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In this work, the use of binary amplitude holography is investigated as a mechanism to focus
broadband acoustic pulses generated by high peak-power pulsed lasers. Two algorithms are
described for the calculation of the binary holograms; one using ray-tracing, and one using
an optimization based on direct binary search. It is shown using numerical simulations that
when a binary amplitude hologram is excited by a train of laser pulses at its design frequency,
the acoustic field can be focused at a pre-determined distribution of points, including single
and multiple focal points, and line and square foci. The numerical results are validated by
acoustic field measurements from binary amplitude holograms, excited by a high peak-power laser.
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I. INTRODUCTION

The photoacoustic effect occurs when a time varying op-
tical source, which can be coherent or incoherent, is incident
on an optically absorbing material. The incident photons are
absorbed and converted to heat by non-radiative de-excita-
tion. This causes a small temperature rise resulting in local
pressure increase which generates an acoustic pulse.! Within
the past decade there has been increasing interest in optically
generated ultrasound (OGUS) for biomedical applications
due to a steady increase in the acoustic pressures that can be
generated. This is principally due to the development of
materials with higher photoacoustic efficiencies.” For exam-
ple, nano-composites composed of separate elastomeric and
absorbing components possessing high optical absorption, ef-
ficient heat transduction, and high thermal expansion have
been used to generate focused pressures of 50 MPa.> OGUS
has several clear advantages compared to piezoelectics.
These include very wide bandwidths of 100s of MHZ,4 non-
contact excitation, and flexible element size.” In addition, by
controlling both the optical pulse shape and spatial illumina-
tion pattern to a two-dimensional (2-D) absorber, it is possi-
ble to achieve a high degree of control over the resulting
acoustic field in three dimensions, without the drawbacks
associated with 2-D capacitive micromachined ultrasonic
transducer (CMUT)® and piezoelectric arrays.’

One configuration for the optical generation of ultra-
sound uses a laser and a thin layer of a highly absorbing ma-
terial. The laser pulse is first expanded, then absorbed by the
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layer where it generates a plane wave.” By controlling the
spatial pattern of optical energy incident on the absorber, the
resulting acoustic pulse can be focused or particular frequen-
cies excited. For example, generating an annular pattern
using an axicon lens® or spatial light modulator (SLM)"
results in a more intense acoustic signal at the center of the
ring. Alternatively, generating a stationary fringe by interfer-
ing two laser pulses,'' or a moving fringe by interfering two
frequency shifted laser pulses'? results in an acoustic pulse
with peaks in its spectra determined by the fringe spacing.
An equivalent effect can also be achieved by patterning the
absorbing layer. The initial distribution of pressure is then
controlled by absorption differences over this layer. Both
diffraction gratings and Fresnel zone plates (FZPs) have
been manufactured in this way for applications using
surface'*'* and longitudinal waves,' respectively.

By controlling the temporal application of the optical
radiation to the absorber, the spectrum of the resulting pulse
can be further controlled. For example, a single short optical
pulse can excite an acoustic pulse with a broadband spec-
trum.* Using multiple short optical pulses with an even tem-
poral spacing results in an acoustic signal with a spectrum
possessing peaks at the pulsing repetition frequency (PRF)
and at harmonics contained in the initially broadband spec-
trum.'® Alternatively, if the optical intensity is modulated
sinusoidally, the resulting acoustic spectrum has a single
peak at the modulation frequency.'”"'®

Both spatial and temporal modulation have been com-
bined in several works. Sharples et al. used a mode locked
Q-switched laser that generated 30 pulses with a spacing of
12.1ns to excite surface acoustic waves.'® The pulses pro-
duced by this laser were patterned with an SLM into a series
of concentric arcs. By matching the acoustic transit time
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between neighboring arcs to the repetition rate of the laser,
the amplitude at the focus was maximized. Meyer et al.'®
modulated the intensity of a 10 us 550 mJ laser pulse to vary
sinusoidally such that it excited narrowband acoustic tone
bursts.?’ The spatial intensity or relative phase of the laser
pulse was then also modulated using an SLM. The result was
a 2-D acoustic pulse with a predetermined frequency and
spatial pattern. The 3-D acoustic field could then be con-
trolled using binary amplitude or phase holography. The
resulting system was used to generate several novel acoustic
patterns including a line and an annular focus.

Accurate spatial control of optically generated acoustic
fields is therefore possible for narrowband pulses by using
holographic patterns to control where the acoustic waves
constructively interfere. However, it is difficult to achieve
high acoustic pressures (e.g., those needed in biomedical
ultrasound) using this approach due to lower peak powers of
these optical sources. For example, the pressures reported in
Ref. 20 were limited to ~10 kPa. One approach to overcome
this limitation is to use short duration high peak power
pulses from a Q-switched laser. These lasers have signifi-
cantly greater peak-powers so have the potential to generate
much higher acoustic pressures. Spectral control of the
acoustic field can be achieved by the use of multiple pulses
applied with a high PRF (MHz). This could enable optically
generated ultrasound to become a practical modality for 2-D
ultrasound arrays. However, consideration also needs to be
given to the optimal design of binary holograms for this
application.

In this work, the properties of the acoustic fields that
can be generated by the use of pulsed lasers and binary am-
plitude holograms are explored in detail. The first section
investigates numerically the acoustic fields generated by bi-
nary amplitude holograms with a single focus, establishing
the experimental conditions influencing the generation of a
focus. In the second section, this is extended to binary
amplitude holograms with multiple foci, exploring their pos-
sibilities and limitations. The third section validates the
numerical model and demonstrates that this approach can be
applied experimentally with the use of patterned optical
absorbers and a Q-switch laser.

Il. SINGLE FOCUS HOLOGRAMS
A. Computer generated binary amplitude holograms

A binary amplitude hologram is a 2-D binary pattern
designed to control the distribution of light or sound of a par-
ticular wavelength in three dimensions. Pixels that are “on”
in the pattern transmit waves which constructively interfere
at the design points. Pixels that are “off” do not transmit.

A ray-based algorithm was implemented for the calcula-
tion of binary amplitude holograms designed to generate a
single acoustic focus. For each hologram, a target point,
aperture size (i.e., hologram size), pixel size (i.e., the size of
a hologram element), and design wavelength are defined.
The pressure p(x, y) on the surface of the 2-D hologram is
then calculated by approximating the focal point as a mono-
chromatic point source oscillating at the design frequency,
where
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p(x.y) = Re{le"""*“’}- (1)

Here r is the distance from the focal point to each position
on the hologram surface, k is the wavenumber at the design
frequency f (where k= 2nf/c, and c is the soundspeed), and
@ is an arbitrary phase offset (the effect of which is dis-
cussed further in Sec. IIF). The calculated 2-D pressure on
the hologram surface is then thresholded with positive values
of p(x, y) set to 1 and negative values set to O to produce a bi-
nary hologram. An example hologram is plotted in Fig. 2.
For the holograms depicted in this work, black pixels are
“on” and white pixels are “off.”

A binary amplitude hologram with a single focus is
known as a FZP. A FZP consists of a series of alternating
dark and light rings. The path length difference to the focus
from neighboring rings differs by half a wavelength of the
design frequency. It is possible to derive an expression for
one set of radii for the center of each “on” ring of a FZP with
a focus at depth d from Eq. (1) by setting ® = (—2nd)/4,
which yields

1L, = \V/2nid + n2)>. )

Here [, is the radii of the nth ring on the zone plate, d is the
focal depth, and A is the design wavelength. For most FZP
A < d, so for small n, Eq. (2) can be approximated by

L, =~ \2nid. 3

In addition to the main focus, FZP’s have several less intense
higher order foci along the main axis corresponding to points
where the path length difference is n/ for odd n. These occur
at distances of approximately d/n.

B. Hologram acoustic field simulations

The acoustic fields generated by binary amplitude holo-
grams when excited by a set of laser pulses spaced at their
design frequency were simulated using the k-Wave tool-
box.?>* This uses a k-space pseudo-spectral model for time
domain simulations of acoustic waves. For all simulations
the medium was homogeneous with a density of 1000 kg
m > and a sound speed of 1500m s~ '. Unless otherwise
stated the simulations were carried out on a regular
512 x 512 x 512 Cartesian grid with a grid point spacing of
25 um, time steps of 5ns, and a maximum supported fre-
quency of 30 MHz. The thickness of the perfectly matched
layer was set to ten grid points. Holograms were inserted at
one edge of the simulation domain as a source mask. Laser
pulses incident on the absorber were represented temporally
as impulses at discrete simulation time points inserted at the
nearest point to the analytic pulsing frequency. The temporal
input was filtered at 30 MHz to remove frequencies not sup-
ported by the spatial grid.

C. Pulsed acoustic sources vs monochromatic

The calculation of a binary amplitude hologram using
Eq. (1) assumes a monochromatic input spectrum. In
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comparison, the spectrum of the acoustic wave generated by
a short optical pulse is broadband or, if generated at a set
repetition rate, has peaks at the PRF and harmonics of the
PRF contained in the broadband spectrum of the single
pulse.

To establish the effect the difference between the
assumed spectra and the actual spectra has on the resulting
field, the monochromatic and pulsed inputs were compared
in simulation. A hologram was calculated for a design
frequency of 5MHz, with a 0.03mm pixel spacing, a
1.5cm x 1.5cm aperture, and a focus at 1.5cm. The fields
generated from this hologram were simulated on a
540 x 540 x 1536 grid, with a grid spacing of 0.03 mm. The
maximum supported frequency was 25 MHz. The hologram
was inserted as a source distribution in the (x, y) plane along
the edge of the grid. The two optical inputs were represented
in the simulation using a sinusoid (for the monochromatic
input), and using a train of delta functions spaced at 5 MHz
(to represent a pulsed laser input). Figure 1(a) shows the
maximum amplitude projection (MAP) of the peak pressure
in each voxel of the hologram field generated with a pulsed
laser input. Figure 1(b) is the MAP of the same field gener-
ated by a monochromatic input.

There are several significant differences introduced by
the harmonics in the acoustic spectrum. First, the volume of
the design focus labeled f, in both figures, measured by
thresholding the maximum pressure data at 50% of the over-
all maximum, is reduced by 92% compared to the mono-
chromatic input. Second, the signal to noise of the focus
relative to the background is decreased. Third, there are
several additional foci present in the pulsed field not present
in the monochromatic field. These are generated by the har-
monics in the source spectrum. From Eq. (3) it can be seen
that halving the wavelength 4 and keeping the radii constant
approximately doubles the focal length d. Therefore, the
hologram focuses each harmonic at a point further away
from the hologram aperture. As with the fundamental, each
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FIG. 1. (Color online) (a) Maximum amplitude projection (MAP) of maxi-
mum pressure generated by the hologram with a pulsed input, normalized to
peak pressure in simulation. (b) MAP of maximum pressure generated by
the hologram with a monochromatic input, normalized to peak pressure in
simulation. The pulsed input generates a lower focus volume but also gener-
ates several additional foci and has lower signal to noise.
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harmonic also generates higher order foci at points where
the path length from subsequent rings differs by an odd num-
ber of wavelengths of that harmonic, an example is labeled
in Fig. 1(a) as f4/3. This is the third order foci for the fourth
harmonic. Certain higher order foci of odd harmonic fre-
quencies also spatially coincide with the design focus, for
example, f3/3. This spatial overlapping is responsible for the
reduction in focus volume observed in the pulsed input rela-
tive to the monochromatic input.

D. Zone plate resolution and pulse number

To understand the parameters required to represent a
hologram and generate an axial focus, the effect of resolu-
tion (pixel size) and the number of laser pulses on the focus
volume and peak pressure was investigated. Simulations
were carried out using four equivalent holograms calculated
with resolutions of 1/16, /8, 1/4, and /2 relative to the
design frequency of 3.75MHz. Each hologram had a
lem x 1em aperture and a focus at a depth of 1cm. For
each hologram, 15 simulations were carried out increasing
the number of pulses applied from 1 to 15. The volume of
the focus was evaluated in each simulation by thresholding
the maximum pressure at each simulation voxel at 50% of
the maximum pressure at the focus then calculating the
number of voxels in the cluster containing the target focus
point.

As shown in Fig. 2(b), the volume of the focus
decreases with each additional pulse, reaching a steady
state for each hologram at approximately six pulses, which
matches the number of rings on the hologram. It is also the
point where the temporal spacing between the first and last
pulses in the input signal matches the travel time difference
between waves from the edge and center of the hologram
to the focus. The largest decrease in focal volume is seen
between the one and two pulse inputs. This is because for
a single pulse the acoustic field is not axially focused as
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FIG. 2. (Color online) (a) Four holograms used in the simulations. The reso-
lutions from left to right are /16, 1/8,1/4, and A/2. (b) Variation in focus
volume with number of pulses applied in the simulation for each hologram.
(c) Variation in maximum pressure at the focus with number of pulses for
each hologram. Maximum pressure increases and focus volume decreases
with increasing hologram resolution and increasing pulse numbers.
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there is no temporal overlap between the acoustic signal
from different rings. For two or more pulses the acoustic
signal from neighboring rings can constructively interfere
generating a focus. The volume of the focus at any given
pulse number decreases with increasing hologram resolu-
tion. However, the fractional improvement reduces with
each subsequent increase in resolution, e.g., a gain of only
~8% is seen between the /8 and 1/16 holograms. Similar
trends are observed for maximum pressure as shown in
Fig. 2(c).

The spacing between rings on a zone plate, and their
width, decreases with increasing distance from the center
[this can be seen in Figs. 4(c) and 4(d)]. This means both the
resolution required to represent the zone plate and the num-
ber of pulses needed for the field to converge will increase
with increasing aperture size. Both parameters will also vary
depending on the depth of focus relative to the aperture and
if the focus is moved off the hologram center. However, the
simulations demonstrate that a focus can be generated with a
relatively low hologram resolution ~//2 (corresponding to
75 um for 10 MHz), and with as few as two optical pulses.

E. Optical pulsing frequency

After establishing the conditions required for conver-
gence of the field from a particular hologram, the degree to
which the acoustic field of individual holograms can be var-
ied was considered. The focal length of a hologram varies
depending on the input frequency. As the spectrum gener-
ated by a train of optical pulses is determined by the PRF, it
should be possible to vary the axial focus position by altering
the PRF.

A prediction of the focal depth of each ring on the holo-
gram can be calculated by inverting Eq. (2),
2 n

n

"o 2

“)

Here d, is the prediction for the focal depth from the nth
radii. By substituting in the appropriate wavelength and tak-
ing the average of d,, this gives a prediction of the focus
depth for each PRF.

To validate Eq. (4) its predictions were compared
against simulations. A hologram was calculated for a design
frequency of 9 MHz, with a 0.75 cm x 0.75 cm aperture, and
a focus at 0.75cm. The fields generated by this hologram
were simulated altering the PRF between 4.5 MHz and
13.5 MHz. For each simulation the input source was filtered
at 2.2 points per wavelength (PPW) relative to the pulsing
frequency and the magnitude was normalized. The focus
position was recorded in each simulation as the depth from
the hologram at which the peak pressure occurred. The peak
pressure and lateral FWHM of the focus (beamwidth) were
also both evaluated.

Figure 3(a) shows the measured variation in focus depth
with pulsing frequency compared to the prediction from Eq.
(4). The two are in close agreement. Figure 3(b) shows the
variation in peak pressure and beamwidth at the focus as a
function of pulsing frequency. With increasing pulsing
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FIG. 3. (Color online) (a) Variation in focus depth with pulsing frequency,
as measured in simulation and predicted by Eq. (4). The simulated data and
the prediction show good agreement. (b) Variation in peak pressure and
focus width with pulsing frequency. The dotted lines in (a) and (b) indicate
the design frequency. (c) MAP of the maximum pressure field for a pulsing
frequency of 5.7 MHz. Pressure is normalized relative to maximum in (d).
(d) MAP of the maximum pressure field for a pulsing frequency of
11.7 MHz. The crosses in (c) and (d) indicate the position of the target focus
at 9 MHz.

frequency compared to the design, the pressure at the focus
and the beamwidth remain approximately constant.
Conversely, as the pulsing frequency drops, the peak pres-
sure lowers and the beamwidth increases. One possible cause
is that the variation in the focus depth predicted by different
rings becomes larger as the pulsing frequency decreases. At
much lower pulsing frequencies the focus is observed to split
into a series of smaller foci at different depths. This is
accompanied by a large drop in peak pressure. MAPs of the
maximum pressure recorded in each voxel of the simulation
are shown in Figs. 3(c) and 3(d) for pulsing frequencies of
5.7 and 11.7 MHz. These demonstrate the change in focus
position.

F. Zone plate phase offset

A series of zone plates with identical focusing parameters
but with rings at different positions can be generated by vary-
ing the phase offset ® in Eq. (1). It has been found for optical
zone plates that the choice of this parameter can influence the
magnitude generated at both the focus and side lobes.** To
test the impact of this parameter for acoustic holograms, a set
of 60 equivalent holograms were generated by varying ®
between 0 and 27. Each hologram had a design frequency of
9MHz, a 1cm X 1cm aperture and a focus at 1cm. The
acoustic field generated by each hologram was simulated with
the application of 2, 4, and 40 pulses. The measured variation
in beamwidth and maximum pressure are shown in Fig. 4.

For two pulses, the variation in beamwidth between the
best and worst phase offset is 66% [Fig. 4(a)]. As the number
of pulses used increases, a similar trend is observed, how-
ever, the fractional variation between the best and worst case
decreases. For 40 pulses, where the field has reached steady
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FIG. 4. (Color online) (a) Variation in beamwidth with choice of phase off-
set @ for simulations using 2, 4, and 40 pulses, each normalized against the
largest beamwidth. (b) Variation in maximum pressure at the focus with
choice of phase offset for simulations using 2, 4, and 40 pulses, each nor-
malized against the overall maximum pressure. (c) Hologram that generated
smallest focal width with the application of 40 pulses. (d) Hologram that
generated the largest focal width with the application of 40 pulses.

state, a variation of 9% occurs. From Figs. 4(c) and 4(d) it
can be seen that the beamwidth is maximized when the area
of the hologram’s central region is large and active, and is
minimized for a small active central region. This is also the
case, with small variations, for lower pulse numbers, before
the field has reached steady state. The peak simulation pres-
sure is also seen to change with phase offset, however, the
measured variation is low compared to that seen in the
beamwidth [Fig. 4(b)]. The choice of @ therefore has a sig-
nificant impact on the resulting acoustic field.

lll. MULTI-FOCI HOLOGRAMS

A. Computer generated holograms: Direct binary
search

Having established the properties of the acoustic fields
generated by binary amplitude holograms with a single
design focus, the properties of holograms that target multiple
distinct points and continuous patterns were investigated.
Binary amplitude holograms with multiple focal points can
be generated using the ray-based algorithm. This is done by
evaluating the pressure p(x, y) generated by each target point
over the hologram using Eq. (1) separately, then superimpos-
ing the contribution of each point and thresholding the
resulting pressure at 0. However, the acoustic fields gener-
ated by these holograms show large variations in pressure
generated at different target points.

An example of this is given in Fig. 5. In Fig. 5(a) a holo-
gram calculated to focus over the outline of a square is
shown. The acoustic field generated by this hologram is plot-
ted in Fig. 5(b). The acoustic field is significantly more
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FIG. 5. (Color online) (a) Binary hologram designed to focus over the outline
of a 1.5 cm square, in a plane 3 cm from the hologram. Hologram was calcu-
lated for a frequency of 3 MHz using the ray-based algorithm. (b) Maximum
pressure in target plane of square generated by the hologram in (a) when
simulated. (c) Binary hologram calculated for the same target points and fre-
quency as the hologram in (a) using the direct binary search algorithm. (d)
Maximum pressure in target plane of square generated by the hologram in (c)
when simulated. The optimization algorithm produces a significantly better
representation of the target pressure.

intense at the corners of the square, which makes the outline
of the square difficult to resolve. This effect is due to the
quantization of the hologram. For optical holograms, it has
been previously found that binarization of the output of ray-
based algorithms generates holograms that produce greater
intensity along edges and corners and significantly lower
intensities from other areas of the target pattern.”

As a result an optimization approach was developed for
the calculation of holograms with multiple foci. The holo-
gram is initialized in a randomized binary state. The cost
associated with this state is evaluated using a cost function
first used by Clark in the design of binary optical phase holo-
grams,26 This is given by

C = —|p[+ a0, ®)

where [p| is the average magnitude of the complex pressure
at the target points, ¢ is the standard deviation of the pres-
sure over the target points, and o is a factor weighting the
two terms. Empirically a value between 1 and 2 for o« was
found to provide a good balance between maximizing the
pressure at each target point and minimizing the variation.
The pressure at each focal point is evaluated using the
Rayleigh-Sommerfeld integral, that is,

elkl
p= JJH(X7Y) dedy (6)

Here H(x, y) is the value of the hologram at the point (x, y),
and r is the distance from the (x, y) pixel to the focal point.
The optimization then proceeds via direct binary search, first
used by Seldowitz er al?’ The state of single pixels are
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flipped, the change in cost is evaluated, and the new state
kept if it decreased. Pixels are chosen randomly, with each
pixel on the hologram being explored once before repeat
tests. This continues until the number of changes that occur
in an iteration is less than 0.01% of the overall number of
pixels. The random-exhaustive approach to pixel selection
was found to converge more rapidly than ordered or non-
exhaustive selection. The random initialization and ordering
of the pixel selection means the algorithm converges to dif-
ferent holograms between model runs. However, the differ-
ences in the acoustic fields generated by these holograms
over the points of interest was found to be small (<0.5%). A
summary of the algorithm is shown in Fig. 6.

Initialise hologram as random
binary pattern

v

Compute pressure over target
points

v

| Evaluate initial cost C |

v

i=0,changes =0, |
| v

_— — | Randomly select untested pixel |

| Flip state of selected pixel |

| Compute change in cost AC |

no yes

44
|
|

C = C+AC, changes++
Set new cost, record
that change was made

| Revert pixel state |

| i<N i++
check if each pixel
| has been tested

changes/N<0.001

check number of
changes made in
iteration

FIG. 6. Flow chart summarizing the optimization algorithm used in generat-
ing multi-foci holograms.
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The optimization approach offers significant flexibility
over the resulting holograms. Additional terms can be added
to the cost function to control the acoustic field in different
ways. For example, arbitrary weightings can be included to
vary the pressure at different focal points, or the relative
phase at different target points can be controlled.

Figures 5(c) and 5(d) show the hologram and acoustic
field that result from applying the optimization algorithm
to the same problem of generating the outline of a square.
In this case, the square can be clearly resolved relative to
the background, and the pressure is significantly more
uniform.

B. Multi-foci holograms simulation parameters

Two further cases were investigated as a test of multi-
foci holograms: an acoustic field with a line focus, and a
field with a square array of foci. These were used to investi-
gate the sampling rate needed to represent a continuous
shape, and the change in pressure and foci size as a field is
made to focus at several points. Simulations were carried out
on a 256 x 256 x 256 grid, with a grid spacing of 0.167 mm,
time steps of 33 ns, and a maximum supported frequency of
4.5 MHz. Holograms were calculated for a design frequency
of 3 MHz, over an aperture of 3.33 cm.

C. Line focus

The generation of a continuous pattern of pressure was
investigated first. The target used was a line focus, 1.66 cm
in length in a plane 3.33 cm from and parallel to the holo-
gram aperture. As an input to the optimization algorithm, the
line had to be discretized into a set of points. The spacing of
these points was varied between 33.34 to 0.1684, and a holo-
gram was generated for each spacing. The acoustic field
generated by each hologram was simulated recording the av-
erage peak pressure in each voxel of the line, the variation in
peak pressure over the line, and the peak pressure at each tar-
get point. These are each plotted in Fig. 7.

From Fig. 7(c) it can be seen that it is possible to gener-
ate an acoustic field focused over a line. The average maxi-
mum pressure over this line increases with decreasing point
spacing until this spacing is less than ~0.754, at which point
it remains stable showing only small variations between dif-
ferent point densities [Fig. 7(a)]. The maximum pressure at
each individual foci decreases with decreasing point spacing
until approximately 0.754, at this point it remains stable and
matches the value of the average line pressure. As this spac-
ing also coincides with a large drop in the variation of maxi-
mum pressure over the line, this demonstrates that 0.754 is
the maximum point spacing that can produce a continuous
pattern without significant variations in pressure. For more
sparse distributions the line is realized as a set of discrete
foci [Fig. 7(b)].

D. Multiple foci

The generation of multiple discrete foci was investi-
gated next. In this case the target was a square array of
evenly spaced points. The points were distributed over a
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lem x lem area centered on the hologram in a plane
3.33 cm away. The number of target points in the array was
varied from 2 x 2 to 11 x 11. The variation in the average
area occupied by each foci, and the contrast between the tar-
get focal points and the background are shown in Fig. 8. To
evaluate the average area occupied by each focus the maxi-
mum pressure data was interpolated onto a denser grid to
improve differentiation, then thresholded at 50%. The area
was then given by the size of the cluster centered on each
target point in the 2-D target plane.

Figures 8(b) and 8(c) show that arrays of points with
evenly distributed pressures can be generated. However,
there are several limitations. As the number of points in the
array increases, the ratio between the pressure at each target
point and the background pressure decreases [Fig. 8(a)].
This is due to both the background pressure increasing and
the pressure at each focal point decreasing. For the 11 x 11
array there is only a 16% difference between the two.

As the number of points in the array increases, the aver-
age area occupied by each focus increases gradually until the
8 x 8 array [Fig. 8(a)]. A 46% increase is seen between the
2x 2 and 8 x 8 arrays. From the 9 x 9 array onward the
pressure at background exceeds 50% of the pressure at the
foci. This results in the effective “area” occupied by each
focus significantly increasing as different focal points cannot
be separately resolved by the metric. The lowest spacing of
discrete points that can be achieved is therefore limited to
2.2/.. Note this is distinct from the 0.754 found in Sec. III C,
which represents the maximum discrete point spacing which
generates a continuous acoustic pressure.

The MAP of the hologram field perpendicular to the tar-
get and hologram planes for the 5 x 5 array is shown in Fig.
8(d), where the target plane is indicated by the dotted line. It
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FIG. 8. (Color online) (a) Simulated variation in the ratio of average of the
maximum pressure at each focus to the average of the maximum pressure
over background pixels as the size of the array increases. Also shown is vari-
ation in average area occupied by each focus as the size of the array
increases. (b) Maximum pressure in target plane of hologram for a 5 x5
array of points (c) Maximum pressure in target plane for a 9 x 9 array of
points. (d) MAP of maximum pressure generated by hologram in (X, z)
plane. The dash line indicates target plane for array of foci.

can be seen that high pressure foci are generated in planes
other than the target plane. This is a potential drawback.
However, these focal points occur in the near field for the
hologram aperture, so are not dissimilar to those that occur
for conventional piezoelectric arrays.

E. Effect of harmonics on multi-foci field

The simulations in Secs. III C and IIID were carried out
at a single frequency, pulsed, but without including the contri-
bution from harmonics. This can be a valid approximation, for
example, for high frequency holograms in highly attenuating
media. However, for most applications their effect needs to be
considered. To investigate, the acoustic field generated by the
hologram in Fig. 5(c) was simulated again including the con-
tribution from the first two harmonics. The resulting field is
plotted in Fig. 9(b).

The introduction of harmonics causes the pressure to
vary significantly from the intended distribution. This means
for applications at lower frequencies where the number of
harmonics could be > 10, the single frequency approximation
used in the optimization model is invalid. To account for
this, a model-based approach using k-Wave was adopted.
First, a forward simulation is run. The input to this
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FIG. 9. (Color online) (a) Binary hologram to generate square outline, also
displayed in Fig. 5(c). (b) Maximum pressure generated by hologram in (a)
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Hologram generated using the harmonic corrected forward model from Eq.
(8). Target and parameters are identical to (a). (d) Maximum pressure gener-
ated by hologram in (c) in target plane of square, simulated including first
two harmonics.

simulation is a single hologram pixel in the center (0, 0) of
the intended hologram. The temporal input to this pixel
matches the source used in the final simulation and can have
any number of harmonics. The simulation records the pres-
sure across the target plane of the hologram. This gives the
pressure ppicel (X, y, 1) generated by a single hologram pixel
at each time point ¢ at each coordinate in (x, y) in the target
plane. A time interval covering one period of the pulsing fre-
quency is selected from the pressure data. The pressure ppoint
(x, y, t) generated at a target point at (x, y) in the target plane
by a pixel (i, j) in a N x N hologram centered on (0,0) is then
given by

t . ox N+1 .y N+1t
oint (X, Y, 0) =Ppixel | 1 = ———F— ] —F ———F=—,1 |,
Ppoint (X, Y, 1) = Ppixel e ) J dy 3

@)

where dx and dy are the grid spacings in the x and y planes,
respectively. For (x, y) coordinates between the simulation
grid points, the pressure is calculated by linear interpolation.
The overall pressure generated by a given hologram at each
target point can then be evaluated using

ppoint(xayvt) :ZZH(IJ)

J=1i=1

Here H(i, j) is the current value of the (i, j)th pixel in the
hologram. The optimization then proceeds as before over the
maximum pressure max(ppoine (X, y, 7)) generated at each
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target point. The algorithm can be extended to points in mul-
tiple planes by recording over several planes in the forward
simulation.

This model was applied to the same test of generating
the outline of a square described in Sec. IIl A. The resulting
hologram and maximum pressure are plotted in Figs. 9(c)
and 9(d). It can be seen that the outline of the square is suc-
cessfully recovered, and that the signal to noise at the target
points relative to the background is comparable to that in
Fig. 5(d). So, the spectral difference introduced by utilizing
a series of short pulses can be accounted for by adjustment
of the forward model. However, the hologram generated by
this algorithm [Fig. 9(c)] is significantly more speckly than
the corresponding hologram in Fig. 9(a). This makes fabrica-
tion of these holograms more challenging. However, these
regions can be removed from the hologram without a signifi-
cant alteration to the resulting acoustic field.

IV. PATTERNED ABSORBER FIELD MEASUREMENTS
A. Absorber fabrication and optical source

Experimental measurements were carried out to validate
the accuracy of the numerical model and demonstrate that
the acoustic fields generated by binary amplitude holograms
can be realized experimentally. A set of holographically pat-
terned absorbers were fabricated, and the acoustic field pho-
toacoustically excited from these absorbers by a pulsed laser
was measured. Each absorber was fabricated on a
50mm X 30mm X 5mm transparent PMMA substrate.
These were spray painted with a thin layer of black spray
paint (Super Satin, Plasti Kote, Valspar). A laser cutter
(VLS4.60, Universal Laser Systems) was used to etch the
calculated binary holograms from the painted slides.

A Litron Nano L-200 laser (Litron, Rugby, England)
was used to generate ultrasound from the fabricated absorb-
ers. This consisted of two Q-switched lasers with spatially
coincident beams that could be independently triggered.
Both lasers had a wavelength of 1064 nm, a pulse length of
6-9 ns, and a repetition rate of 15 Hz.

B. Two-pulse measurements

An assumption made in the numerical experiments is
that there is no variation in the magnitude or shape of the
acoustic signal generated by the absorber when two or more
optical pulses are incident on it in with a very small timing
gap (<us). The validity of this assumption for the absorbers
in this experiment was tested.

The experiments were carried out in a 22cm x 40 cm
x 28 cm plastic tank. An unpatterned absorber fabricated as
described in Sec. IV A was attached to the side. The laser
was aligned with the absorber and expanded using a 40 mm
concave lens to a width of ~2.5cm. The pulse energy of
both Litron lasers was set to 7 mJ. The generated acoustic
signals were recorded using a focused polyvinylidene fluo-
ride (PVDF) transducer (Precision Acoustics, Dorchester,
UK), which had a center frequency of 25 MHz, and a focal
length of approximately 24 mm. The hydrophone was sus-
pended within the tank approximately 2cm behind the
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absorber. Both lasers were externally triggered, and the
delay between the two was varied between 0.02 and 2 us.
For each delay, three measurements were taken, one where
both lasers were triggered together and two where the lasers
were used by themselves. Signals were recorded using a dig-
ital oscilloscope with a sampling rate of 400 MHz and 256
averages. The bias voltage was removed from each dataset
and the single laser measurements were summed accounting
for the trigger delay.

Figure 10 shows the recorded voltage from the two pulse
and combined single pulse measurements where the trigger
delay was 0.5 us. It can be seen that there is no significant var-
iation in magnitude in the second pulse between the two
measurements (the correlation coefficient between the two
signals was 0.989). This was found to be the case for separa-
tions down to 20 ns, on the order of the pulse width, so the
assumptions of the numerical model are valid up to frequen-
cies of at least 50 MHz using conventional Q-switched lasers.

C. Patterned absorber field measurements

Acoustic field measurements were taken from two pat-
terned absorbers. The samples used were a hologram with a
single focus and a hologram with a focus over a line. Both
holograms had aperture sizes of 30 mm x 30 mm, and were
designed for a PRF of 3 MHz using a pixel spacing of
0.25 mm. For the hologram with the single focus, the focus
was 3 cm from the hologram aperture and placed on the cen-
tral hologram axis. For the hologram with a line focus, the
target was a 20 mm line located 3 cm from the hologram, the
line was centered on and parallel to the hologram plane. To
calculate the hologram the line was discretized into 400
points. The harmonic corrected algorithm was used account-
ing for frequencies up to 15 MHz. Clusters of pixels on the
hologram smaller than 15 were removed prior to fabrication,
as these were not well realized by the laser cutter.

For each measurement the first of the two lasers within
the Litron Nano L-200 was used to excite the absorbers. The
energy was set to ~300 mJ per pulse. Measurements of the
acoustic field were performed in a 40cm x 40 cm x 60 cm
tank with a two axis computer controlled positioning system
(Precision Acoustics, Dorchester, UK). A calibrated PVDF
needle hydrophone with a 0.2 mm active element, different

0.06 1
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0.04 —— separate pulses
0.02
=S
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2
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FIG. 10. (Color online) Voltage recorded on hydrophone from two pulse
experiment with delay between pulses set to 0.5 us. The red dotted line is
the data with both pulses incident on the absorber. The black solid line is the
combined data from both lasers used individually with the appropriate delay
added back in.
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from the transducer used in Sec. IV B, was used to record the
pressure (Precision Acoustics, Dorchester, UK).

The laser was positioned 50 cm from the tank edge. A
concave lens with a 40 mm focal length was placed 30 cm
from the laser to expand the beam. The radius of the beam at
the edge of the tank was ~30mm. The absorber was sus-
pended 30 mm inside the edge of the tank, and was aligned
with the laser beam. The needle hydrophone was suspended
~7mm away from the absorber and aligned with its center.
Signals were recorded over a 30 mm x 30 mm plane parallel
to the absorber using a step size of 0.3 mm. At each position,
time domain signals were recorded using a digital oscillo-
scope with a sampling rate of 400 MHz, taking six averages.
A photo of a similar set-up may be found in a previous
work.?!

The Q-switched laser was unable to produce a train of
pulses at the desired 3 MHz repetition rate. So, 15 additional
pulses were created in the time domain signals. This was
done by adding the data recorded at each point to itself trans-
lated by multiples of 0.33 us. This temporal spacing corre-
sponds to a 3 MHz pulsing frequency.

To calculate the 3-D wavefield of the hologram from
each set of planar measurements, k-Wave was used to for-
ward and back propagate the data. Prior to this, each dataset
was spatially up-sampled to a grid spacing of 0.0375 mm to
support frequencies up to 20 MHz in the simulation, low
pass filtered at 15 MHz to give a minimum PPW of 2.666.
The data were also temporally down-sampled to a step size
of 7 ns. The single focus hologram measurements were addi-
tionally high pass filtered at 100kHz, and linear acoustic
propagation was assumed.

D. Single focus hologram results

For the single focus hologram, the planar measurements
were forward and back propagated by 100 and 20 mm,
respectively. The resulting field was compared to a numeri-
cal simulation run using the same hologram and grid. The
MAP of the 3-D field from both the experimental data and
the simulation data is shown in Figs. 11(a) and 11(b). The
two show good agreement. Both acoustic fields are focused
at four distinct points along the central hologram axis, and
each foci occurs at approximately the same depth in both
sets of data.

The first foci in the field is the design focus, the second
is the third order focus of the fourth harmonic, and the third
and fourth are generated by the second and third harmonics,
respectively. This is confirmed by the spectra measured at
each focus [Figs. 11(c)-11(f)]. The frequency with the maxi-
mum amplitude in the spectra matches the predicted har-
monic for the second, third, and fourth foci in both the
simulation and experimental data [Figs. 11(d)-11(f)]. At the
design focus the third harmonic has a higher amplitude than
the fundamental in both spectra [Fig. 11(c)]. This is because,
as discussed in Sec. II C, the third order focus for the third
harmonic also occurs at this point.

The peak pressure measured at the design focus in the
experiment was 187.3kPa. The maximum pressure in the
data that was propagated was 79.8 kPa giving a focal gain of
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2.347. However, this represents only the spectral content up
to 15 MHz. The peak pressure in the experimental data up to
the 30 MHz to which the needle hydrophone was calibrated
was 326 kPa. Assuming equivalent focal gain this gives a
pressure of 764.17kPa at the focus. This could be further
improved by the use of a optimized absorber over black
spray paint.> The pressure achieved is over an order of
magnitude higher than pressures reported in previous works
utilizing longer modulated pulses as the optical source.'®

E. Line focus hologram results

For the hologram with a line focus, the planar measure-
ments were forward and back propagated by 30 and 20 mm,
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FIG. 12. (Color online) (a) Maximum pressure in the target plane of line for
the line focus hologram recorded in experiment. (b) Maximum pressure in
target plane of the line for the line focus hologram simulated using k-Wave
correcting for the spatial profile of laser using experimental data.
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respectively. The plane of the hologram was found in the
back propagated data, and the target line was then identified
30 mm from this hologram plane. This was compared against
a simulation of the acoustic field generated by the same
hologram. The spatial profile of the laser was accounted for
in this simulation by registering the maximum pressure in
the hologram plane of the back propagated data to the calcu-
lated hologram, then using this registered maximum pressure
as the spatial profile in the forward simulation.

It can be seen from Fig. 12(a) that a line focus is gener-
ated by the fabricated hologram. The peak pressure over the
line is 91.6kPa. The experiment and the simulation show
good agreement [Fig. 12(b)] demonstrating that acoustic fields
focused over patterned distributions can be generated using
binary amplitude holograms and that the field generated by
these holograms can be accurately modeled using the k-Wave
toolbox. In the future, the optimization approach adopted in
this work could be further adapted to include the spatial pro-
file of the beam by introducing a weighting factor for the dif-
ferent hologram pixels.

V. SUMMARY AND CONCLUSION

This study has demonstrated numerically and experi-
mentally that acoustic fields focused over patterns, at multi-
ple discrete points, or at single points in three dimensions
can be generated using the photoacoustic effect. This is
achieved by the application of multiple high peak-power
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optical pulses to a binary amplitude hologram, at the holo-
grams design frequency. The use of a high peak-power
optical pulses facilitates the generation of patterned fields
with greater acoustic pressures than alternative modulated
sources. The harmonics that this source introduces into the
acoustic pulse spectrum can be accounted for in the calcula-
tion of the binary holograms.

There are currently a number of obstacles to the applica-
tion of this approach to practical problems. The generation
of multiple high peak power optical pulses with a high repe-
tition rate requires either the use of several Q-switch lasers
triggered in sequence or a mode-locked Q-switched laser,'
and both these options are expensive. However, this could be
overcome in the future by using high power high repetition
rate fiber and diode lasers currently being developed.”®

Creating the hologram by patterning an absorbing layer
also has two practical limitations. First, each hologram can
only generate a single design acoustic field, at a single fre-
quency (for multi-focal patterns), making the holograms
inflexible. Second, each pattern possesses gaps resulting in a
portion of the incident optical radiation being transmitted
into the medium, potentially generating unwanted photoa-
coustic signals. In future work, the patterned absorber could
be replaced by a SLM.'® This can modulate the light field
incident on a uniform absorber, such that ultrasound is
excited from only part of the absorber. This would allow for
rapid variation of the generated acoustic fields and prevent
the transmission of light into the surrounding medium.
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