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Optical phase contrast imaging for absolute, quantitative
measurements of ultrasonic fields with frequencies up to 20 MHz

Aaron M. Goldfain,® Christopher S. Yung, Kimberly A. Briggman,® and Jeeseong Hwang®
Applied Physics Division, National Institute of Standards and Technology, Boulder, Colorado 80305, USA

ABSTRACT:

The technique of phase contrast imaging, combined with tomographic reconstructions, can rapidly measure
ultrasonic fields propagating in water, including ultrasonic fields with complex wavefront shapes, which are difficult
to characterize with standard hydrophone measurements. Furthermore, the technique can measure the absolute
pressure amplitudes of ultrasonic fields without requiring a pressure calibration. Absolute pressure measurements
have been previously demonstrated using optical imaging methods for ultrasonic frequencies below 2.5 MHz. The
present work demonstrates that phase contrast imaging can accurately measure ultrasonic fields with frequencies up
to 20MHz and pressure amplitudes near 10kPa. Accurate measurements at high ultrasonic frequencies are
performed by tailoring the measurement conditions to limit optical diffraction as guided by a simple dimensionless
parameter. In some situations, differences between high frequency measurements made with the phase contrast
method and a calibrated hydrophone become apparent, and the reasons for these differences are discussed.
Extending optical imaging measurements to high ultrasonic frequencies could facilitate quantitative applications of
ultrasound measurements in nondestructive testing and medical therapeutics and diagnostics such as photoacoustic

imaging. https://doi.org/10.1121/10.0005431
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I. INTRODUCTION

Quantitative measurements of ultrasonic fields in water are
critical to a variety of applications, including nondestructive
testing, as well as medical imaging and therapeutics, including
ultrasound and photoacoustic imaging, and ultrasonic tissue
ablation. The most common method for measuring an ultra-
sonic pressure field is scanning a small receive area, calibrated,
piezoelectric or fiber optic hydrophone throughout the field to
collect the pressure vs time curves at many points as described
in the International Electrotechnical Commission’s (IEC) stand-
ards 62127-1 and 62127-3." The hydrophone is typically cali-
brated either by a primary measurement in a metrology institute
or through a secondary comparison to a previously calibrated
hydrophone as described in IEC 62127-2."47® The most widely
used primary calibration method for the 1-20 MHz frequency
range is based on optical interferometric measurements of the
displacement of a thin pellicle caused by a planar ultrasonic
wave.” "2 The reciprocity method also has been demonstrated
as a primary calibration method at frequencies up to
15 MHz,"*'* and time delay spectrometry, a relative calibration
procedure, can be used to extend an absolute calibration to
additional frequencies.'®

Although effective for many applications, scanning a
calibrated hydrophone to measure a three-dimensional (3D)
ultrasonic field has numerous limitations, especially when
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measuring ultrasonic fields generated during photoacoustic
imaging. Hydrophone scanning is slow as a result of the
mechanical movement of the hydrophone, it can perturb the
field being measured, it requires the measurement conditions
(temperature, water purity, etc.) to match those under which
the primary calibration of the hydrophone was performed,
and the pressure wavefront’s shape must match the shape of
the hydrophone surface."*'® Commercially available cali-
brated hydrophones typically have flat-end active elements
at the sensing end or aperture and the calibration is per-
formed with plane wave ultrasonic fields, therefore, the
wavefronts of the pressure field being evaluated must be
normal to and planar across the sensing aperture for the best
accuracy. If deviations from the planarity are comparable to
or larger than the ultrasonic wavelength, the measurement
accuracy is compromised because the hydrophone’s output
is typically sensitive to only the average integrated pressure
across its active element.'”'® Frequency-dependent correc-
tion factors, which account for this spatial averaging effect,
can restore the measurement accuracy,2‘3’5 17220 byt obtain-
ing the correction factors increases the measurement burden
and requires assumptions or prior knowledge of the ultra-
sonic field’s shape. Smaller aperture hydrophones are less
susceptible to spatial averaging errors,> but they have sig-
nificantly lower sensitivities. Thus, hydrophone scanning is
difficult to apply to ultrasonic fields generated during photo-
acoustic imaging, which can have ultrasonic frequencies
from a few MHz to over 100 MHz,'® have varying wave-
front shapes due to the complex structures of the tissues
where the waves originate®'?* and have relatively low-
pressure amplitudes (typically below 10 kPa).*?
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A wide range of novel optical methods are being explored
to characterize spatially complex ultrasonic fields with high fre-
quencies and lower pressures. These methods have been
reviewed in detail elsewhere'®** and can be broadly catego-
rized as free-space optical imaging methods, which are sensitive
to the refractive index (RI) change that an ultrasonic field indu-
ces in the propagating medium,”"*>° methods that measure
changes in an optical resonator due to the ultrasonic field,*'
and methods that measure displacements or RI changes at the
surface of the ultrasound propagating media.**~° Similar to
measurements with piezoelectric or fiber optic hydrophones,
optical resonator methods and surface-based methods rely on
having the sensing element or surface within the ultrasonic
field, which can disturb the field being measured.

Free-space optical imaging methods, on the other hand,
are particularly well suited for characterizing ultrasonic
fields with spatially complex wavefronts. Optical imaging
methods can be 10-100 times faster than hydrophone scan-
ning methods, they do not perturb the pressure field because
they do not involve a physical ultrasound sensor, and can
measure pressure wavefronts of arbitrary shapes.'¢>26-37-38
Optical imaging methods exploit the piezo-optic effect,
wherein the local RI of the ultrasound propagating media
(typically water) changes in response to the propagating
ultrasonic pressure, which, in turn, induces a phase shift in
the light that traverses the ultrasonic field. The methods
involve measuring the change in the phase of a light wave
that traverses the propagating ultrasonic pressure field and
performing a tomographic reconstruction to determine the
3D pressure distribution.'®*® Many related phase measure-
ment schemes have been reported, including (but not limited
to) schlieren imaging,>’>° optical shadowgraphy,” laser
doppler vibrometry,?’ and quantitative phase contrast imag-
ing.>>% In principle, all of these techniques can measure the
absolute pressure amplitudes if the piezo-optic coefficient of
the media and wavelength of the light are known. However,
because of practical difficulties, without comparison to an
absolute pressure calibration measurement, these techniques
often produce only a measurement of the relative pressure
amplitudes.27’29’39’40 To our knowledge, measurements of
absolute pressure amplitudes have not been demonstrated
with optical imaging methods for ultrasonic frequencies
above 2.5 MHz >>28-30-37

The measurement accuracy of the optical imaging of
ultrasound can be compromised at high ultrasonic frequen-
cies when light diffraction by the ultrasonic field becomes
significant. A simple dimensionless parameter, the Klein-
Cook parameter,*'** describes when diffraction effects are
significant and may be used as a metric to understand and
modify the experimental conditions to improve the measure-
ment accuracy at high frequencies. By comparing optical
phase contrast measurements of ultrasonic fields to measure-
ments made with a calibrated hydrophone, this paper dem-
onstrates that phase contrast imaging can accurately
measure ultrasonic fields with frequencies up to 20 MHz.
Phase contrast imaging could serve to quickly and quantita-
tively characterize spatially complex ultrasonic fields with
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high frequencies such as those generated in nondestructive
testing,*> ultrasound imaging,** or photoacoustic imag-
ing.'®2!3% In these imaging applications, the high-
resolution spatial information provided by the phase contrast
imaging can improve the reconstructed image quality.”?
Although it is not the focus of the present work, phase con-
trast imaging might also be developed as a primary calibra-
tion method for hydrophones and transducers.

Il. METHODS
A. Measurement concept

A pressure field propagating in a medium can be opti-
cally imaged because a local change in the RI of the
pressure-induced medium modifies the phase of the trans-
mitted light. The pressure-induced local RI change is
An = APC,, where AP is the difference between the
induced and ambient pressure and C, is the piezo-optic coef-
ficient.?® For small pressure amplitudes (<10 MPa in water),
C, is approximately constant.*® When a collimated optical
beam (vacuum wavelength A1) passes through an ultrasonic
pressure field, assuming light diffraction effects are negligi-
ble, the intensity of the optical beam transmitted through the
pressure field remains unchanged. However, the transmitted
light acquires a spatially varying phase shift

2nC
(P(y7 Z) - ;L

JAP(x,y, z)dx, (1)

where the integral is in the direction of light propaga-
tion."®?® This instantaneous phase shift can be measured
with quantitative phase contrast imaging, and a tomographic
reconstruction (Sec. II D) can invert the pressure integral to
determine the 3D distribution of the pressure field.

Both Eq. (1) and the tomographic reconstruction step
assume light traverses straight through the ultrasonic field with
negligible optical diffraction effects. In this case, the light field
acquires only a phase shift and little amplitude variation.*' The
problem of light diffraction by ultrasound has been studied in
detail. For sinusoidal, planar ultrasonic fields of frequency
f and amplitude AP, the optical amplitude variations
remain small if both the Raman-Nath parameter* (the maxi-
mum phase shift), v = 2nC,LAP /2 < 1, and the Klein-

Cook parameter,‘”’42
2nlLf?
0=""" <, @

where L is the extent of the ultrasonic field in the light’s
propagation direction, n is the RI of the undisturbed
medium, and c¢ is the speed of sound. Thus, diffraction
effects are more significant at higher pressure amplitudes, at
higher ultrasonic frequencies, and for ultrasonic fields with
a larger spatial extent. In this work, light diffraction effects
are limited by maintaining the experimental conditions such
that v < 0.05 (largest measured phase shift) and QO < 2.4
(A=470nm, L=6mm, f =20MHz in water) as detailed
below in Sec. III.
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B. Phase contrast apparatus

A custom-built quantitative phase contrast imaging sys-
tem is used to measure the spatially varying phase shift that
light acquires on traversing a pressure field generated by an
ultrasonic transducer. Although many other optical imaging
methods can measure the phase shift of light,'®?® here, a
quantitative phase contrast imaging approach is used
because it is inherently capable of wide-field phase imaging,
involves simple image postprocessing steps, and allows the
imaging system to be focused at the center of the ultrasonic
field, which helps to minimize optical diffraction effects.”®
Phase contrast imaging requires a few repeated measurements
of the same ultrasonic field in which different optical filters are
placed in the imaging path, but this is not usually a significant
limitation when the same ultrasonic fields can be repeatedly
generated. Phase contrast imaging also requires the ultrasound
propagating media (typically water) to be free from small par-
ticulates because particles in the light path can scatter light and
appear as noise in the recorded images.

Figure 1(A) is a schematic of the quantitative phase con-
trast imaging system, which is based on the concept from
Refs. 25 and 30. Strobed illumination by a pulsed diode laser
(470nm, 130ps, 80mW peak power; Hamamatsu PLP10-
047, Bridgewater, NJ, USA), synchronized with the ultra-
sound generation, captures a snapshot of the instantaneous
ultrasonic field. The laser light is spatially filtered through a
single-mode optical fiber (Thorlabs 460HP, Newton, NIJ,
USA) and collimated into a wide-field illumination beam
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FIG. 1. (Color online) (A) A top view of the phase contrast imaging appara-
tus and coordinate system (bottom left). (B) Cross-sectional cartoons of the
circular Fourier filters. [(C)—(E)] Images of a planar, 5 MHz, 5-cycle, tone
burst pressure field. (C) The raw camera image with the 7/2 Fourier filter.
(D) The calculated phase shift image. Note that the y axis coordinate is
into-the-page in the schematic in (A). (E) The reconstructed axisymmetric
pressure distribution. The horizontal direction is the radial direction, r, in
the axisymmetric reconstruction with the axis of symmetry (AOS) in the
center of the image. The scale bar in (C) applies to (D) and (E) as well.
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with lens 1 (Thorlabs AC254-075-A-ML). A 4f system*’
(lens 2 and 3; Thorlabs AC508-250-A-ML and AC508-150-
A-ML) focused in the center of the ultrasonic field relays the
image through a Fourier filter and to a camera (Mightex
MCE-B013-UW, Pleasanton, CA, USA). The pixel size in
the image corresponds to 8.74 um x 8.74 um as calibrated
with a 1951 USAF target (Edmund Optics DAOO7E,
Barrington, NJ, USA), and the total field of view of the image
is 11.2mm x 8.95mm (1280 pixels x 1024 pixels), which is
large enough to capture the entire extent of the measured
ultrasonic fields. Portions of the water tank are lined with
0.5 in. thick, angled polyurethane (McMaster-Carr 8716K66,
Elmhurst, IL, USA) such that ultrasound reflections from the
inner wall of the aluminum water tank are attenuated and do
not reenter the detection volume.

Three separate images are acquired, each with different
Fourier filters [termed the “m/2,” “37/2,” and “aperture” fil-
ters; Fig. 1(B)], to calculate the acquired phase shift. The fil-
ters modify the zero-order Fourier component of the image
differently than the rest of the image. The n/2 and 3n/2 fil-
ters are lin. in diameter, fused silica optical flats
(ThorlabsWG41010, Newton, NJ, USA) with a 100 um
diameter and optically flat recesses on one side (260-nm and
750-nm depths, respectively). The recesses are fabricated
using a fluoroform and argon reactive ion dry etch.
[lumination through the 260 = 10 nm deep or 750 = 10 nm
deep recesses (as measured with a Tencor to KLA Tencor.
Milpitas, CA, USA) results in phase shifts of the zero-order
beam by m/2 or 3n/2, respectively. The aperture filter is an
optical flat with 100nm of aluminum magnetron sputter
coated everywhere except over a 100 um diameter circle in
the center of the flat.

C. Imaging ultrasonic fields

In this paper, a variety of ultrasonic fields generated by
different types of piezoelectric transducers with varying
waveforms and frequencies are investigated. The waveforms
include 2-20 MHz sinusoidal tone bursts with both planar
and curved wavefronts and a broadband pulse with a planar
wavefront. A 5MHz, 6mm diameter flat transducer
(Olympus V310-SU, Waltham, MA USA) is used for planar
tone bursts with frequencies of 2-5 MHz as well as for the
broadband pulse; a 50 MHz, 6 mm diameter flat transducer
(Olympus V358-SU) for planar tone bursts with frequencies
of 7.5-20MHz; a 5MHz, 25 mm diameter focused trans-
ducer (CTS Valpey ILO506HR, 19mm focal length,
Hopkinton, MA, USA) for curved tone bursts with frequen-
cies of 2-5MHz; and a 50 MHz, 6 mm diameter focused
transducer (Olympus V390-SU/RM, 13 mm focal length) for
curved tone bursts with frequencies of 7.5-20 MHz. For the
tone bursts, driving voltages of 1-5 V peak-to-peak are used
with the lower voltages being used near the resonant fre-
quencies of the transducers to keep the peak pressure ampli-
tudes similar at each frequency and well below the 100- kPa
damage threshold for the hydrophone (described in Sec.
ITE) used to detect the ultrasonic fields. The broadband

Goldfain et al.


https://doi.org/10.1121/10.0005431

electronic pulse is approximately Gaussian shaped with a
voltage amplitude of 120V and a full width at half-
maximum of 4ns. As seen in Sec. III, the peak ultrasonic
pressure amplitudes are a few kPa for planar waves and tens
of kPa for the focused waves. This pressure range is typical
for photoacoustic imaging® but significantly smaller than
the few MPa pressures used in medical ultrasonic imaging.’
Because the pressure amplitudes are relatively small and all
ultrasound measurements are made within 28 mm of the
transducer’s active element, the nonlinear propagation
parameter (also called the local distortion parameter) is kept
below 0.1, and the nonlinear propagation effects are not
expected to be significant.’

To image the ultrasonic pulses, the laser pulse illumina-
tion and ultrasonic pulse generation are synchronized with a
function generator (Tektronix AFG3252, Beaverton, OR,
USA). For the tone bursts, the electronic burst train is gener-
ated with the same function generator, and for the broad-
band pulse, the pulse train is generated with an ultrasonic
pulser/receiver (energy setting 1, damping setting O;
Panametrics 5601 A/TT, Waltham, MA, USA). To account
for the time that the ultrasound takes to travel from the
transducer into the imaging field of view, the laser pulse
generation is delayed relative to the ultrasound generation.
For the tone bursts, a burst repetition rate of 125 kHz with a
camera exposure time of 345 ms is used, and for the broad-
band pulse, a burst repetition rate of 10kHz with a camera
exposure time of 750ms is used. Therefore, each image
with a Fourier filter is the sum of multiple snapshots with
many identical pulses for an improved signal-to-noise ratio.
A more energetic laser and a more sensitive camera would
facilitate fewer pulses per exposure time. All data are
recorded with the water bath at 23 °C as measured with an
electronic thermometer (ThermoWorks Thermamite 3,
American Fork, UT, USA) placed near the ultrasonic
transducer.

To calculate the optical phase shift image (see Sec.
IID), five images are recorded for each ultrasonic field:
I on and I o with the m/2 filter installed and the trans-
ducer on and off; I_,, and /_ .y with the 37/2 filter
installed and the transducer on and off; and /,.;, with the
aperture filter installed and the transducer on. Each image
represents the average of 10 consecutive frames for the
tone bursts or 100 frames for the broadband pulse, which
effectively reduces camera shot noise and noise resulting
from occasional stray dust particles in the water bath. The
broadband pulse requires more frames to reduce the shot
noise because of the lower number of pulses per image
exposure time. Last, a dark image (average of 300 frames)
recorded with no illumination is subtracted from each
image. The measurement procedure requires about 10 min
for the tone bursts and 15min for the broadband pulse,
including about 5min to manually change and align the
Fourier filters. Although not implemented here, a more
energetic light source and automated filter wheel or liquid
crystal spatial light modulator could significantly reduce
the measurement time.
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D. Pressure distribution reconstruction

The optical phase shift is calculated from the five recorded
images in the same manner as in Refs. 25 and 30. The initial
electric field, E, after transmission through the ultrasonic field
becomes E = Eye'? = Eye'® — a + a, where a is the zero-
order component of the electric field that the phase filter modi-
fies, and Epe’® — a is the rest of the field. Thus, the transmitted
intensities are I o5 = ‘Eoei"’ — o+ ozei"/2| s I _on = |Eye’?
—a + aeB/ 2|2, Lero = | 2, acquired with the /2 filter, 37/2
filter, and aperture filter, respectively. If no sound field is pre-
sent (the transducer is off), the recorded intensities with the /2
and 37/2 filters are I o = |E0|2 and I_ o = \E0|2, respec-
tively. These equations can be solved for the phase shift,
yielding

(1+,0r1 - ]+7off) - (1—,on - ]—pff)

sin ¢ = 3
¢ 4E,0 Vv Izero ( )
and
cos ¢ = \/Izero . (I+‘0n - I+,0ff) - (If.on - [7,off)
Ey 4E"y Vzero 7
“)

where E6 = /Ly oft +1_off) /2. The inverse tangent opera-

tion determines ¢ from Egs. (3) and (4).

Because the ultrasonic fields imaged are axisymmetric,
a tomographic reconstruction is performed by applying the
inverse Abel transform*® to a single phase image. The
inverse Abel transform is applied with the Python package
PyAbel* using the BASEX method™ and a regularization
parameter of 1000. Smaller values for the regularization
parameter lead to more noise near the axis of symmetry
(AQOS), but if the parameter is made too large, the recon-
structed pressure amplitude begins to decrease near the
AOS.*% The value of Cp=(1.43 =0.06) x 10" "°Pa~"is
used based on Ref. 51 for 470 nm light in pure water at
23 °C. Whereas the measurements here are of axisymmetric
pressure fields, non-axisymmetric fields could be measured
by capturing multiple phase contrast images after rotating
the ultrasonic source and using the inverse Radon transform
to perform the tomographic reconstruction.?'*>-°

E. Hydrophone comparison

The local pressure amplitudes in the reconstructed pres-
sure fields are compared to separate measurements with a
commercial calibrated hydrophone (HNP-1000, Onda
Corporation. Sunnyvale, CA, USA), which has a 1mm
diameter aperture. For the hydrophone measurement, the
hydrophone is oriented perpendicular to the ultrasonic
wavefronts and kept in the y-z plane, which intersects the
transducer’s AOS [see the coordinate definitions in Fig.
1(A)]. The ultrasonic field is measured at different locations
in the y-z plane within the field of view of the imaging sys-
tem. The hydrophone measurement location within the field
of view is determined by recording an image of the
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hydrophone aperture with the phase imaging camera. The
voltage vs time signals are digitized with a memory wave-
form digitizer (Alazar Technologies ATS9350-102, Pointe
Claire, Quebec, Canada). A preamp (Onda Technologies
AH-2010-100) and direct current (DC) block filter (Onda
Technologies BNP) are used between the hydrophone and
digitizer. To reduce random noise, 100 repeated measure-
ments are averaged. The manufacturer (Onda
Technologies) of the hydrophone and preamplifier pro-
vides a frequency-dependent voltage-to-pressure ampli-
tude calibration [traceable to the National Physical
Laboratory (NPL) in the United Kingdom] for the hydro-
phone and preamplifier combination, which is nominally
2000nV/Pa but varies slightly with the frequency. The
provided uncertainty in the calibration is 11% for ultra-
sonic frequencies from 1 MHz up to (but not including)
ISMHz and 16% for frequencies of 15-20MHz.
According to the manufacturer, the hydrophone was cali-
brated through a comparison to a reference hydrophone
provided by NPL, and the uncertainty in the calibration is
mainly due to systematic uncertainties in the reference
hydrophone’s calibration.

lll. RESULTS AND DISCUSSION

Sinusoidal tone bursts and a broadband pulse generated
from flat ultrasonic transducers (Fig. 2) are first examined.
The calibrated hydrophone is used to record the pressure vs
time curves at various locations in the y-z plane, and for each
measurement location, the position of the hydrophone aperture
is determined by recording an image of it with the phase con-
trast camera. Then, phase contrast images of the ultrasonic
field with no hydrophone are recorded. The ultrasound mea-
surement locations are approximately 25 mm from the face of
the transducer. A pressure vs time curve is obtained from the
phase contrast measurements by calculating the average pres-
sure across the area corresponding to the hydrophone’s geo-
metric aperture in each x-y plane of the reconstructed pressure
distribution. Spatial averaging of the phase contrast measure-
ment across the hydrophone’s aperture mimics the hydro-
phone response, which is expected to be proportional to the
average pressure across the hydrophone aperture.z’”’18 The
effective and geometrical apertures of the hydrophone are
assumed equivalent, which is justified by previous studies of
needle polyvinylidene fluoride hydrophones given that nfD/c
> 4 in the present measurement conditions, where D is the
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FIG. 2. (Color online) Pressure fields generated from flat ultrasonic transducers. [(A)—(D)] 2 MHz, 10 MHz, 15 MHz, and 20 MHz tone bursts. (E) The
broadband pulse. The left panels show the pressure wave images reconstructed from the phase contrast images with the images in (B)—(E) expanded. The
images are recorded approximately 25 mm from the surface of each transducer. The plots on the right show the pressure vs time curves measured with the
hydrophone and phase contrast methods. These curves are measured at the locations (1, 2, and 3) indicated by the pink bars and numbers in (A), left. The
thicknesses of the curves represent the measurement uncertainty. In all of the images, the lengths of the pink bars represent the 1 mm diameter hydrophone
aperture and serve as 1 mm scale bars for the images. The lower pressure amplitude measured in (A) (see curves for locations 2 and 3) is due to the relatively
weak efficiency of the 5 MHz transducer when driven at 2 MHz. In (E), the frequency spectrum of the broadband pulse along the transducer AOS, as mea-

sured with both methods, is shown to the far right.
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hydrophone aperture’s geometric diameter.'®> The speed of
sound is used to convert the z coordinate of the reconstruction
into a time coordinate [see the coordinate definitions in Fig.
1(A)]. This space-to-time coordinate conversion is possible
because when traversing the field of view, the planar pressure
waves do not change shape and are not significantly attenu-
ated. As expected from the information supplied by the trans-
ducer manufacturers, the pressure amplitude is largest along
the AOS of the transducer.

The phase contrast imaging measurement (blue) and
hydrophone method (black) show excellent agreement as seen
in the overlaid pressure vs time curves in Fig. 2. To overlay
the curves, no fitting parameters are used except a constant
time offset to align the curves in time. The thickness of each
curve represents its uncertainty. The plotted uncertainty in the
hydrophone measurements accounts for the calibration uncer-
tainty (types A and B), whereas the plotted uncertainty in the
phase contrast measurements accounts for the uncertainty in
Cp (type B), and the variation of six repeated measurements
(type A) in which the delay time between the ultrasonic and
laser pulses is varied by up to 1.5 us. Along the AOS (i.e.,
location 3), the two measurements agree well at all frequen-
cies, but note that toward the edge of the field of view (i.e.,
location 1), for the 20 MHz tone burst, the phase contrast
method measures a lower pressure amplitude modulation and
shows a slightly different waveform shape at the start and end
of the tone burst. The differences in the waveform amplitude
and shape at this high frequency likely result from the

emergence of optical diffraction effects as discussed below.
Despite these differences, the two methods measure the same
ultrasonic frequencies for all of the measured tone bursts. This
agreement is confirmed in the curves from the broadband
pulse measurements. The two frequency spectra recorded at
the same location along the transducer AOS [Fig. 2(E), far
right] agree well up to 20 MHz.

Next, sinusoidal ultrasonic tone bursts generated from
focused ultrasonic transducers are examined and compared to
hydrophone measurements at different locations, 3 mm and
9mm, beyond the focal point of the transducer (Fig. 3).
Measurements are made both on the AOS (on-AOS) and off
the AOS (off-AOS) of the transducer with the hydrophone
kept in the y-z plane and oriented normal to the local ultra-
sonic wavefronts. The orientation and position of the hydro-
phone aperture is verified by recording an image of it with the
phase contrast camera. To acquire the pressure vs time curves
from the imaging method, the z-coordinate cannot be con-
verted into a time axis as with the flat transducers because the
curved wavefronts propagate and expand radially. Instead, the
delay time between the ultrasonic and laser pulses is incre-
mentally varied. For each delay time, the average pressure
across the hydrophone’s geometric aperture is calculated,
thereby generating a pressure vs time curve that mimics the
hydrophone’s spatially averaged response (again, assuming
the effective aperture is the geometric aperture).

For the 2 MHz tone burst, the pressure vs time wave-
forms obtained from each method at 3mm beyond the
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FIG. 3. (Color online) Spherically expanding pressure fields generated from focused ultrasonic transducers. [(A)—(D)] 2MHz, 10 MHz, 15 MHz, and
20 MHz tone bursts. The left panels show the pressure wave images reconstructed from the phase contrast images recorded 3 mm beyond the ultrasonic focal
point with the images in (B)—(D) expanded. In all of the parts, the pink bars serve as | mm scale bars, which represent the diameter of the hydrophone’s aper-
ture and serve as 1 mm scale bars for the images. The plots to the right show the pressure vs time curves measured with the hydrophone and phase contrast
methods. The thicknesses of the curves represent the measurement uncertainty. In (A), these curves are measured 3 mm beyond the ultrasonic focal point at
the locations (1 and 2) indicated by the pink bars and numbers in (A), left. In (B)—(D), the pressure vs time curves are measured along the transducer’s AOS,

3 mm (leftmost plots) and 9 mm (rightmost plots) beyond the focal point.
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ultrasonic focal point agree well regardless of whether the
waveform is on-AOS or off-AOS (top two plots in Fig. 3).
However, the overlaid waveforms for the 10 MHz tone burst
show differences at the 3 mm on-AOS location and the dif-
ferences increase with frequency [left plots in Figs.
3(B)-3(D)]. On the other hand, the waveforms agree well at
the on-AOS location further away (9 mm) from the focal
point [right plots in Figs. 3(B)-3(D)]. The increased noise in
the phase contrast curve in the rightmost panel of Fig. 3(B)
is due to a dust particle in the water bath, which drifts near
the ultrasonic field. The plotted uncertainty in the curves for
the hydrophone measurements accounts for the calibration
uncertainty (types A and B), whereas the plotted uncertainty
in the phase measurements accounts for the uncertainty in
Cp (type B) and the background shot noise level in the
reconstructed pressure distributions (type B).

Based on the series of measurements described above,
the frequency of the tone burst and measurement location
are found to be key experimental parameters that affect the
agreement between the two methods. Note that measure-
ment differences are not noticeable in flat transducers,
except for the 20 MHz tone bursts obtained at the far off-
AOS location [Fig. 2(D), leftmost plot]. However, more
noticeable differences are observed with focused transducers
at frequencies of 10 MHz and higher when the measurement
point is 3 mm beyond the focal point [Figs. 3(B)-3(D), cen-
ter]. Figure 4 summarizes the differences between the mea-
surements made with the phase contrast and hydrophone
methods. To quantify the difference as a function of the fre-
quency and measurement location, the ratio, (. — f8,)/ s
is calculated where f5. and f3;, are the spectral amplitudes at
the fundamental frequencies of the tone burst as measured
by the phase contrast and hydrophone measurements,
respectively. Figure 4(A) displays the calculated measure-
ment difference vs frequency for flat transducers, obtained
for on-AOS (location 3 in Fig. 2) and off-AOS (location 1 in
Fig. 2) locations 25 mm away from the transducer surface.
Figure 4(B) displays the measurement differences for
focused transducers at two different on-AOS locations,
3mm and 9 mm beyond the ultrasonic focal point. For each
type of transducer, the results are compared at these loca-
tions because these locations show the most significant vari-
ation in the measurement differences.

For flat transducers [Fig. 4(A)] at both locations, the
measurement differences are consistent with zero, verifying
that the results of the phase contrast and hydrophone meth-
ods agree well. At the off-AOS location (i.e., at the edge of
the field of view), the phase contrast method measures a
somewhat lower amplitude at high frequencies, resulting in
slightly negative difference values. The measurement differ-
ences at the on-AOS location are averaged from two
repeated measurements and at the off-AOS location, four
repeated measurements are averaged. The plotted uncer-
tainty accounts for the uncertainty in the hydrophone cali-
bration (types A and B), the uncertainty in Cp (type B), and
the variation of the difference from the repeated measure-
ments (type A). The uncertainty in the difference
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FIG. 4. The differences between the optical and hydrophone measurements.
f. and f3, are the spectral amplitudes at the fundamental frequencies of the
ultrasonic tone bursts as measured by the phase contrast and hydrophone
measurements, respectively. (A) The measurement difference as a function
of the frequency for planar wavefronts on and off the AOS [positions 1 and
3 in Fig. 2(A)]. On-AOS, the total uncertainty in the measurement differ-
ence increases from 12% at 2MHz to 18% at 20 MHz, and off-AOS it
increases from 14% to 29%. (B) The measurement difference as a function
of the frequency along the AOS of curved wavefronts 3mm and 9 mm
beyond the focus of the transducer. Note the different vertical scales in (A)
and (B).

measurement becomes larger at the edge of the field of view
at high frequencies. This increasing uncertainty is due to a
larger variation in the measured values with repeated phase
contrast measurements and, thus, reflects a decreasing accu-
racy away from the AOS. At 2 MHz, the uncertainty contri-
bution due to the phase contrast measurements is 4% on-
AOS and 8% off-AOS, whereas at 20 MHz, it is 18% on-
AOS and 24% off-AOS.

Figure 4(B) shows the difference between the two
methods as a function of frequency for curved wavefronts
generated from focused transducers as measured along the
transducers’ AOS at 3mm and 9mm beyond the trans-
ducers’ focus. The plotted uncertainty accounts for the
uncertainty in the hydrophone calibration (types A and B),
the uncertainty in Cp (type B), and shot noise in the image
(type B). Close to the focus, the hydrophone method mea-
sures a significantly smaller amplitude at high frequencies,
resulting in a large positive measurement difference. This
difference is likely due to the near field effect. The near field
effect can reduce the accuracy of the hydrophone measure-
ments when the distance between the focus and hydrophone
approaches the near field distance, d = sz /4c, where D is
the diameter of the hydrophone’s active element.”® This
effect arises because the curved shape of ultrasonic wave-
front does not match the flat shape of the hydrophone’s
active element. Indeed, by inspection of Figs. 3(B)-3(D),
left, it is clear that the ultrasonic wavefront amplitude,
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direction, and phase vary significantly across the 1mm
active element. For the 1 mm diameter hydrophone at
20MHz, the near field distance is 3.3 mm, therefore, the
hydrophone measurements are expected to be affected at
high frequencies at the 3mm measurement distance.
Because the near field distance decreases quadratically with
D, a hydrophone with a smaller active element (for example,
with D =0.2mm) would likely not suffer from this effect.
The sensitivity of hydrophones also decreases roughly qua-
dratically with D, so measurements with a smaller active
element hydrophone would have a significantly lower sig-
nal-to-noise ratio.

Because the phase contrast and hydrophone measure-
ments are compared by averaging the phase contrast mea-
surement across the hydrophone aperture, the two methods
are expected to agree if the spatial averaging effect fully
describes the hydrophone’s response.”'”'® The significant
difference between the measurements at the location 3 mm
beyond the focal point [Fig. 4(B), up to 60%] suggests that
other effects are important. Previous work has also found
that spatial averaging does not fully account for the hydro-
phone response when measuring focused ultrasonic fields in
which the hydrophone element diameter is comparable to or
larger than the width of the focused ultrasonic field.”*>> For
example, Martin and Treeby>* found a 20% difference in
the measured pressure amplitude after accounting for spatial
averaging effects when using a hydrophone with a 0.4 mm
diameter hydrophone to measure a 3.3 MHz, 0.6 mm diame-
ter focused ultrasonic field. They found that the measure-
ment difference increases with the ultrasonic frequency and
when the hydrophone active element diameter increases rel-
ative to the diameter of the ultrasonic field. In comparison to
these results, the 60% measurement difference in Fig. 4(B)
is not unexpected given that a hydrophone with a 1 mm
diameter aperture is used to measure the focused ultrasonic
fields with frequencies up to 20 MHz and beam diameters as
small as 0.7mm. Investigating the reasons behind the
observed differences may be the subject of future work.

Previous investigations of the optical imaging methods
have shown close quantitative agreement for frequencies of
2.5 MHz or lower.>>%3%37 These studies did not attempt to
measure higher frequency ultrasonic fields, but because they
measured ultrasonic fields with extents of L= 10mm and
used optical wavelengths 4 >532nm,>>*2%37 if they
applied the same measurement setups at 20 MHz frequen-
cies, the Klein-Cook parameter [Eq. (2)] would be Q = 4.5
and significant optical diffraction would be expected.*'*?
The present implementation extends optical imaging to
higher ultrasonic frequencies by tailoring the experimental
conditions (L < 6 mm, A=470nm) to minimize the diffrac-
tion effects. The largest measured Raman-Nath parameter
(largest measured phase shift) is v =0.05, and the largest
value of the Klein-Cook parameter is Q=2.4 [Eq. (2)],
which occurs for the 20 MHz planar tone bursts (L =6 mm).
Because the Klein-Cook parameter exceeds two at the high-
est frequencies measured, the decreasing accuracy at the
edge of the field of view at 20 MHz [Fig. 2(D), leftmost
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plot] is likely to the result of the emerging diffraction
effects. The phase contrast method is expected to remain
accurate at frequencies above 20 MHz only if the optical
wavelength and/or ultrasonic field’s extent are reduced to
keep the Klein-Cook parameter smaller than two. The
observed measurement differences for focused ultrasonic
waves at the measurement point 3mm beyond the focus
[Fig. 4(B)] are unlikely caused by optical diffraction. In this
case, the small extent of the ultrasonic field (L ~ 1 mm)
keeps the Klein-Cook parameter below 0.4.

The findings in the present paper are consistent with the
results of a non-imaging, point-based optical detection
method, which was also demonstrated at high ultrasonic fre-
quencies but only with continuous sinusoidal, planar ultra-
sonic  fields.’*>®  This non-imaging method also
underestimates the ultrasonic pressure amplitude when the
Klein-Cook parameter exceeds two.’® Indeed, one such
measurement at a frequency of 13.85 MHz measured a pres-
sure 20% smaller than that measured with a calibrated
hydrophone with the large Klein-Cook parameter (Q =6)
being the reason for the measurement difference.’’ Another
measurement showed excellent agreement with a calibrated
hydrophone at 20.18 MHz (Q=13).°® In this study, the
authors overcame diffraction effects by orienting the illumi-
nation at a specific angle of incidence (the Bragg angle) to
the ultrasonic wavefronts. This implies the limitation of O <
2 might be relaxed for the phase contrast approach if the
ultrasonic wavefronts happen to be planar and Bragg inci-
dence is used.

The present study also suggests that the Klein-Cook
parameter is a key metric to consider when using the phase
contrast measurement approach for imaging applications.
For example, Nuster, Paltauf, and co-workers?'2>>? previ-
ously demonstrated that a phase contrast approach can mea-
sure photoacoustically generated ultrasonic fields, and these
measurements can be used to reconstruct high-resolution
images of the samples. They report relative measurements
of ultrasonic pressures at frequencies up to 23 MHz. At this
high frequency, for their apparatus (20 mm wide ultrasonic
field, 530nm illumination), the Klein-Cook parameter is
Q = 12. Thus, diffraction effects may degrade their recon-
structed images. Lowering the Klein-Cook parameter (by
using shorter wavelength light and imaging the ultrasonic
field before it expands to 20 mm) may improve the recon-
structed image quality.

IV. CONCLUSION

Optical phase contrast imaging can quantitatively mea-
sure the ultrasonic pressure fields with frequencies up to
20 MHz. The method can quickly characterize the ultrasonic
fields with complex wavefront shapes such as near field
waves. Because the method is compatible with arbitrary
wavefront shapes, it is ideally suited to measure ultrasonic
fields generated from imaging applications, such as photoa-
coustic imaging, especially if the method’s quantitative
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accuracy can be extended to even higher ultrasonic
frequencies.

The Klein-Cook parameter [Eq. (2)] limits the maxi-
mum ultrasonic frequency for accurate measurements by
optical imaging methods. Although not explored in the pre-
sent work, the Raman-Nath parameter likely also limits
which ultrasonic fields can be accurately measured. The
Raman-Nath parameter does not depend on the ultrasonic
frequency, but because it depends on the pressure field’s
amplitude,*'** it will be important to consider when apply-
ing optical imaging methods to the ultrasonic fields with
pressure amplitudes approaching 100 kPa or higher. Similar
to the phase contrast method employed here, other optical
imaging methods used to measure ultrasonic fields assume
that the diffraction effects are negligible'®%® and are, thus,
also expected to be subject to the same limits on the Klein-
Cook and Raman-Nath parameters. Extending optical imag-
ing techniques beyond these limits requires accounting for
diffraction effects, which might be achieved with optical
diffractive tomography.®°

Because phase contrast imaging produces absolute pres-
sure measurements, it might also be developed for use as a
primary calibration method for hydrophones or transducers.
It could be particularly useful for calibrating hydrophones
and transducers with nonplanar elements,23’38’61 which is
difficult with current calibration methods.'>26%63
However, additional work is needed to fully characterize the
measurement uncertainty such as accounting for the effects
of aberrations in the images and any imperfections in the
Fourier masks. Also, because most calibrated transducers
and hydrophones are used at pressure amplitudes in the MPa
range,” the accuracy of the phase contrast method must be
tested at these pressure amplitudes, which are much higher
than the roughly 1-10 kPa pressure amplitudes used here.

Finally, optical imaging methods, in principle, can be
applied in any optically accessible (transmissive) material.
They have been previously demonstrated in transparent sol-
ids.®* This feature of optical ultrasonic detection could even-
tually enable noninvasive, absolute pressure measurements
of high frequency ultrasonic fields in environments inacces-
sible to calibrated hydrophones such as within ultra-
sonic®®® and photoacoustic®”*® imaging phantoms with
optically transparent layers or compartments.
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