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High-frequency ultrasound array element using thermoelastic expansion
in an elastomeric film
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The thermoelastic effect was used to produce high-frequency, broadband ultrasound in water. A
pulsed diode laser, followed by an erbium-doped fiber amplifier, was focused onto a light-absorbing
film deposited on a glass substrate. Conversion efficiency was improved by over 20 dB using an
elastomeric film instead of a more commonly used metallic one. Radiation pattern measurements
show that considerable energy is radiatee-&t45° for frequencies beyond 50 MHz. These results
show that the thermoelastic effect can be used to produce phased arrays for high-frequency
ultrasound imaging. €2001 American Institute of Physic§DOI: 10.1063/1.1388027

Optoacoustics is a promising alternative to piezoelectric45 MHz. The detected signal was amplified by 30 dB before
ity for high-frequency arrays. The size and location of a fo-data capture.
cused laser beam defines an array element. Optical genera- Figure 2a) shows single shot acquisition of the detected
tion of ultrasound is possible through a variety of signal. Accounting for the limited dynamic range of the digi-
mechanisms, the most common being the thermoelastidzer, the signal to noise rati®NR) is measured to be 38 dB.
effect’ A major drawback to thermoelastic generation hasin comparison, Fig. @) shows the signal generated from a
been poor conversion efficiency. It can be improved, how0.15-um-thick chromium film deposited on a glass slide. The
ever, by choosing a material possessing a high thermal exsignal required an additional 30 dB of amplification before
pansion coefficientw, for the light-absorbing structufe® ~ data capture. The SNR in this case is only 14 dB. The ther-
Elastomeric materials are particularly attractive since theynoelastic effect in the black PDMS film therefore has an
are often biologically safe, have large and can be depos- increased efficiency of 24 dB compared to the chromium
ited in thin films by spin castingIn particular, polydimeth-  film.
ylsiloxane (PDMS)® has a bulk linear coefficient of thermal The spectrum of the PDMS signal, averaged 100 times,
expansion ofey =310x 1076 um/um/ °C. This is almost IS shown by the solid curve in Fig. 3. The large fractional
five times higher than water and over an order of magnitud@@ndwidth is consistent with the tight time domain pulse. A
higher than many metals. Generation efficiency should incrude model of the signal spectrum, shown by the dashed
crease if the light-absorbing film is made with a large CUrve in Fig. .3, consists of multiplying the spectrum of the
material such as PDMS rather than the metallic films used i#S€r Pulse with the square root of the pulse echo response of

the pasf®~8Since PDMS is a transparent silicone, a suitaplethe transducer. Agreement is fairly good, indicating that the

dye or pigment must be added to make it optically absorbingspectrum of the radiated acoustic pulse is comparable to the

We spin coated and cured a mixture of PDMS, carborsPectrum of the laser pulse.
black? and toluene onto a microscope glass slide. The film
thickness is estimated to be 28n. The glass slide was then Transducer
mounted on the bottom of a water taffkg. 1). A5 cm focal \ l
length planoconvex lens focuses the laser pulse through the
glass slide onto the black PDMS film. The excitation source —
is a directly modulated, single transverse mode InGaAsP di- Amplifier
ode laser {=1.55um) followed by an erbium-doped fiber
amplifier (EDFA). The EDFA consists of 10 m of erbium- \ ¢
doped fiber pumped at 0.98m using a fiber coupled In- PDMS Water
GaAs diode laser. A 10 ns laser pulse with an energy of 30 nJ glass tank Data
was used for all studies. Ultrasound was detected by a \ Capture
spherically focusedf/1.4 PVDF transducer with a focal
length of 4.1 mm. The transducer has a center frequency of Laser

Lens

FIG. 1. Block diagram of experiment for thermoelastic generation of ultra-
@E|ectronic mail: odonnel@umich.edu sound.
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FIG. 2. Single shot acquisition of signal froa) black PDMS and(b)
chromium.

The effective size of the thermoelastic array element was
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estimated from the radiation pattern of the acoustic field. The
radiation pattern from the black PDMS film was measured
by scanning the transducer along an arc, covering an angular
range of+45° at 5° intervals. All signals were averaged 100
times during data capture. The square markers in Fig. 4 show
the measured radiation patterns for 15, 35, 50, and 70 MHz,
where the magnitude of the fast Fourier transform was used
at each position to estimate the signal strength. Considerable
energy is radiated at/—45°, even at 50 and 70 MHz. A
fairly good fit to the data was produced with the first
Rayleigh—Sommerfeld diffraction integral in the far field
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whereR= \x2+y?+ 72, cosé is the obliquity factorp(r,0)
is the pressure specified on the plave0, andB[ ] repre-
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FIG. 4. Measuredsquare markejsand simulatedsolid curve radiation
patterns at 15, 35, 50, and 70 MHz.

sents the Fourier—Bessel transform operation. The angular
integration performed by the transducer was also taken into
account. The solid curves in Fig. 4 correspond to a Gaussian
shaped circular aperture function fpfr,0) with a 142 di-
ameter of 35um. The acoustic spot size appears to be con-
siderably larger than the focus of the laser, estimated to be 15
um. A possible explanation for the larger than expected ele-
ment size is optical scattering within the carbon black pro-
ducing a halo surrounding the optical focus. Another possi-
bility is that interfacial waves, excited along the PDMS-glass
boundary, radiate longitudinal waves into the water as they
propagate away from the optical focus.

The diffraction integral in Eq(l) assumes a pressure
release baffle surrounding the array element. We find it sur-
prising that the model closely agrees with the data, consid-
ering that the glass substrate instead would seem to act more
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like a rigid baffle. Furthermore, any complex angular depensystem, regardless of the size of the element itself. Conse-

dencies of the radiation field due to acoustic boundary conguently, high quality electronic images at ultrasound frequen-

ditions at the PDMS-glass and PDMS-water interfaces wereies greater than 50 MHz are possible with a thermoelastic

smeared out by the angular integration performed by the dearray.

tecting transducer. Radiation pattern measurements with finer Further work is required to reduce the effective size of

spatial sampling are therefore required to gain a better urthe PDMS array element and design an accurate model of the

derstanding of the thermoelastic generation process. generation process. We believe these results using an elasto-
We have demonstrated a conversion efficiency increasmeric film show the potential of the thermoelastic effect in

of 24 dB simply by using a light-absorbing film with a high producing phased arrays for high-frequency ultrasound im-

thermal expansion coefficient. Further imaging improvemengging.

can be achieved by increasing the laser energy. We estimate
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