic imaging (i.e., imaging based on the combination of optical and acoustical techniques) has found some exciting applications in medical diagnosis. Particularly, the use of laser has provided new opportunities due to the following reasons. First, several limitations of generation and detection of ultrasound using conventional techniques can be overcome. Such limitations include contact,  frequency range and size constraints of the transducer. Second, the combination of laser and ultrasound necessitates new imaging technologies that may provide information related to both the optical and the acoustical properties of the human body. Although several optical methods have been combined with ultrasound, we will concentrate specifically on the application of laser optics since laser sources have made a larger contribution than general light sources in this area.

Limitations of conventional techniques include contact, frequency range and transducer size. They result in inadequate imaging performance (i.e., poor resolution and low sensitivity) and also prohibit the use of ultrasound in certain areas. The first limitation is the contact between the transducer and the image object. Since the acoustic properties vary widely on different materials, the coupling between the transducer and the object is critical for efficient acoustic wave propagation. For imaging biological tissues, there is typically a matching layer on the probe face and a layer of water-based coupling gel on the body surface. Nevertheless, the couplant may introduce sensitivity and bandwidth variations. In addition, there may be situations that direct contact between the ultrasound transducer and the image object is impossible.

The second major limitation of conventional ultrasonic imaging is the operating frequency and bandwidth of the transducer. Particularly for array transducers, the interelement spacing is restricted for arbitrary beam steering in order to avoid grating lobes. In addition, the thickness of the piezoelectric material also determines the center frequency of the transducer's response (half-wavelength thickness). As the operating frequency increases, the thickness of the piezoelectric material reduces and the interelement spacing also becomes too small for current methods to dice the array elements. In addition to the spacing and thickness, interconnection, acoustic matching and cross talk reduction also become increasingly difficult. Another drawback is the size of most contact piezoelectric probes. First, these transducers may fail to meet spatial resolution requirements without the combination with special imaging techniques such as the synthetic aperture imaging. Second, it is difficult to construct these probes to have acceptable efficiency.

A solution to the aforementioned problems associated with conventional ultrasonic techniques is the use of laser techniques. The main advantages are due to the ability for precise position control and a laser beam spot as small as a few microns for the generation and detection of acoustic signals. This allows the use of synthetic aperture imaging for high resolution pulse-echo ultrasonic imaging. The main disadvantage is the low sensitivity compared to piezoelectric methods. Nevertheless, the advantages of laser generation and detection of ultrasound may outweigh the disadvantages since several techniques can be used to increase the sensitivity.

2. Ultrasonic displacement measurement using laser interferometry

Conventional ultrasonic techniques measure ultrasonic displacement based on piezoelectric effects of the detector. Laser interferometers measure the movement of a surface by interfering the light scattered or reflected from the surface with a reference beam. Such a technique is generally less sensitive than conventional piezoelectric methods. However, it offers several advantages including non-contact, flat broadband frequency response and high spatial resolution.

A classic interferometer called the Michelson interferometer is shown in the following figure. Light from a monochromatic source is collimated to form a parallel beam which is divided by a beam splitter. The light then goes to a stationary reference mirror and a mirror which has the displacement to be measured. The beams reflected by both mirrors go back to the beam splitter and a portion of the light is combined and detected by the photodetector. The intensity of the output of the photodetector is determined by the relative phase between the reference beam and the signal to be measured. The intensity has its maximum if the two beams are in phase. Likewise, it is at its minimum if they are out of phase. Since the reference beam is stationary, the displacement of the second mirror x is related to the output intensity of the photodetector V as 
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 is the amplitude of the interference. Note that laser is ideal for such applications due to its high intensity, collimation and monochromaticity.

There are many variations of interferometers. For a given application, determination of the exact configuration should be based on the maximal use of available light, ease of alignment and reduction of the noise sensitivity. Using an interferometer, acoustic fields can be measured with the setup shown in the following figure. Note that the membrane should follow the displacement produced by the incident acoustic field and should also give a good light return. The thickness of the membrane should be much smaller than the acoustic wavelength and the area should be large enough to avoid any disturbance.


One problem associated with the above setup is the acousto-optic interaction. In other words, the illuminating laser beam and the reflected beam both traverse the medium through which the ultrasound is traveling. Hence, in addition to the optical path length change induced by the motion of the reflecting surface, a change also results from the variation of refractive index with pressure changes associated with the acoustic wave. Such effects may be ignored when the acoustic wavelength is long compared with the dimensions of the water tank. For typical applications using such a setup, a correction of the acousto-optic interaction is required.

An alternative method of measuring ultrasonic fields is based on the observation of the displacement of a free surface of the medium at which the ultrasonic waves are reflected. This has three major advantages:

· The medium does not have to be optically transparent.

· Correction for acousto-optic interaction is not necessary.

· The displacement amplitude is twice that of the ultrasonic wave at normal incidence.

A typical setup is shown in the following figure.


An important feature of laser techniques for the measurement of ultrasonic surface displacement is that no contact is required and thus a change in measurement position on the surface may be made very quickly by simply moving the laser beam. Combined with the high resolution obtainable from the laser spot, this enables a detailed picture of the ultrasonic movements over a surface to be built up very rapidly by optical scanning. In addition, the independent ultrasonic displacement measurements from different positions can be used to synthesize an image based on the synthetic aperture imaging approach.

The usual method of steering a light beam is by the use of one or more movable mirrors. This is also called angular scanning. The following figure shows a scheme for an x-y scan over a surface using two separate deflecting mirrors. Such a setup is mechanically simpler than using one mirror incorporating two axes of rotation. However, the second mirror must be large enough to accommodate the small deviations of the beam as the first mirror scans. As the angle of incidence at the specimen surface is not constant, it is not possible to make use of specular reflection with this scanning method. It is thus only suitable for rough surface. Note that the returned light may suffer random intensity and phase fluctuations due to speckle. In some cases, the signal may even be insufficient to allow ultrasonic displacement measurement.


Another scanning method called parallel scanning can be used to overcome the limitations of angular scanning. A scheme for producing a parallel scan using one lens is shown in the following figure. The axis of rotation of the mirror passes through one focus of the lens and the sample surface is in the other focal plane. Therefore, not only parallel scan can be achieved, the lens also focuses the laser beam onto the sample surface for maximum resolution and minimum sensitivity to the tilt of the surface. Note that the lens must be at least as large as the surface area to be scanned.


Despite of the advantages of laser based displacement detection over conventional piezoelectric techniques, the widespread use of optical detectors in ultrasound has been limited due to the low sensitivity. The sensitivity may be increased by appropriately choosing an interferometer. For example, it was demonstrated that a confocal Fabry-Perot interferometer could reduce the noise by several dB over reference beam interferometer. However, the sensitivity may still be significant lower than that of a conventional piezoelectric transducer. Another possibility is to use an active optical detector. In this case, a laser is directly modulated by an incident ultrasound signal. The effects of small surface displacement quickly build up in the optical resonator, resulting in large optical field changes within the cavity and a significantly altered output. Since the speed of light is much faster than the speed of sound, changes within the resonator effectively follow the acoustic modulations instantaneously, providing large bandwidth, high sensitivity ultrasound detection.

The following figure illustrates the fundamental difference between a passive detector and an active detector. In passive detection, acoustic displacements change the optical path length of the probe. The reflected beam is phase modulated with phase change described by 
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 is the optical wavelength. An active detector, on the other hand, uses optical frequency modulation. In other words, the laser cavity length is modulated by the displacement, changing the boundary conditions such that instantaneous frequency shifts are proportional to the surface motion created by incident acoustic waves. Therefore, the instantaneous optical frequency shift is given by 
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 is the optical carrier frequency and L is the unmodulated cavity length. Generally speaking, the active detector must be small in cross-section to define an high frequency array element. In addition, a short optical cavity is desired for improved sensitivity.



An active detection system consisting of a neodymium-doped glass waveguide laser within an optical demodulator has been proposed. The cavity is defined by the waveguide channel and two end reflectors. A dielectric mirror serves as one cavity reflector and the acoustically modulated surface. Cross-section of the wave guide has a width and a depth of about 3
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, suitable for phased array operation at frequencies up to about 500MHz. With such a structure, two-dimensional arrays can also be constructed easily without cross talk, unwanted resonances and cabling difficulties associated with piezoelectric arrays.

3. Ultrasonic generation by laser

Several physical processes may occur when a laser beam impinges on a surface. At relatively low incident powers, these processes include heating, thermal wave generation, acoustic wave generation and electrical current flow. At higher powers, ablation may take place and plasma may be formed. In here, we will restrict in the power range for acoustic wave generation. Such a process is also known as the thermoelastic process, which is demonstrated in the following figure.

For a material with a constant absorption coefficient and assuming the surface is non-reflecting, the absorbed energy is proportional both to the incident intensity I and the propagation distance z. Assuming the propagation direction is z, we have
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. If the surface is reflecting, then the absorbed energy 
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, where R is the reflection coefficient. Since the temperature rise is proportional to the absorbed energy, it can be easily shown that the temperature is also exponentially distributed from the surface of the illuminated material.

The temperature rise in the surface region is accompanied by thermal expansion, which in turns produces stresses and strains within the material. In a 1D model, it has been shown that in the absence of any constraints, a strain in the z direction 
[image: image14.wmf]zz

e

 is produced by


[image: image15.wmf])

,

(

t

z

T

zz

ad

e

=

,

where is the coefficient of linear thermal expansion. Note that the strains in the x and y directions were ignored in the above equation. If there are non-zero strains in the x and y directions, it can be shown that the stress-strain relationship becomes
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 is the stress in the z direction,  and are the lamé constants, and 
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 is the bulk modulus of elasticity. Thus, the motion equation of the acoustic wave becomes
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where 
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 is the density and u is the displacement.




For a 3D model, it is convenient to consider the source as a center of expansion that takes place within a very small volume. If the center is buried within an isotropic material, the it is equivalent to insert a small extra volume 
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of material at that point. In other words, we have


[image: image22.wmf]T

V

V

zz

yy

xx

ad

d

e

e

e

=

=

=

=

3

1

.

This also produces the same stress field locally as a hydrostatic pressure, i.e.,
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In some applications, the thermoelastic source can be represented as a point dilatation at the surface. Neglecting any finite extent of the source and any effects due to thermal conductivity, the far-field radiation pattern can be derived based on the fact that the only non-zero stress components are the ones parallel to the surface. Although several different approaches have been proposed, all indicated that the angular dependence (i.e., directivity) of the radial displacement field (longitudinal) has a peak at an angle around 60 degrees from the normal direction. Similar observation has also been found for the shear wave with a smaller angle (i.e., closer to the normal direction). Apparently, the directivity becomes an important issue when using laser to perform array imaging. The following figure shows a typical directivity pattern of longitudinal waves generated in the thermoelastic regime (simulation, in aluminium).


There are significant differences between laser ultrasonic sources and piezoelectric sources. Some of the differences are summarized in the following table.

	Parameter
	Laser Generated Ultrasound
	Piezoelectric Source

	Contact
	Remote, non-contact.
	Direct contact is required.

	Couplant
	Not necessary.
	Required, may produce sensitivity variations.

	Ultrasonic Amplitude.
	Comparable to piezoelectric source..
	Comparable to laser-generated source.

	Beam Directivity
	Off center.
	Center. Omni-directional for small aperture.

	Signal Bandwidth
	Wide
	Relatively narrow.

	Size and weight
	Large, but can be remote.
	Small.

	Safety
	Precaution needed for eyes.
	Safe.


4. Applications in biomedical imaging

Two main applications in medical imaging based on photo-acoustic techniques are (1). High frequency acoustic imaging using photo-acoustic phased arrays, and (2). Opto-acoustic imaging based on thermoelastic generation of acoustic waves. Please refer to the following list of papers for details.

1. J. D. Hamilton and O’Donnell, “High frequency ultrasound imaging with optical arrays”, IEEE Trans. on Ultrason. Ferroelect., Freq. Contr., vol. 45, no. 1, pp. 216-235, May 1998..

2. J. D. Hamilton, C. J. Brooks, G. L. Vossler and M. O’Donnell, “High frequency ultrasound imaging using an active optical detector”, IEEE Trans. on Ultrason. Ferroelect., Freq. Contr., vol. 45, no. 3, pp. 719-727, May 1998.

3. R. O. Esenaliev, A. A. Karabutov and A. A. Oraevsky, “Sensitivity of laser opto-acoustic imaging in detection of small deeply embedded tumors”, IEEE Journal of Selected Topics in Quantum Electronics, vol. 5, no. 4, pp. 981-988, July/Aug. 1999.

4. Viator, Jacques and Prahl, “Depth profiling of absorbing soft materials using photoacoustic methods”, IEEE Journal of Selected Topics in Quantum Electronics, vol. 5, no. 4, pp. 989-996, July/Aug. 1999.

5. Lee and Doukas, “Laser-generated stress waves and their effects on the cell membrane”, IEEE Journal of Selected Topics in Quantum Electronics, vol. 5, no. 4, pp. 997-1003, July/Aug. 1999.
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