Downloaded via UNIV OF MICHIGAN ANN ARBOR on October 20, 2020 at 00:44:40 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

(Ph6tonics

pubs.acs.org/journal/apchd5

Origin of Gouy Phase Shift Identified by Laser-Generated Focused

Ultrasound

Taehwa Lee, Yeonjoon Cheong, Hyoung Won Baac, and L. Jay Guo™

Cite This: https://dx.doi.org/10.1021/acsphotonics.0c01313

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: The Gouy phase shift, the phase change of a converging wave
passing through a focus, is a general characteristic of waves of any kind,
including light and sound. Direct observation of the phase shift has been
typically limited to high-frequency short pulses, e.g., terahertz light pulses and
picosecond sound pulses. We demonstrate the Gouy phase shift of relatively
low-frequency, megahertz ultrasound, widely implemented for ultrasound
imaging and sensing. This demonstration is experimentally enabled with
monopolar ultrasound pulses generated by nanosecond laser excitation of a
light-absorbing concave film, which undergoes polarity reversal from before to
after focusing. Moreover, our simulation results for various input pressure
profiles show that the Gouy phase shift is observed for beams with significant
diffractions. The physical origin of the phase anomaly is intuitively explained
based on Huygens’ principle and the acoustic interference of secondary waves,
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providing further understanding of the Gouy phase shift in optics as well.
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B INTRODUCTION

A spherical converging wave propagating through a focus
experiences a 7z phase shift, known as the Gouy phase shift,
with respect to a reference plane wave or a carrier envelope.'
The Gouy phase shift has practical implications, e.g., for design
of laser resonant cavities.” Since Gouy’s original demonstration
by showing interference between a converging light and a
reference plane light, the phase anomaly has been the subject
of study for decades,”’ aiming to understand its physical
origin and to observe it by using noninterference meth-
0ds.”*~'" For example, direct, noninterferometric observation
of such a phase shift was permitted for single-cycle terahertz
pulses, unambiguously demonstrating the polarity reversal as a
result of the Gouy phase shift.”®’ Even for few-cycle laser
pulses, the phase anomaly was observed with respect to their
carrier envelope owing to stabilization of the carrier-envelope
phase.w In addition, there is a myriad of evidence that the
Gouy phase shift is a universal phenomenon for all focused
waves including nondiffracting beams (e.g., Airy and Bessel
beams),'*™"® radially polarized beams,'®'” and vortex
beams.'®'? Also, the Gouy phase shift is accumulated while a
beam propagates plural optical components.”

Despite the rich experimental observations, the physical
origin of the phase anomaly continues to be a topic of
discussion, leading to many postulations. For example, the
phase anomaly was explained by the transverse confinement
and the uncertainty principle in quantum mechanics.”*' In
another study, the phase shift is related to the discontinuities in
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the angular spectrum.”” Some earlier studies tried to provide
intuitive explanation of the Gouy phase shift by using
geometrical properties of Gaussian beams,”*® Berry’s geo-
metrical phase,”* and the tilted wave vectors.”®

In acoustics, the observation and practical uses of the Gouy
phase shift has rarely been investigated. Particularly, observa-
tion of the & phase shift in three-dimensional (3D) focusing
has not been reported, as it was limited to a 7/2 phase shift
enabled by a plane wave® or a circular surface wave.”” In these
works, the phase shifts were demonstrated with high-frequency
acoustic pulses (picosecond ultrasonics) that were generated
by femtosecond laser excitation of planar acoustic sources.
Although in theory the Gouy phase shift is observable in any
frequency regimes, the phase anomaly has not been
experimentally demonstrated for relatively low frequencies of
megahertz ultrasound—a scientifically rich frequency band
used for medical ultrasound, and nondestructive test and
evaluation.

Recently developed photoacoustic (PA) transmitters capable
of producing tightly focused short megahertz ultrasound
pulses” ™" provide a possible platform to investigate the
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acoustic Gouy phase shifts in 3D. Moreover, the photoacoustic
pulses generated by these PA transmitters and pulse lasers are
known to have positive (compressive) monopolar waveforms
in the near field before reaching the focal point.**~** In this
work, we experimentally demonstrate a direct observation of
the Gouy phase shift with focused ultrasound pulses of
megahertz frequencies, exhibiting polarity reversal from
positive to negative after passing through a focus. The direct
observation in the relatively low frequency band is enabled by
single-cycle, tightly focused ultrasound pulses that are
generated by pulsed optical excitation of a photoacoustic
coating on a concave surface. By using the Huygens’ concept of
secondary waves and the Rayleigh integral, the physical origin
of the phase anomaly is intuitively explained. We find that the
phase shift is strongly correlated with the sequence change in
secondary waves and their spread along the propagation axis.
The negative monopolar pulses by the acoustic Gouy phase
shift can be useful for fundamental mechanism studies in
biomedical engineering, e.g., elucidating interaction between
mechanical waves and tissue.

B RESULTS AND DISCUSSION

Direct Observation of Gouy Phase Shift. To answer the
question whether the Gouy phase shift is observable in
relatively low frequencies such as megahertz (MHz) or lower
acoustic frequencies, we start by considering a focusing
Gaussian beam, whose phase shift is characterized by

P(z) = tan_l(i]

ZR

(1)
where z is the distance along the propagation axis, z = 0 at the
focus, and zy is the Rayleigh length (zR = @) with wy being

the beam waist at the focus, ¢ the wave speed, and f the
frequency. From eq 1, it is clear that a & phase shift between
two points before and after the focus (z = +zy; z, > 0) requires
z9 > zy, e, P(z0) — P(—zy) = 7/2 — (—7/2) = 7, indicating
that small z; (i.e., tight focusing) allows a drastic phase shift
near the focus. Thus, whether the phase shift is observable or
not critically depends on the Rayleigh length, which is order of
¢/f by assuming diffraction-limited beam waist (wy =21/ &
with 1 being the wavelength).” Interestingly, the Rayleigh
length of THz (10" Hz) light is comparable to that of MHz
ultrasound (>107 Hz) in water, that is, zz o ¢/f ~ 10> ym
because of the large difference in the speeds of sound in water
and light, cgh/Coound ~ 10°. In this regard, the Gouy phase shift
can be experimentally observed by using tens of MHz
ultrasound.

From eq 1, the phase shift ¢(z) is found to be frequency-
dependent. Thus, focusing of a broadband pulse composed of
multiple frequency components leads to a polarity-reversed
pulse, which is a combined effect of the constituent frequencies
each featuring a 7 phase shift over a different distance.’ It is
well-known that the polarity reversal of a broadband light pulse
enables its direct observation (i.e, via noninterferometric
methods).® To demonstrate the Gouy phase shift-induced
polarity reversal in MHz ultrasound, we use broadband
ultrasound pulses produced by a photoacoustic (PA) lens
and a pulse laser.”® The broadband ultrasound generated by a
pulse laser of a Gaussian temporal profile features positive
monopolar pulses, the temporal profile of which is determined
by that of the laser pulse. Here, the PA lens consists of a

transparent plano-concave lens (focal length /; = 9.2 mm and
diameter D = 15 mm) and a carbon nanotube (CNT)
composite coated on the concave side,”® as illustrated in Figure
1. Nanosecond laser excitation of the CNT composite film
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Figure 1. Experimental setup of focused photoacoustic (PA) wave
generation consisting of pulsed Nd:YAG laser (pulse duration: 6 ns)
and a optically transparent plano-concave lens with a carbon nanotube
(CNT)-PDMS composite coating. Pulsed optical excitation of the
CNT-PDMS composite film coated on the concave surface generates
PA waves converging to the focus (i.e., the center of the curvature of
the concave surface). The waveforms are measured with a broadband
fiber-optic hydrophone (photodetector bandwidth of >70 MHz).

generates converging broadband pulses, whose center
frequency is measured to be f, = 15 MHz (measured at the
focus). The focal waveforms are directly characterized by a
broadband point detector consisting of a single-mode optical
fiber with a core diameter of 6 yum. In addition, the wave
propagation is visualized by using laser flash shadowgraphy**
(see Experimental Setup for more details). To simulate the
acoustic wave propagation, a full wave simulation is conducted
to solve the time-dependent wave equation subject to a
pressure source with a Gaussian temporal profile on the

2.2
concave surface, p (r,t) = A(r)e™ %, where A(r) is the
lateral source pressure profile with r being the distance from
the propagation axis, and t, is the pulse duration (t; = 1/2f,)
(see Numerical Simulation for more details). The lateral
pressure source profile is expressed by

A(r) = cos O = /1 — (r/lf)2 where [; is the focal length

and O is the angle between the laser beam and the surface
normal so as to consider the actual laser fluence on the CNT
film that is reduced by the cosine of the angle (&p).

Figure 2a exhibits the axisymmetric simulation results,
showing the wave fronts first converging to the focus and
then diverging from it. The pressure field at each time instant is
normalized to the peak pressure amplitude. The photoacoustic
wave leaving the concave PA layer is tightly focused on a spot
due to the large lens diameter (D = 15 mm) relative to the
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Figure 2. (a) Simulation of photoacoustic wave propagation (normalized to the peak amplitude). Time is set to zero when the wave crosses the
focal point. The time interval between the snap shots is 0.5 us. The collimated laser beam is incident on the concave surface with an angle (6y)
depending on r. (b) Time-resolved shadowgraph images of the wave fronts near the focus. The time interval between the images is 0.07 ps. The
scale bar indicates 100 ym. (c) Measured photoacoustic transients by the point detector at the different points along the propagation axis (i.e., r =
0). (d) Ideality factors of the measured photoacoustic signals. The ideality factor (y) represents the polarity of the signals (y = 1 for positive
monopolar, 7 = 0 for bipolar, and y = —1 for negative monopolar), which is defined as y = (P, — P_)/max(P,, P_) with P,, P_ being the positive
and negative peak amplitudes, respectively. The dashed green line represents the simulation, while the symbols (blue squares and red circles)
indicate the measurements. The blue square symbols indicate measurement with a scan spacing of Az = 100 um for z = 2 mm. The red circle
symbols in the inset shows the measurements in the zoomed region near the focus (a scan spacing of Az = 25 ym).

short focal length /; (9.2 mm) (i.e., low fnumber of [/D =
0.61).>! Note that the simulated wave fronts show the distinct
color change from red (before focusing) to blue (after
focusing), that is, polarity reversal from positive to negative
polarity. The polarity reversal seen in this simulation is a direct
indication of the Gouy phase shift of the broadband pulses.
The triangular shade next to the wave fronts arises because of
the nonuniform pressure source profile (detailed discussion
will follow in the next section).

We experimentally observed the Gouy phase shift-induced
polarity reversal. First, the shadowgraph images show a
noticeable contrast change, as shown in Figure 2b. The
diverging wavefront after the focus (negative polarity) is less
discernible, whereas the converging wavefront (positive
polarity) shows the sharp line, confirming the polarity reversal

(Supporting Information for Note 1). Figure 2c shows the
waveforms measured at different locations along the
propagation axis, each waveform normalized to its peak
amplitude. The measured waveforms show the polarity reversal
from positive (see at z = [ — 2 mm) to negative (z = I + 2
mm), corresponding to a change from compressive to tensile
wave. The positive monopolar pulses at the locations (z < )
are similar to the temporal profile of the laser excitation when
the PA film is much thinner than the acoustic penetration
depth.”> We should point out that our earlier publication on
the PA lens reported the bipolar waveform at the focus (z = I;)
and was not able to observe a polarity reversal due to relatively
weak focusing (a PA lens of a relatively high fnumber >0.9).”°

To quantify the polarity evolution along the propagation
axis, we define an ideality factor (y) given by
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Figure 3. Axisymmetric full wave simulation for three different transverse pressure profiles (uniform, nonuniform, and Gaussian). (a) Wave
propagation. For all the pressure profiles, the main wave fronts resembling the shape of the PA lens propagate, converge, and reverse their sign of
radius of curvature. Notably, regardless of the profiles, polarity reversal from positive to negative is seen through color change from red to blue. For
the uniform pressure profile, besides the main wave (MW) front, diffraction-induced edge wave (EW) front is seen. The scale bar shows 1 mm,
corresponding to approximately 101 and 4z;. (b) Axial solutions (r = 0) and zoomed regions near the focus. The main front is represented as a
straight line, showing the distinct color change. The diffraction wave for the uniform case is represented as a curved line. From the zoomed plots,
the polarity reversal for the uniform case occurs more sharply than those for the other cases.

(P+ - P—)

zZ) = ———
@) max(P,, P_) (2)
where P, and P_ are the positive and negative amplitudes,
respectively. The ideality factor ranges from —1 to 1,
representing the evolution from positive monopolar waveform
forr y ® 1 (P, > P_), through the transition of bipolar
waveform for y = 0 (P, = P_) to negative monopolar waveform
fory ®# —1 (P, > P_). As shown in Figure 2d, the ideality
factor abruptly changes within a short-range of 1 mm [about
four times the Rayleigh length, zz = zwg/(c/f.) = 250 pm for a
6-dB lateral beam width (w,)) of 90 um]. Note that the
polarity evolution is found to be asymmetric, ie., y(+z,) #
7(—2,). Such asymmetric polarity evolution, which is in a sharp
contrast to symmetric one in optics, is explained by the fact
that the photoacoustic waves are emitted from the sound-
reflecting concave surface (PA lens). The simulation results
(green dashed line) shows a good agreement with the
measurement results (symbols) for a scan spacing of Az =
100 pym. The inset of Figure 2d shows the polarity near the
focus, which was recorded in a separate measurement using a
smaller scan spacing Az. Because of the nonlinear effect, the
measured values (red symbols) at the focus are higher than the
simulation results based on linear wave propagation.

Intuitive Explanation of the Phase Shift. The observed
acoustic polarity reversal is based on the photoacoustic beam
of nonuniform amplitudes along the transverse direction [i.e.,
A(r) = cos 0], which is different from the optical Gouy phase
shift relying on a Gaussian beam. To see the effect of the lateral
profile on the phase shift, we additionally conduct simulations
for two other lateral profiles (uniform and Gaussian), as shown
in Figure 3. These beams of three lateral profiles result in
significant wave diffraction, compared to diffraction-free
solutions (e.g., Bessel beam) of the wave equation. Regardless
of the lateral profiles, we observe the polarity reversal, i.e., the
color change of the wavefront from red to blue. Thus, our
findings indicate that the Gouy phase shift is observable in
beams with large diffraction, confirming that the phase
anomaly reflects a general characteristics of focusing waves of
any lateral profiles.

Unlike Gaussian beams, the non-Gaussian acoustic beams
(with either uniform and nonuniform amplitude) provide
further understanding of the Gouy phase shift by producing
the diffraction waves. For the uniform beam (Figure 3a), the
diffraction waves originating from the edges of the PA lens are
very distinct due to the equal amplitude of the secondary
waves. Interestingly, these diffraction waves also experience
polarity reversals. Here, the diffraction waves from the edges
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Figure 4. (a) Huygens’ picture showing wave fronts constructed spherical secondary waves labeled as the number corresponding to the point
sources on the concave surface. The wave fronts are constructed for two different radii, respectively (ct < /; and ct > ;). The resulting wave fronts
exhibit the sign change of radius of curvature. Note that the secondary waves are spread on the axis, experiencing axial order change. (b) The
secondary waves on the axis (top) and the resulting waves (bottom) for the three lateral pressure profiles. The secondary waves are spread along
the axis, each secondary wave represented as a bipolar waveform with a leading positive phase and a trailing negative phase. As a result of
interference of the secondary waves, the polarity of the wave fronts is determined, providing the physical explanation of phase shift.

are referred to as the edge waves (EWs) ,*3 while the main wave
fronts resembling the concave surface is referred to as the main
waves (MWs). Notably, the EWs initially lag behind the MWs,
but they advance the MWs after the focus. Such an axial order
change is closely related to the polarity reversal of the
waveform, and is hidden for a Gaussian beam because of
diminishing amplitude of the EWs. To understand the
characteristics of the EWs, we plot the axial pressure transients
at different z locations, i.e., p(r = 0, z, t), as shown in Figure 3b.
The EWs are characterized by curves crossing the straight lines
(z = ct) of MWs at the focus.

The axial order change between the MW and EW is evident
from the Huygens' principle. As depicted in Figure 4a,
Huygens’ picture states that the MW fronts (red/blue arcs)
are constructed by the envelope of the secondary spherical
waves (dashed lines) of the same radius (Rgy = ct) emanating
from source points on the concave surface of the PA lens. Each
secondary wave and its corresponding source point are
denoted as 0, +1, or +3. For t > [/c (i, Rgy > 1), the
diverging MW (blue arc) lags all the secondary waves on the z

axis. Particularly, the secondary waves from the edges (+3)
advance the most, leading to the EWs [see Figure 3a].

To determine the polarity of the wave fronts, we consider
superposition of these secondary waves on the z-axis. Figure 4b
illustrates the secondary waves arriving the z-axis from each
source point before and after passing the focal point (top
panel); their destructive interference produces the final
observable waveforms (bottom panel), as shown for three
lateral profiles: uniform, Gaussian, and high-order profiles. At
three time instants (¢ < l/c, t = /¢, and t > I/c), we consider
the secondary waves on the z axis, each represented as a
bipolar pulse (i.e, dp,/dt time-derivative of the positive

monopolar point source p,x et/ 2)°7 At t = I/c, all the
secondary waves arrive to the focus, resulting in a bipolar pulse.
At t <lj/cort>l/c the secondary waves are found to spread
along the z axis because of I; # Rgy (= ct). For the uniform
lateral profile, the secondary waves of the same amplitude
(spread along the z axis between z,< z < z,) interfere, which is
modeled by the Rayleigh integral:

https://dx.doi.org/10.1021/acsphotonics.0c01313
ACS Photonics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsphotonics.0c01313?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01313?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01313?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01313?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01313?ref=pdf

ACS Photonics

pubs.acs.org/journal/apchd5

Uniform source
12T K
10t
=
E
N 8r
o]
O
8 6 - //6 S
= Zyw =Ct o
© o
% 4] N\ o
/)d
2t o
o
O _c/ 1 1
0 2 4

Time (us)

(b)

~
L
(c)
2 T
1 bt . _;,;_,_4_:.’__‘__’ ______
S g e
E
w
kel
©
o
a
[95) .
‘| —— /=9 mm, D= 8 mm
-2l 1 e /=9 mm, D=10 mm |
: |- -- f=9 mm, D=12 mm
| ‘| .=~ unfocused, D=4 mm
-3 : : -
=5 0 5 10
z-1,(mm)

Figure S. (a) Locations of the main wave (MW) and edge wave (EW) fronts on the z axis for the uniform lateral profile. The MW is characterized
by a straight line (zyny = ct), whereas the EW is identified as a curved line (zgy). The curved line of zg, crosses the straight line of zyy at z = L
The lines indicate the geometrically calculated locations, while the symbols represent the simulation results. The inset shows the axial solutions
(Figure 3b) used for extraction of the axial locations. (b) Illustration of the longitudinal separation (S) of the secondary wave on the axis between
the MW and EW, i.e,, S = zgy — zyw- The locations zg,y correspond to the crossing points of the z axis and the circle of a radius ct and a center (r =
D/2, z = L). (c) Geometrically calculated separation (S) for different lens diameters (D) and the same focal length (lf) The separation (S)
approaches zero at the focus. For the unfocused pressure source, the spread (S) asymptotically approaches zero.

Z dt
dp /dt (—)dz x -
ll ( e ) dz B, TR 3)

Eq 3 indicates that the leading pulse at z = z, has a positive
polarity (+p,), whereas the trailing pulse at z = z, has negative
polarity (—p,) (see Supporting Information for Note 2). Thus,
the polarity depends on whether it is a trailing or leading pulse.
In this aspect, it is clear that the polarity reversal of the wave
fronts occurs after passing through the focus, because the wave
fronts experience the axial order change from a leading
position to a trailing position.

For the Gaussian lateral profile, the interference of the
secondary waves results in only the MWs, and the EWs are
diminished due to the much lower source intensity at the edge.
Without the EWs, the axial order change of the MW cannot be
explicitly observed, but it can be seen from the Huygens’
picture (see Figure 4b). It is noted that for higher-order beams
having the peak intensity between the sources +1 and +2, the
wavefront on the z axis (z,) is located between the MW (from
the source 0) and EW (from the sources +3), leading to
deviation from the MW (z = ct). This deviation from the MW
introduces an additional propagation phase, enabling a phase
shift exceeding 7.

Axial Spread of the Secondary Waves. The polarity
reversal (the color change of the straight line) is clearly
observed, when for the uniform lateral profile, the curved line
of the EWs is completely separated from the straight line of the
MWs [see Figure 3b]. This observation suggests that such a
separation can be used to quantify the phase shift. As
illustrated in Figure Sb, the separation between the MW and
EW on the z axis is represented by

S(t) = zgw — Zmw 4)

where zygy is given by zyw(t) = cf, and zgy is expressed by

zgw = L + +/(ct)* = (D/2)* with L being the depth of the

concave surface of the PA lens. The analytically calculated axial
locations (lines), zgy and zyny, show an excellent agreement
with those from the simulated axial solution (symbols), as seen
in Figure Sa. For different diameters (D) and the same focal
length (lf), the separation S(t) is plotted in Figure Sc. We
observe that the larger the diameters D are, the more abrupt
the separation occurs, explaining why the tight focusing
through a small f# = [;/D exhibits a more drastic phase shift. In
the far field, the separations of the focused beams asymptoti-
cally approach the depth (L) of the PA lens [ie, S(t) — L],
whereas that of the unfocused beam reaches zero with no sign
change.

An additional requirement for the distinct polarity reversal is
that from an interference perspective, the separation S(t)
should be much greater than the wavelength (1 = ¢/f.), i.e, S/4
> 1. This requirement is reasonable, as we find that the
separation relative to the wavelength(S/4) is physically
equivalent to z/zz in eq 1 (see Supporting Information for
Note 3). However, the acoustic phase shift by the PA lens
cannot be simply described by the arctangent function
tan™'(S/A) because of the unique characteristic of the
asymmetrical phase shift [y (+ z,) # y (—z, in Figure 2d].
Instead, we consider an arbitrary phase function of g for the
acoustic phase shift by the PA lens (¢p,), which is expressed as
a function of S/4:
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Peal2) = g(%] ()

The separation S in eq S takes into account both the axial
order change (sign(S)) and the separation (ISI). To verify eq S,
we use a few-cycle pulse modulated by Gaussian envelop for
the uniform lateral profile (see the inset of Figure 6). This few-

L """""" O i:_’i-’—'""’i"-‘{';

Phase, ¢ (rad)

-7 ! ©/,=9 mm, D=12 mm|]
“ al;=9 mm, D=10 mm

-1.5f--- Do Foeeeneeee 8 /=9 mm, D=8 mm |1
-5 0 5 10

z=ly(mm)

Figure 6. Phase shift (¢)) as a function of z for a few-cycle pulse
modulated by a Gaussian envelop. The uniform later profile is used
for the clear separation between zgy and zyny. The symbols indicate
the simulation results (COMSOL Multiphysics). The fit lines are
obtained from eq S for a = 0.17 rad.

cycle pulse enables us to determine its phase shift of the carrier
pulse with respect to the Gaussian envelop. Figure 6 shows the
simulated phases (symbols). The fit lines calculated from eq S
for @ = 0.17 show a good agreement with the simulated results
(COMSOL Multiphysics). By assuming a linear phase function
of g(x) = ax with « [rad] being the positive constant, eq S is
given by ¢, (z) = a%.

Phase Shift for Higher Order Beam. Our explanation of
the phase anomaly based on the separation and axial order
change can be extended to higher-order beams having the
phase shifts beyond z.”** As illustrated in Figure 7a, we
consider a circularly symmetric, annular photoacoustic beam,

A(r) — exp((’_rp)

7
According to the Huygens' picture (see Figure 4), the
secondary waves originating from the high-intensity sources
at r = r, meet the z axis at z = 2y forming a wavefront at the
same location as a result of the interference. The resulting
wavefront at z = z, is located between zypy = cf and zgy. Such
spatial separation of z, from zyny induces an additional phase

shift, enabling to e)iceed a 7 phase shift. The annular
photoacoustic beam is similar to Laguerre—Gaussian (L—G)
beams (higher-order Gaussian beam) with the radial mode
index p = 0, and the azimuthal mode index I = 1, 2.2 The
resulting phase shift of the L—G beam (p = 0) depends on the
azimuthal mode index (I), which is given by (N + 1)z = 27, 37
withN=1+2p=1, 2.” From observation of the higher-order
photoacoustic beams, we explain the characteristics of L—G
beams: why the phase shifts exceed 7 and why the phase shift
is dependent on the azimuthal mode index.

), having the peak intensity at r = 7,
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Figure 7. () Illustration of the annular (higher-order) photoacoustic
beam with a peak intensity at r = 7, and the corresponding reduced
depth L,. Huygens’s the secondary waves are exhibited on the z-axis,
and the wavefront is formed at z = z, between zypy = ct and zgy. (b)
Axial solutions of the higher-order beam. (c) Locations (z,) of the

wavefront on the z axis. originated from r = r,. The solid line is

geometrically calculated by z,=1L, + () - (rp)z, while the

symbols are extracted from the axial solutions (b). For comparison,
the dashed line represents zyyy, = ct.

Figure 7b shows the simulated axial solution of the higher-
order photoacoustic beam of r, = 4. 5 mm and r,; = 1.5 mm for
a PA lens of the same size (D = 15 mm and =92 mm). We
observe that the wave fronts of the annular beam on the z axis
(z,) are deviated from the straight line of zypy = ct. Similar to

Zgw, the wavefront locations z, are geometrically calculated by

zp(t) =L+ (ct)® — (1’10)2 with L, being the reduced depth
of the PA lens L,= Iy — 1/(lf)z — (rp)2 = 1.18 mm. As seen

in Figure 7c, the geometrically calculated z,(t) (solid line)
matches with the simulation results (symbols). We find that
the separation (Syo) between z, and zyyy = ct (e, Syo = 2, —
Zyw) is related to an additional phase shift, which is given by

Dyo = Zﬂ'SHTO. For the far field, Sy approaches the reduced
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depth L, and thus the limit of ¢y after the focus is set by the

L
reduced depth L,ie, ¢H0,limit = 277:7”. For L, = 1.18 mm and

A =c/f.=03 mm (f. = S MHz), a very large phase shift can be
realized, i.e., Yo imic > 677. Such a large phase shift well exceeds
those of Laguerre—Gaussian beams (2737), because L—G
beams have both L, and r, comparable to A, whereas r, of the
PA beams can be arbitrarily chosen. With L, proportional to r,,
it is understood that a Laguerre—Gaussian beam with a larger
azimuthal mode index of I = 2 (thereby larger r,) has larger

phase shift than that with [ = 1.

B SUMMARY AND DISCUSSION

We have demonstrated the acoustic Gouy phase shift by
directly observing the polarity reversal of a focused ultrasound
pulse generated by pulsed optical excitation. Unlike the
reported works,”””” where the acoustic Gouy phase shift of
7/2 was demonstrated, our observation is based on 3D
focusing, enabling a 7 phase shift and polarity reversal
Notably, the polarity reversal by our PA lens features its
asymmetric characteristic, because the photoacoustic pulse is
emitted from a PA lens (sound baffle). Additionally, our
observation is enabled with a relatively low frequency
ultrasound (tens of megahertz, ~10" Hz), compared to
previously reported observations using a single-cycle pico-
second optical pulse (equivalently, terahertz, ~10'* Hz).

We have explained the physical origin of the Gouy phase
shift using Huygens’ secondary waves and interference. We
find that the polarity of the wave fronts is dictated by the axial
sequence change of the secondary waves and the separation
relative to the wavelength. For higher order beams, the phase
shifts exceeding 7 can be understood that the axial location of
the secondary wave emitted from the peak on a PA lens is
deviated from the straight line representing a reference plane
wave.

This study not only demonstrates the acoustic polarity
reversal, but also provides further understanding of the phase
anomaly in optics. Moreover, our observation is based on
megahertz ultrasound, also providing a new tool to generate
negative monopolar pulses useful for studying interaction of
the tensile waves with tissue. The implications of polarity
reversal of the megahertz PA pulses can be profound; a full
control of the mechanical waves (i.e, pure tensile or
compressive pulses) becomes possible, enabling fundamental
studies of unit mechanical waves in many areas such as
interactions with tissue in ultrasound neuromodulation in the
brain,*>*® mechanotransduction in sensory nerves,”’ and
acoustoelectric imaging.”® Such mechanistic studies based on
the unit mechanical waves are considered challenging, because
it is extremely difficult to produce a pure tensile wave even
with high-?erformance transducers such as piezoelectric
transducers™ or capacitive micromachined ultrasonic trans-
ducers (CMUT) (more than 100% bandwidth).*

Experimental Setup. For generation of megahertz photo-
acoustic pulses, a nanosecond Nd:YAG laser beam (pulse
duration 6 ns full-width-half-maximum, Continuum, Surelite I-
20) is irradiated on a carbon nanotube (CNT)-polydimethyl-
siloxane (PDMS) composite coated on the concave side of a
optically transparent plano-concave substrate with a 15 mm
diameter and a 9.2 mm radius of curvature (a fused silica lens
purchased from Optosigma, Inc.). The laser beam was
expanded (X5) and collimated before illuminating the CNT-
PDMS composite. The CNT-PDMS composite (tens of pm

thickness) on the concave surface was prepared by directly
growing multiwalled CNTs on the concave surface through a
high-temperature chemical vapor deposition process and then
coating uncured PDMS solution on the grown CNTs, as the
same procedure is found in refs 28, 34. For characterization of
photoacoustic pulses, the wave fronts generated in water were
visualized by the laser-flash shadowgraph technique.* Induced
by a local density change due to the compressive/rare-factional
waves, contrast images upon back illumination of pulsed dye
laser (1 ns) were recorded by a CCD camera (exposure time:
~ms). This imaging technique is a pump—probe method that
allows a probe laser pulse (N,-pumped dye laser, fwhm = 1 ns)
to obtain images at a different temporal moment specified by
the time delay between the pump (Nd:YAG laser) and the
probe pulses through the delay generator (Stanford Research
Systems, DGS35). In this technique, time-resolved images of
the wave propagation can be captured with a time resolution of
nanosecond due to the short exposure time of the probe beam
(1 ns). A broadband fiber-optic hydrophone (bandwidth up to
75 MHz) was employed to measure the acoustic signals. The
hydrophone consists of a single-mode fiber (6 ym core and
125 um cladding), a continuous diode laser (1310 nm
wavelength), and a balanced amplified photodetector (75
MHz bandwidth, Thorlabs). The hydrophone is capable of
sensing the acoustic pulses via a change in the light reflection
at the fiber/water interface, caused by the pressure-induced
refractive index modulation. The modulated signals of the
photodetector were monitored by using a digital oscilloscope
(WaveSurfer 432, LeCroy, Chestnut Ridge, NY). For bearing
high-amplitude pressure pulses near the focus, the tip of the
optical fiber is uncoated.

Numerical Simulation. To calculate acoustic propagation,
the full wave simulation (axisymmetric) is performed using a
finite element method (FEM) solver (COMSOL Multi-
physics). The FEM solver solves the time-dependent wave
equation, which is given by

pc’ ot (6)
where p is the density, c is the speed of sound, and V is the
. . . 0., 0., 0y .

vector differential operator (ie, V = it 5 + 5k with i,

j, and k being the unit vectors in the x, y, and z coordinates,
respectively). The incident pressure field is given by

py(r, 1) = A(r)e™ 4 (7)

where A(r) is the lateral source pressure profile with r being
the distance from the propagation axis, and t; is the pulse
duration (t; = 1/2f.). The properties of water are used as p =
1000 kg/ m? and ¢ = 1450 m/s. The simulations assume lossless
and linear wave propagation.
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