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Characterizing the radiated or received acoustic field of ultrasonic transducers using the spatial impulse
response (SIR) represents an important step in testing, design, and optimization of ultrasonic transduc-
ers. However, for the ultrahigh-frequency acoustic field, conventional methods, such as the hydrophone
method and the small-ball reflection method, are limited by narrow bandwidth and poor spatial resolution.
Here, we propose a method to obtain the transducer’s SIR through its response to photoacoustic waves,
which allows high-precision acoustic field measurements, with spatial resolution as fine as 1.7 yum. We
subsequently measure the SIRs of two focused ultrasonic transducers, with 20 and 93 MHz center fre-
quencies, and confirm that the three-dimensional acoustic fields can be accurately reconstructed using the
angular spectrum approach. More importantly, this method is unique to receive-only ultrasonic detectors,
the SIR of which could not be measured previously with conventional methods, and it could facilitate
ultrasonic transducer design, as well as other related fields, such as nondestructive evaluation, biomedical

imaging, and particle manipulation.
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I. INTRODUCTION

As a kind of component for mutual conversion between
mechanical energy and electrical power, ultrasonic trans-
ducers have wide applications in photoacoustic imaging
[1], nondestructive testing [2], ultrasound imaging [3],
fluid-flow measurements [4], and so on [5]. Different
application scenarios have specific requirements for the
radiated or received acoustic field (or directivity) of a
transducer. Characterizing it as precisely as possible is
thus of great importance for designing and manufacturing
more advanced transducers [6,7], and it is also helpful to
improve imaging quality by means of beam forming [8]
and synthetic aperture [9]. Nowadays, acoustic field simu-
lation and calculation tools, for instance, Field II [10] and
k-Wave [11] are widely used in engineering and science.
Nevertheless, the actual acoustic field must be obtained
through experimental measurement.
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Currently, there are two main methods, the hydrophone
(HP) method [12] and the small-ball reflection (BR)
method [13], used for measuring the radiated acoustic
fields of transducers. For the HP method, the relatively
large detection area, averaging the amplitude of the acous-
tic field, causes poor spatial resolution at the hundreds
or tens of microns scale [14]. Meanwhile, due to the
limited frequency response of a hydrophone [15], it is
difficult to accurately record the high-frequency compo-
nent of the transducer’s impulse response. For the BR
method, the spatial resolution determined by the effec-
tive reflection area of a stainless-steel ball declines as
the small ball approaches the transducer surface [16]. On
the other hand, a smaller ball will lead to a decreased
signal-to-noise ratio (SNR), despite its ability to improve
the spatial resolution. Additionally, both methods require
the transducer to operate in a transmit mode. They are
incapable of characterizing receive-only ultrasonic detec-
tors.

According to the acoustic reciprocity theorem [17—19],
the radiated and received acoustic fields of a transducer
are reciprocal and can be comprehensively characterized
by its spatial impulse response (SIR), which contains both
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spatial and spectral information [20,21]. The SIR of a
transducer can be obtained by using an ideal-point ultra-
sonic detector to record the pulsed pressure waves gener-
ated by the transducer itself excited by a delta function,
3(f), in a transmit mode or using the transducer itself to
record the pulsed spherical pressure wave emitted from
a point acoustic source in a received mode. In the lat-
ter scenario, the pulse should be sufficiently brief in the
time domain to guarantee a broad bandwidth and flat fre-
quency response. Ideally, such a point source should be
described by a delta function, §(x,y,z.f), the practical imple-
mentation of which remains quite difficult, especially in the
ultrahigh-frequency regime.

The emergence of the photoacoustic (PA) technique sug-
gests a promising solution to overcome this challenge. As
we know, the PA effect describes the phenomenon that a
pulsed acoustic wave, called a PA wave, can be generated
by thermoelastic expansion as the temperature rises after
the absorption of a pulsed laser [22,23]. It has been widely
used in biological imaging [24,25] and photoacoustic spec-
troscopy [26]. Focusing a laser beam through an objective
lens to a diffraction-limited spot for excitation of photoa-
coustic waves is used in optical-resolution photoacoustic
microscopy [27]. The same idea has recently been used to
encode spatial information with typical time-varying pho-
toacoustic waves for snapshot photoacoustic topography
[28,29]. Due to the broad bandwidth, photoacoustics is also
used for frequency calibration of ultrasonic sensors [30—
32] and, obviously, the PA wave generated from a small
laser spot possesses very similar behavior to that of an ideal
pulsed spherical pressure wave 8(x,y,z,f).

Following this idea, we propose a method, called the
PA method, that utilizes the PA waves to probe the trans-
ducer’s SIR. Here, we focus a nanosecond laser beam on
an absorber to generate waterborne pulsed PA waves that
mimic an ideal impulsive point acoustic source. To avoid
the photobleaching effect [33] under plentiful repeated
laser pulses, we choose carbon fiber with good thermal
fatigue as the absorber. The SIR is directly measured by
this method, by taking advantage of the 1.7 um high spatial
resolution determined by the laser spot size and the hun-
dreds of megahertz bandwidth of the PA waves. Through
two examples, we show that a transducer’s SIR can be
accurately obtained by scanning the three-dimensional
(3D) PA field with the transducer itself [10,34]. To reduce
time consumption, the angular spectrum approach (ASA)
[35,36] is also employed, which can reconstruct the entire
3D acoustic field from the measured SIR of one single
near-field plane.

II. PHOTOACOUSTIC METHOD

It is a well-known fact that a linear electrical system is
fully characterized by its impulse response. Applying an
input signal x(7) to the input of the circuit, the output y(7)

is then given by y(¢) = h(t)*x(¢), where A(¢) is the impulse
response of the linear system and “*” denotes time convo-
lution in this paper. A linear acoustic system, for instance,
a transducer radiating or receiving acoustic waves, has the
same notion. Under an ideal impulse excitation §(¢), the
transducer generates a pressure field that corresponds to
the SIR /(x,y,zt) of the transducer. Therefore, the pres-
sure field p(x,y,z ) radiated by the transducer is equal to
the convolution of the SIR 4(x,y,z,¢) and the driving volt-
age x(?) [34], as given by p(x,),z,t) = h(x,y,z,)*x(¢). If the
transducer works as a receiver, the same SIR A(x,y,z,¢) will
be obtained by measuring the transducer’s response to a
pulsed spherical wave J§(x,y,z,f), as a result of the reci-
procity theorem [17—19]. Similarly, the output voltage x(#)
of the transducer is equal to the convolution of the SIR
h(x,y,z,f) and the pressure waves p(x,),zf) radiated from
a point acoustic source at r(x,),z) relative to the trans-
ducer, namely, x(¢) = h(x,),z,f)*p (x,y,z,t). We can also get
the frequency response H(x,y,z,f ) of the transducer by
decomposing the time-varying A(x,y,z f) into its constituent
frequencies through Fourier transform. This means that
the SIR can completely describe the radiation or receiving
pattern of a transducer.

Although this notion proposed by Tupholme [20] and
Stepanishen [37] has been widely used to calculate the
pressure field of transducers for decades, regarding the
ultrahigh-frequency range (megahertz), it is still a chal-
lenge to measure the SIR /(x,y,z,¢) because the realization
of a pointlike detector or source becomes formidable.
In this scenario, the detector or source should be small
enough, together with a short response time, to approxi-
mate a delta function 8(x,y,z,7).

The PA effect provides a feasible path towards the
practical realization of such impulsive point sources. It
describes the process in which an absorber converts light
energy into heat after light absorption, causing ther-
mal expansion, and consequently resulting in PA waves
pra =I'nF [38]. Here, I' is a dimensionless constant called
the Griineisen parameter, F (J/m?) is the energy-deposition
density of a single laser pulse F (J/m®) (proportional to
the single-laser-pulse intensity), and n is the absorber’s
conversion coefficient from light energy to wave pres-
sure [25,39]. Due to the extremely short rise time (about
60 fs) of the waterborne PA waves exerted by a delta laser
pulse [40], the bandwidth of the PA waves can reach hun-
dreds of megahertz [34], which is far larger than those of
most transducers. Unfortunately, there are no experimental
reports on the measurement of the photoacoustic waveform
generated from a small-volume laser spot with lengths of
several microns by a nanosecond laser. Based on Ref. [40],
we simplify our model and provide a primitive theoreti-
cal analysis of the photoacoustic method in Appendix B.
Given the SIRs of existing commercial transducers, the
PA waves can be approximately treated as pulsed spher-
ical waves, i.e., ppa(x,y,z,f) & §(x,y,z,f). Inspired by the
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FIG. 1. Tllustration of the photoacoustic method. Response of
a transducer to the pulsed photoacoustic waves (PAWSs) cor-
responds to its spatial impulse response A(x,y,zf). Focusing a
pulsed laser on the absorber (here, the carbon fiber) produces the
PAWS ppa(x,y,2,1).

abovementioned advantages, here, we focus a pulsed laser
on an absorber to generate the PA waves ppa(x,y,z,f), as
shown in Fig. 1. The SIR A(x,y,z,7) is obtained by having
the transducer perform measurements at a fixed position in
space.

1. EXPERIMENTAL SETUP

As shown in Fig. 2(a), the system consists of three parts:
laser focusing, imaging, and ultrasonic signal receiving
and processing. Regarding laser focusing, the laser (1 ns
pulse width and 532 nm wavelength) is expanded twofold
through the L1 and L2 lens systems. Then, the beam is
divided by a beam splitter (BS, Thorlabs, CM1-BP108).
The reflected laser beam, accounting for 8% of the total
laser energy, is detected by the photodetector (Thorlabs,
PDA10A2) to trigger the oscilloscope and eliminate the
deviation caused by the fluctuation of the laser energy. The
rest, 92%, of the laser energy transmits through the beam
splitter and is focused on a single carbon fiber of 8.7 um in
diameter by the objective lens L5 (Newport, M-20x) with
NA =0.4. The diameter of the pupil is 6 mm, and the focal
length of the corresponding tube lens is 160 mm.

To ensure that the absorber is on the focal plane, we
set up an imaging system to find the focal position. After
being reflected by the absorber, the laser passes through the
objective lens again and is reflected by the beam splitter to
the planoconvex lens L3 with a focal length of 100 mm.
The focal spot is then imaged by the CMOS camera
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FIG. 2. Experimental setup and image of the focal spot. (a) Illustration of the experimental setup. Blue solid lines indicate the data
flow, and the brown short-dashed line indicates the control flow. Laser beam is expanded by L1 and L2 and then focused by objective
lens L5 on the carbon fiber to generate photoacoustic waves. Magnification of the imaging system consisting of CMOS, L3, BS, and
L51is 12.5. L1, concave lens; L2 and L4, convex lenses; L3, tube lens; L5, object lens; M, mirror; PD, photodetector; BS, beam splitter.
(b) Enlarged view of the red solid region in (a). Laser beam transmits through objective lens LS and cover glass is focused on carbon
fiber immersed in degassed water. (c) Image of focal spot reflected by a mirror (left) and focal spot on carbon fiber (right). Laser spot

diameter is about 1.7 um and carbon fiber is about 8.7 um.
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(Thorlabs, DCC1545m, square pixel size 5.2 x 5.2 um?).
The magnification of the camera system is 12.5. For
ultrasonic signal receiving and processing, the signal of
the transducer is 50 dB and is amplified by two pream-
plifiers (Mini circuits, zfl-500In+) connected in series
before being sent to the digital oscilloscope (Keysight,
DS03024T). The sampling rate of the digital oscilloscope
is set to 1 GSa/s, the sampling bit depth is 8 bit, and the
data of each position are averaged 30 times. The data of the
photodetector are also recorded by the digital oscilloscope.
All devices are controlled by the computer.

The carbon fiber (Toray, T700) is used as an absorber
because of its high absorption coefficient and excellent
thermal fatigue [41,42]. The stability of the photoacoustic
waves generated by the carbon fiber is provided in the Sup-
plemental Material [43]. The laser beam is focused by the
objective lens on the carbon fiber through a 170-um-thick
cover glass, as shown in Fig. 2(b). One side of the cover
glass is exposed to air and the other side is just immersed
in degassed water. The carbon fiber is also immersed in
water about 1 mm beneath the cover glass. It converts the
laser energy to heat immediately and causes the thermal
expansion of the carbon fiber and water near the carbon
fiber to generate the PA waves. The image of the laser spot
reflected by a mirror is shown in the left of Fig. 2(c), and
the laser spot’s diameter is 1.7 um. The image on the right
of Fig. 2(c) is the laser focal spot on the carbon fiber, with a
diameter of about 8.7 um. In the experiment, the laser rep-
etition frequency is set as 60 Hz; the output energy focused
on the carbon fiber is about 20 nJ per pulse.

The BR method is employed as a benchmark to ver-
ify the practicability and effectiveness of the proposed PA
method. In the BR experiment, we use a stainless-steel
ball with a diameter of 2 mm as a reflector. The ultrasonic
pulse-receiver Olympus 5037PR system operates under the
parameters: repetition frequency, 300 Hz; energy, 1; damp-
ing, 2 (50 2); and gain, 39 dB. The signal acquisition and
processing are the same as those of the PA method. All
experiments are carried out in a tank filled with degassed
water with a constant speed of sound, ¢ (1496 m/s), and
density p (997 kg/m?) at 25 °C.

IV. RESULTS AND DISCUSSION

Here, we measure the SIRs of two focused transduces
with center frequencies 20 MHz and 93.68 MHz. We take
the center point of the two transducers as the origin of
the coordinates. The z-axis is perpendicular to the trans-
ducer surface, and the x-y plane is parallel to the transducer
surface.

A. Acoustic field of the 20 MHz ultrasonic focused
transducer

We start with a commercial cylindrical focused
ultrasonic transducer, Olympus V316. According to the

specifications of the transducer, the center frequency is
20.31 MHz, the diameter of the element size is 3.175 mm,
and the length of the spherical point target focus is
25.88 mm.

The measured SIR is a time-varying acoustic pressure
signal. Its instantaneous amplitude has no specific physical
meaning, but we can integrate the squared spatial impulse
response in the time domain to obtain the acoustic inten-
sity. For a pulsed acoustic field, here, we consider that its
pressure p(x,),z,f) equals the SIR 4(x,),z,¢) and the acoustic
intensity distribution is then given by

T
I(x,y,2) = L W (x,y,z,t)dt, (1)
2pocT Jy
where T is the length of the sampling time, which cov-
ers the whole time-varying SIR. The normalized acoustic
intensity distributions on the x-z plane measured by the PA
method and the BR method provide the lateral and axial
resolution of the transducer, as shown in Fig. 3(a). The B
scan, ranging from —2.5 to 2.5 mm along the x axis and
15 to 45 mm along the z axis, covers the focal spot of the
transducer. The full width at half maximum (FWHM) of
the acoustic intensity is about 0.6 mm in the lateral direc-
tion and about 20 mm in the axial direction, and the focal
length of the transducer can be well measured at 25 mm
by the two methods. The normalized acoustic intensity
along the z axis, ranging from —5 to 40 mm, as shown
in Fig. 3(b), displays the same results.

As mentioned above, the BR method requires the trans-
ducer to emit a pulsed wave and subsequently receive
the wave reflected by a small ball. When the radius of
the small ball approaches zero, the results of the BR
method are close to the pulse-echo response represented
by hpg(x,y,z,f), which is the self-convolution of the SIR
h(x,y,z,t) [44,45] given by

hPE(xayaza t) = h(X,y,Z, t) * h(xayaza t) (2)

Mathematically, the normalized curve /pg(0,0,z) [obtained
by substituting Apg(0,0,z,f) into Eq. (1)] is narrower than
the normalized curve /gr(0,0,z) [obtained by substitut-
ing £(0,0,z,f) into Eq. (1)]. However, the averaging effect
caused by the finite reflection area of the small ball makes
the curve of /gr(0,0,z) broader than the curve of 7pg(0,0,2).
So, we can see that there is an overlap between the
Ipp(0,0,2) curve and the /gr(0,0,z) curve in the region
ISmm<z< 32.5 mm.

Besides, we discuss the results from the perspective of
the spectrum. It is known that a focused transducer can be
simplified to a spherical curved model of opening diameter
D and radius of curvature R. The monochromatic acoustic
pressure as a function of distance z [46] is given by

R LR —
2(0.0.2) = |k——sin LR =D |

3
R—z 2zR )
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At the focal spot, i.e., distance z equal to the radius of cur-
vature R, Eq. (3) reduces to pgr = (pcw?L?/2R*)'/?, where
L=D?f/4c is the transition distance of equivalent flat
transducer and £ is a constant. According to Eq. (3), the
acoustic pressure goes through a series of maxima and
minima within the distance L and one global maximum
at the focus. As the frequency f increases, the oscillation
of acoustic pressure versus distance z becomes fast, and
the location of the last maximum increases. Although a
pulsed field, like the SIR, is different from a monochro-
matic acoustic field, we can find characteristics similar to
the monochromatic acoustic field in the frequency domain.
Figure 3(c) is the spectrum of the SIR measured by the PA
method (denoted by PA) and the BR method (denoted by
BR) along the z axis. In the region z > 25 mm, the spectra
of the impulse responses along the z axis obtained by the
PA method and the BR method are consistent. However,
in the region z < 15 mm, the spectrum measured by the
PA method has obvious peaks and valleys. This is mainly
because the PA method has a higher spatial resolution. In
general, the bandwidth measured by the BR method is nar-
rower than that measured by the PA method due to the
pulse-echo process, as described in Eq. (1).

To avoid the time-consuming process on the 3D raster
scanning, we use the ASA to reconstruct the 3D acous-
tic field based on the acoustic pressure distribution of
a single plane in the near-field (z=3 mm). During the
near-field measurement, the grid spacing between adjacent

FIG. 3. Acoustic field mea-
surements of 20 MHz focused
ultrasonic transducer. (a) Nor-
malized acoustic intensity mea-
sured by the PA method (upper)
and the BR method (lower) on
the x-z plane at y =0. Color bar
represents normalized acoustic
intensity. (b) Normalized acous-
tic intensity along the z axis
measured by the PA method
(blue curve) and the BR method
(brown curve). Focal length of
the transducer is about 25 mm.
(c) Spectrum of the SIR along
the z axis. Color bar represents
the normalized magnitude of the
spectrum.

36
5 10 15 20 25 30 35 40
z (mm)

points is 20 um, and the measurement range in the x and
y directions is —2.5 to 2.5 mm. The ASA-reconstructed
results are compared with those directly measured using
the PA method. Figure 4(a) shows the acoustic intensity
distributions at z=15, 15, and 25 mm measured by the
PA method with a grid spacing of 0.1 mm. Figure 4(b)
shows the acoustic intensity distributions at z =5, 15, and
25 mm reconstructed by the ASA method. A compari-
son of the acoustic intensity profiles obtained with both
methods along the x axis at y =0 is further presented in
Fig. 4(c). It is found that the two results are in good agree-
ment, proving the accuracy and efficiency of both the PA
method and the ASA-based acoustic field reconstruction.
Comparing the reconstructed acoustic intensity based on
data measured by the PA method and the BR method,
we further confirm the applicability of the PA method,
and a detailed description is given in the Supplemental
Material [43].

B. Acoustic field of the 93 MHz ultrasonic focused
transducer

Ultrahigh-frequency ultrasonic field measurements have
rarely been reported. Here, we use the PA method to mea-
sure the acoustic field of the Olympus V3346 transducer.
According to the specifications of the transducer, the cen-
ter frequency is 93.68 MHz, the diameter of the element
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size is 3.175 mm, and the length of the spherical optical
limit focus is about 6.73 mm.

The acoustic intensity along the z axis (cyan curve) is
provided in Fig. 5(a), in which the measured focal length
is 6.5 mm, which is consistent with the factory parame-
ters of the transducer. The spectrum (hot colormap) of the
SIR along the z axis is also shown in Fig. 5(a). Because
of the filtering effect of the transducer’s transmitting aper-
ture, the 62 MHz maximum center frequency of the SIR at
z=6.5 mm is less than that of 93.68 MHz measured by the
BR method using a large ball as an equal-phase reflector
near the transmitting surface. We analyze the monochro-
matic normalized acoustic pressure along the z axis at
frequencies f =40, 60, 80, and 100 MHz, as shown in

(b)

FIG. 4. Acoustic intensity distri-

butions of 20 MHz focused ultra-

sonic transducer on the x-y plane at

z=35, 15, and 25 mm. Results (a)
1 measured by the PA method and (b)

reconstructed by the ASA. Color

bar represents normalized acous-
0.5 tic intensity. (c) Acoustic inten-
sity profile along the x axis at
y=0. ASA results are calculated
based on measured SIR (using the
PA method) on the x-y plane at
z=3 mm.

Fig. 5(b). Due to the poor resolution of an 8 bit digital-
to-analog conversion of the oscilloscope and the noise
influence, it is hard to distinguish the oscillation of the
acoustic pressure far away from the focus. Nevertheless,
we can see that the acoustic pressure oscillates near the
focus and reaches the maximum at the focus. As the fre-
quency increases, the axial width of focus gets narrower
and the oscillation period of the acoustic pressure ver-
sus distance z becomes shorter. These characteristics are
consistent with theory.

Figure 6(a) shows the acoustic intensity distributions
on the x-y plane at z=6.2, 6.5, and 6.8 mm. The grid
spacing is 10 um, and the measurement range is —0.25
to 0.25 mm in both x and y directions. Figure 6(b) is the

FIG. 5. Acoustic field of 93 MHz
focused ultrasonic transducer along z
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z-axis curve (cyan solid) and spec-
trum (hot colormap) of SIR along
the z axis. Color bar represents nor-
malized magnitude of the spectrum.
(b) Monochromatic normalized acoustic
pressure along the z axis at frequencies
f =40, 60, 80, and 100 MHz.
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acoustic intensity reconstructed by the ASA based on the
x-y plane SIR at z =2 mm. The grid spacing between adja-
cent points is 10 um, and the measurement range in the x
and y directions is —2 to 2 mm. The two groups of inten-
sity profiles along the x axis at y =0 are consistent with
each other, as shown in Fig. 6(c).

V. CONCLUSIONS

The PA effect enables the practical realization of a point
acoustic source emitting extremely short-duration pulses
that are essential for the characterization of ultrahigh-
frequency ultrasonic transducers. We measure the SIRs of
two commercial ultrasonic transducers (20 and 93 MHz)
based on the proposed PA method. The results confirm
the advantages of this strategy over conventional meth-
ods for the following aspects: (i) The spatial resolution
of sampling the acoustic field is determined by the laser
spot size, rather than the detection area of the hydrophone
or the effective reflection area of the small ball. Here, we
achieve 1.7 um spatial resolution, which is far beyond that
of 40 um spatial resolution of the state-of-art commer-
cial hydrophone. (ii) By operating in receive mode, the
PA method provides a way to characterize some receive-
only ultrasonic detectors, for instance, acoustic detection
technologies based on Fabry-Perot interferometers and

FIG. 6. Acoustic intensity dis-
tributions of 93 MHz focused
ultrasonic transducer on x-y plane
at z=6.2, 6.5, and 6.8 mm.
Results (a) measured by the PA
1 method and (b) calculated by
the ASA. Color bar represents
normalized acoustic intensity. (c)
Acoustic intensity profile along
the x axis at y =0. ASA results
0 are calculated based on measured
SIR (using the PA method) on x-y
plane at z =2 mm.

microring resonators. (iii) Without an actual probe required
by the HP and BR methods, the PA method avoids the
disturbance of the acoustic field induced by unwanted scat-
tering. Therefore, we believe the superior performance of
the proposed PA method will bring exciting opportuni-
ties to a wide variety of fields, such as transducer design,
nondestructive evaluation, and biomedical ultrasound.
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APPENDIX A: RERADIATION METHOD BASED
ON ANGULAR SPECTRUM APPROACH

Raster scanning the 3D acoustic field generated by a
transducer is a highly time-consuming process. For homo-
geneous media, several projection methods are proposed
to reconstruct the 3D acoustic field based on single-plane
measurements, such as the ASA [36] and Rayleigh inte-
grals [47] in the linear regime. These methods greatly
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improve the speed of obtaining the 3D acoustic field of
transducers, but require high spatial resolution during the
single-plane measurement.

Here, we choose the ASA because it has a faster cal-
culation speed. Given that the measured SIR data on the
z =z, plane is discrete, to ensure the accuracy of the recon-
structed field, the grid spacing within the x-y plane should
be less than 0.8A [48]. For example, the grid spacing of 20
and 100 MHz center frequency transducers are less than
60 and 12 um, respectively, which is below the resolution
limit of the traditional hydrophone or small-ball reflection
methods. The proposed photoacoustic source with a diam-
eter of 1.7 um can go beyond this limit and acts as a nearly
ideal point source.

In Fourier acoustics, the ASA is often used to calculate
the sound radiation and near-field acoustical holography
[49]. First, the near-field SIR p(x,y,z¢,f) on the x-y plane
of z=zy is measured. It is then mirrored in time, i.c.,
p(x,y,20,-1), and transformed to the frequency domain as

P(xayaz()>w) = Ft[p(x:y5207 _t)]

(Al)
The angular spectrum of the acoustic field on an arbitrary
plane can be determined from the angular spectrum on the
measurement plane:

P(ky, ky,zo, w) = FoF, [P(x,y,20, w)]. (A2)
The wave propagation from z=z; to z=z; results in
not only the phase shift, but also in ultrasonic attenu-
ation in water. The phase shift is exp[ik.(z;1—z¢)], and
the attenuation factor in the ASA is related to the wave
vector. For the wave vector k£, the attenuation term
is equal to exp[—oa(k/k;)(z1—z0)], where k=w/c and
P =k?+ ky2 + k.. « is the attenuation coefficient (dB/m)
in 25 °C degassed water. It is frequency dependent and can
be calculated by seventh order polynomial fitting [S0]. The
angular spectrum at z =z, is as follows:

P(kx,ky,Z],(,l)) = P(kxa

_O{(Zl —Zo)k
)

Finally, the angular spectrum at z=z; can be inversely
transformed into the time-space domain as

ky,zo, w)explik.(zy — zo)]lexp

(A3)

pe.y,z1,0) = FUFCF [Pl ko2, 0] (A4)
APPENDIX B: A THEORETICAL ANALYSIS OF

THE PHOTOACOUSTIC METHOD

As we know, the impulse response of the transducer to a
delta pulsed spherical wave yields the corresponding spa-
tial impulse response, and the SIR can be calculated by

integration on the surface of the transducer, as given by

. 1 7 =7l
h (r,t) =E, () —— 46— das
21 |r — 7| c
N

(B1)

where E,(f) and S indicate the electromechanical impulse
response and detection surface of the transducer, respec-
tively; 7 indicates the source of the ideal pulsed spherical
wave; 7| indicates one point of the transducer surface; and
c is the speed of sound. In the photoacoustic method, we
use the photoacoustic waves as a substitute for the pulsed
spherical waves, §(x,y,z,t). The relationship between the
measured SIR using the photoacoustic method and the
actual SIR is discussed in the following.

We consider the photoacoustic waves generated from a
point source by long Gaussian optical pulses taking the

form 7 (1) « exp[ ( ) ] As reported in Ref. [40], the

photoacoustic waves can be divided into two mechanisms:
the linear sound-generation mechanism gives bipolar pho-
toacoustic waves and the nonlinear mechanism produces
asymmetric tripolar waves. When the transducer detects
the photoacoustic waves generated from a small volume V,
the output signal O(7, ¢) of the transducer is the superpo-
sition of the photoacoustic waves generated by all photoa-
coustic point sources and can be calculated by the Rayleigh
integral:

O, t) = E, *//ds
St

where 7 indicates the reference point in the photoacoustic
source, 7 indicates the point on the transducer surface, and
87, indicates a photoacoustic point source relative to the
reference point. The linear photoacoustic waves, p;, and
nonlinear photoacoustic waves, py, are given by [40]

= r1+8r2|) + py (t— \;7?1+572\>
c

2|7 — 71 + 87|

dv,

(B2)

—1E®#) B T\2
pr(7) 2731 exp [—<§> } , (B3)
e P {ee[26)])
PN ) = s po1 s o72
00 erf<i> 2
V2 T &
X‘/O é:l—S exp(255—3>d§,
(B4)
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where E, cp, a, p, and 6 are the heat energy of a single
pulse, the isobaric heat capacity, the thermal diffusivity,
the density, and the laser pulse time duration, respectively.
B1 and B, are the first two coefficients in a power series
expansion of the thermal expansion coefficient, and t is
given by t = (¢t — |F — 71 + 82| /c). The output signal is
then evaluated by introducing a time convolution with a
delta function in Eq. (B2) and substituting Eq. (B1), as
given by

O(?,t):Em*//dS///dV
S V
X/ooa(t—f_ )G

00 2 |;—;1| |?—7‘1+8;2|

[pL(t) +py(h] dr, (BS)
where v/ =7 —[(|F — 7 + 82| — |F —71])/c]. Because
the volume of the photoacoustic source is much

smaller than the wavelength, for any point in the
photoacoustic source | —7{| > |867,|, we can con-
sider that (|7 —7 +8m|)/(F—7i]) 1 and 17/~

[1872|cos 8] /c, where 6 is the angle between vector 7 — 7;
and vector §7,. Here, 6 is independent of 7|, as long as
the aperture of the transducer is small enough compared
with the distance from the transducer to the photoacoustic

(a) (b) (e)
g 1 =
: | %
'E‘ 0.8 —P,va :
E 0.6 S e
1.7 ym < ;
¢ u L g 0.4 E
§ 0.2 g
Disklike =
heat source = 0 =
0 300 600 900 12001500
Frequency (MHz)
d)
g 200
E 400
S 600
g
800 = 800
1000 1000
0 60 120 180 1200
0 (deg) 1400
0 60 120 180
0 0.2 0.4 0608 1 0 (deg)

&
%

=
N

=
=

source. Therefore, Eq. (B5) can be written as

OG, 1) ~ h(F, z)*/// |:pL( '6“'0059)

b} 0
+ ow (t_ m)}m
C

The spectrum can be obtained through Fourier transform
on the two sides of Eq. (B6). The spectrum of the pho-
toacoustic wave, which depends on the angle 6, is given

H©.f) =F, ///[ < |5Vz|§0s9)

87 0
+ oy (,_ lzﬂ)] at. ®
C

where f* indicates frequency. If the spectrum function H (9,
/) has a broad bandwidth and relatively flat frequency
response, the output signal approximately equals the actual
spatial impulse response, as given by A(7, 1) ~ O(7, ).
Before calculating it, we should find out the spatial dis-
tribution of the photoacoustic source. Once focusing the
laser beam with an objective lens on the carbon fiber,
most of the light energy (about 85%) is absorbed by

(B6)

FIG. 7. (a) Cross section of the

1 thin disklike heat source. CF, car-

0.89 =

/| \\
\.

bon fiber. (b) Normalized spec-
trum of the bipolar waves (blue
curve) and tripolar waves (brown
curve) generated from a point
source; the waveform is shown
in the inset. Normalized spectrum
of the photoacoustic waves gen-
erated by the thin disklike heat
source contributed to by the bipo-
lar waves (c) and tripolar waves
(d) versus the angle 6. Color bar
represents the normalized magni-
tude of the spectrum. (e) Direc-
tivity of the two-dimensional disk
photoacoustic source. Angle 0 is
shown in (a).

(]
(=)
<

120
6 (deg)

180
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the carbon fiber, and its strong absorption prevents the
light from penetrating to the deep regions of the carbon
fiber. So, the spatial distribution of absorbed light has
the same cross-section area as that of the laser spot, but
a much smaller depth and almost simultaneously most
energy of the absorbed light is converted into heat [51].
Subsequently, the heat diffuses within the carbon fiber and
outwardly into the surrounding water. For a 1-ns-pulse-
width laser, the thermal diffusion length L during the pulse
period can be estimated from L = 2./a§,, where o and
8, are the thermal diffusivity and pulse duration of the
laser (10~ s). Thus, the thermal diffusion lengths in water
(the thermal diffusivity is 0.146 mm?/s, 25 °C) and carbon
fiber (the thermal diffusivity parallel to the fiber plane is
1.77 mm?/s, 25 °C) are 24 and 84 nm, respectively, which
are negligible relative to the laser spot size. So, we can treat
the area of the laser spot on the carbon fiber as a very thin
disklike heat source or photoacoustic source. The photoa-
coustic source and its cross section are shown in Fig. 7(a).
The cross section is the cutting plane perpendicular to the
laser spot and passing through the center of the laser spot.

With the release of heat, the increase in temperature
causes thermal expansion of carbon fiber and water. In
Egs. (B3) and (B4), we find that the photoacoustic pressure
depends on the physical properties of the medium and the
photoacoustic waveform is only related to the long Gaus-
sian optical pulses. The above conclusions are discussed in
Ref. [52], and these treatments avoid the complicated anal-
ysis of heat transfer from the carbon fiber to water. Thus,
the photoacoustic waves at a space point are the superpo-
sition of those generated from carbon fiber and water with
different weights.

First, we calculate the waterborne photoacoustic waves
generated from a point source with Egs. (B3) and (B4). We
take the laser pulse width 6 = 1 x 107%/\/2 s, E=31],
and B, and B, can be calculated by the linear fitting.
The waveform and its spectrum are shown in the inset
of Figs. 7(b) and in Fig. 7(b). The center frequencies of
the linear part (blue curve) and the nonlinear part (brown
curve) are 317.2 and 552.0 MHz, respectively. The band-
widths of —6 dB are 102 to 610 MHz and 247 to 955 MHz,
which are broad enough to cover the spatial impulse
response of the high-frequency transducer.

In the photoacoustic method, the photoacoustic wave-
form and its spectrum vary with the angle 6, as shown
in Eq. (B7). Here, we simplify the three-dimensional heat
source to a two-dimensional uniform disk heat source,
with 1.7 um diameter, by neglecting the thickness of the
heat source. The spectra of the bipolar waves and tripo-
lar waves versus angle 6 are shown in Figs.7(c) and 7(d),
respectively. When the angle 8 =90°, the bandwidth of
—6 dB reaches a maximum, which is consistent with the
photoacoustic point sources for bipolar waves and tripo-
lar waves shown in Fig. 7(b). As the angle is away from
90°, the spectrum varies symmetrically, and the bandwidth

gradually gets narrower. The transducer is generally
located within the angle of 60° to 120°. The bandwidths
of —6 dB at 60° or 120° range from 99.0 to 586 MHz
and from 226.3 to 876.8 MHz for bipolar waves and
tripolar waves, respectively. Although the bandwidths of
both waves slightly narrow down, and the center frequen-
cies shift to low frequency, with the variation of angle 6,
their bandwidths are still broad enough for high-frequency
transducers. Additionally, the intensity of the photoacous-
tic waves also depends on the angle 6, as seen from the
directivity shown in Fig. 7(e). The intensity is maintained
above 0.89 relative to the maximum intensity for bipolar
waves and 0.73 for tripolar waves at the angle range from
60° to 90°.

In general, when the temperature rise is slight, the linear
bipolar waves dominate the photoacoustic waves and vice
versa. Both bipolar waves and tripolar waves generated
from a small volume have sufficient bandwidth to probe
the spatial impulse response of the high-frequency trans-
ducer. For lower-frequency transducers, we should change
the pulse duration of the laser or the size of the laser spot
to shift the spectrum of the photoacoustic waves to suit the
bandwidth range of low-frequency transducers.
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