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C1063ACV, Buenos Aires, Argentina.

bConsejo Nacional de Investigaciones Cientı́ficas y Técnicas, (CONICET), C1425FQB, Buenos Aires, Argentina

Abstract

We present a method to generate sub-microsecond quasi-unipolar pressure pulses. Our approach is based on the laser irradiation of
a thin copper wire submerged in water. The acoustic waveforms were recorded using two different, well characterized, wideband
detection techniques: piezoelectric and optical interferometry. The results show that the irradiated target behaves as an omnidirec-
tional source. Moreover, the peak pulse pressure linearly depends on the laser fluence and the source size. From the results, we
propose an empirical equation for the spatial and temporal profile of the pressure pulse. The method has several advantages: ease
of implementation, high repeatability, wide ultrasonic bandwidth and quasi-unipolar time profile. These features lead to potential
applications of this acoustic source in ultrasonic characterization such as transducer systems, materials or passive devices.
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1. Introduction

Recent advances in imaging and biomedical applications
of ultrasound technology are frequently based on time-domain
techniques, using broadband pulses in the sub-microsecond range.
This imposes stringent requirements on the characterization of
sensors and the validation of signal processing algorithms, thus
making necessary the use of highly repeatable, simple and effi-
cient ultrasonic pulse sources.

The characterization of broadband sensors with quasi-unipolar
pulses is of interest, since they mimic the response of many tar-
gets. An accurate characterization requires that the frequency
spectrum of the short pulses extends to frequencies substan-
tially lower than the low-frequency cutoff of the device under
test. If this condition is met, the response of the sensor will be
the same as that from a mathematically unipolar pulse (that is
not physically achievable).

Different methods for pulse generation in liquids have been
proposed, including electric discharges, collapse of bubbles [1]
and irradiation with particle beams or electromagnetic radiation
[2]. The advent of powerful pulsed laser sources opened the
way to the development of a number of experimental schemes,
with varying degrees of complexity [3, 4, 5, 6, 7].

Laser-induced ultrasound transmitters usually consist of op-
tical absorbers, for efficient conversion of light energy into heat,
surrounded by a medium with large thermal expansion coeffi-
cient. There are several works in the literature on laser-generated
ultrasound transmitters, including mathematical modeling and
analysis, effective absorbing materials, fiber-optic transmitters,
and ultrasound beam focusing [8]. It is worth noting that metal-
lic absorbers are among the most popular transmitters. Partic-
ularly, thin aluminum films and gold nanoparticles on a poly-

dimethylsiloxane (PDMS) substrates are frequently used as metal-
lic absorbers [8]. Moreover, the pressure generated by emitters
based on gold nanoparticles are about three order of magnitude
more efficient [8]. However, they are more difficult to imple-
ment.

Ultrasound generated by laser irradiation on metals, first
proposed by White in 1963 [2], can be driven by ablation or
thermoelastic effects. When the metallic target is immersed in
a liquid, the generation of pressure pulses by bubble formation
may play a dominant role [9]. The generation of pressure pulses
by ablation of the target material requires high optical intensi-
ties. On the contrary, thermoelastic [8] and bubble formation
[9] processes do not entail an irreversible alteration of the tar-
get, and take place with much lower intensities. Therefore they
are more desirable in practical applications. For instance, a thin
metal film irradiated by a short-pulsed laser beam is capable
of inducing a broadband acoustic wave with high repeatability
[10]. Of course, for efficient generation of high-frequency ultra-
sound, the properties of the medium surrounding the transmitter
must be taken into account.

In this work we present experimental results on the gener-
ation of sub-microseconds ultrasonic pulses with high repeata-
bility, using a small metallic wire as a target. Omnidirectional
radiation of quasi-unipolar acoustic pulses is achieved by focus-
ing nanosecond laser pulses on the tip of a thin (20 to 100 µm)
copper wire submerged in water. The acoustic pulses were char-
acterized by two different techniques: broadband piezoelectric
transducers (using PVDF thin films) [11] and dynamic hetero-
dyne interferometry [12]. The results from both techniques
agree very well with each other. We also carried out simula-
tions with a bubble generation model based on the Mie optical
scatterig theory and classical and statistical nucleation theories
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[9]. Measurements and simulations show that the duration of
the quasi-unipolar pressure pulse is close to that of the laser
pulse. Interestingly, the quasi-unipolar pulses have an energy
spectrum extending to very low frequencies. Furthermore, we
propose a simple empirical equation to describe the scaling of
the acoustic pulse amplitude with the optical fluence.

2. Materials and methods

The scheme of the experimental setup is presented in Fig.
1. The piezoelectric sensor and the metallic target used as the
acoustic source, were both immersed in a large cuvette (120
mm x 80 mm x 55 mm) filled with deionized water. The size
of the cuvette was chosen to avoid interference with the waves
reflected from the walls of the cuvette, within the measure-
ment time frame. The water temperature was measured with
a calibrated thermocouple. This makes possible to determine
the speed of sound in the water that surrounds the sensor. A
frequency-doubled Nd:YAG laser (Continuum Minilite I, 532
nm, 5 ns, 10 Hz) and a converging lens were used to irradiate
the target (copper wire). The lens focuses the laser beam on the
copper wire, into a spot with a diameter close to that of the wire,
thus providing a roughly spherical irradiated volume. The po-
sition in the cuvette of the source and the piezoelectric sensor
position are adjusted using two XYZ translation stages. The
sensor output was amplified with a transimpedance amplifier
(EG&G Optoelectronics Judson PA-400), digitized by an oscil-
loscope (Tektronix TDS 2024, 2 GS/s, 200 MHz) and processed
on a personal computer. The oscilloscope trigger signal was
obtained from the laser Q-Switch pulse. The laser pulse energy
was measured with a pyroelectric detector (Coherent LMP10).

Starting from a copper wire (diameter 100 µm), targets of
different diameters were obtained by immersing the tip of the
wire to a depth of 5 mm in ferric-chloride solution (as used
for etching printed circuit boards) at room temperature during
different times. After washing with deionized water and drying
in air, the diameter of the targets were measured with an optical
microscope.

The two polymeric piezoelectric sensors used in this work
consist of a polyvinylidene fluoride (PVDF) film (25 µm of
thickness) attached to an acrylic substrate with dimensions 30
mm x 30 mm x 10 mm. The active detection areas are 0.7 mm x
24 mm (line sensor) and 0.8 mm x 0.8 mm (quasi-point sensor).
Given the experimental conditions in this work (distance from
the source to the line sensor and sound propagation speed in
water), the detector width (0.7 mm) can be neglected and, there-
fore, the line shape assumption is valid. The cut-off frequency
of the piezoelectric detection system (sensor + amplifier) is 20
MHz (-3 dB). The transducers have a sensitivity of 100 µV/Pa
and a noise equivalent pressure (NEP) of 2.2 mPa/

√
Hz (line

sensor) and 60 µV/Pa and 5.6 mPa/
√
Hz (point sensor). Further

details about the implementation and electric characterization
can be found in [11].

The optical sensor was a heterodyne interferometer that uses
a low-cost commercial software-defined radio (SDR) for optical
modulation and demodulation. The detection scheme used in
this work is the same system described in detail in [12]. A beam
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Figure 2: Simulated response to a short duration positive pressure pulse. Solid
line: ideal point sensor. Dashed and dash-dotted lines: integrating line sensors
with bandwidth > 10 MHz and < 1 MHz, respectively. The inset shows a zoom
of the simulation between 0.95 µs and 1.2 µs.

from a He-Ne laser source traverses an acousto-optic modulator
(AOM) which is driven by a wideband power amplifier excited
by a sinusoidal signal from the SDR (LimeSDR, [13]). This
modulation produces a first-order diffracted beam (FOB) that
has an optical frequency shift and propagates along with the
zero-order undiffracted beam (ZOB). The beams are collimated
and separated by a backward Galilean telescope (divergent lens,
DL f =-25 mm, and convergent lens, CL f = 200 mm). In this
way, the two parallel free beams (ZOB and FOB) enter the cu-
vette. The propagating pressure pulse alters the refractive index
of the medium traversed by the optical beams, producing a vari-
ation of the optical path difference (i.e a phase modulation). In
this way, the beams are used to sense the signal in different
points within the medium. The beams are combined by a single
element interferometer [14], producing two heterodyne inter-
ferograms in phase opposition. A balanced photodetector con-
verts the optical fields into voltage signals which are processed
by the SDR. The NEP of the optical system is 32 mPa/

√
Hz. It

is worth noticing that in this experimental setup, both sensors
satisfy the Fresnel condition for near field.

3. Integrating line sensors

Two of the sensors used in this work are of the integrating
line type. In this context, integrating means that the detector
size is larger than the size of the object. In this way, the received
signal at a certain time is given by the instantaneous value of the
integral of the acoustic field over the sensor area. Thereby, the
shape of the detector strongly influences the temporal profile
of the signal. We chose a linear shape because it can be eas-
ily implemented in both sensor technologies, piezoelectric and
optical.

The response of an integrating sensor to a pressure pulse
can be simulated by a parametric model described in a previ-
ous work [15]. In this model it is assumed that each point of the
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Figure 1: Left: experimental setup used to characterized the method presented in this work. Right: Out-of-scale 3-D scheme of the cuvette. AOM: acousto-optic
modulator. DL: diverging lens. ZOB: zero order beam. FOB: first order beam. CL: converging Lens. TIA: transimpedance amplifier. DO: digital oscilloscope.
USW: ultrasonic waves. BS: beam splitter. SDR: software defined radio. PD: photodiode. LC: laptop computer.
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Figure 3: Simulated response to a short duration bipole pressure pulse.Solid
line: ideal point sensor. Dashed and dash-dotted lines: integrating line sensors
with bandwidth > 10 MHz and < 1 MHz, respectively.

sensor surface behaves like a point detector that can be modeled
as a linear, time invariant (LTI) system and the main character-
istics of the sensors are introduced through transfer functions
and/or filters applied to the LTI systems. Finally, the output
signal is obtained from the integration of the responses of the
LTI systems over the sensor surface. Fig. 2 presents the sim-
ulated responses of three sensors to a single positive pressure
pulse from a spherical source of 25 µm radius in water. The
source is assumed to be aligned with the center of the sensors
and at a distance of 1.5 mm. The solid line represents the re-
sponse of an ideal point sensor. The other two, belong to the
integrating linear sensors (length 20 mm) with high (20 MHz)
and low system bandwidths (1 MHz). These values correspond
to the piezoelectric and optical sensors used in this work. It can
be seen that the output signal from the line integrating sensors
have longer duration than the one given by the ideal point detec-
tor (see inset in Fig. 2). The difference in bandwidth modifies
the width and rise- and fall-times of the main peak.

The response to a bipolar pressure pulse generated by a
spherical source with the same duration of the previous case
is presented in Fig. 3. It may be seen that the response of the
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Figure 4: Measured peak pressure vs. laser fluence. The distance between the
source (copper wire of 50 µm of diameter) and the sensor was 5 mm.

integrating sensor with large system bandwidth is quite similar
to that of the ideal point sensor. The sensor with limited system
bandwidth gives a significantly different output signal. Remark-
ably, the response to a bipolar pressure pulse of both integrating
linear sensors are much shorter than for a unipolar pulse with
the same duration. This was expected since the bipolar pulse
has a very small energy content at low frequency.

4. Experimental Results

We carried out measurements on the pulses generated by
copper targets with diameters between 20 and 100 µm. For each
target we captured the pressure pulses generated with laser flu-
ences between 0.01 and 100 J/cm2. It is found that for each
target diameter there is a fluence value, indicated as Fc, above
which there is a sharp increased of the pulse amplitude. Mea-
sured values of Fc are in the range from 0.02 to 0.1 J/cm2. Be-
low Fc no discernible acoustic signals could be found above
the background noise level. This behavior is consistent with the
acoustic emission from the bubble formation process [9]. Under
this assumption, to ensure bubble formation, we used fluences
above 5 J/cm2 in the remaining experiments in this work.
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Figure 5: Measured peak pressure vs, acoustic source diameter. The distance
between the source and the sensor was 8 mm and the laser fluence on the target
was kept constant at ∼50 J/cm2

In the next set of measurements the dependence of the pres-
sure on the laser fluence was determined. The plot on Fig. 4
shows the peak pulse pressure generated by a target with a di-
ameter of 50 µm, irradiated with fluences between 5 and 100
J/cm2, measured by a piezoelectric sensor. The results show a
linear dependence between the peak pressure and the laser flu-
ence. The same behavior was found for all the target diameters
tested in this work (20 - 100 µm). The maximum peak pressure
obtained with this method was 2.5 kPa, with a wire diameter of
100 µm and a fluence of 100 J/cm2, measured with the sensor
located at 5 mm from the source.

We studied the dependence of the peak pressure on the source
size using the piezoelectric sensor. The laser spot size was in
all cases matched to the target diameter. Moreover, the laser
pulse energy was adjusted to keep the fluence on the target at
the desired level. The plot in Fig. 5 presents the peak pressure
for different copper target diameters and also shows a linear be-
havior.

Finally, for each target diameter and using the XYZ transla-
tion stages, we captured the pressure pulses at different relative
positions between the source and the sensor. We found that the
acoustic source has an omnidirectional behavior.

The time integral of the voltage signal from the piezoelec-
tric sensor gives the time dependence of the pressure pulse cap-
tured by the transducer [15]. Two examples are given in Figs
6 (line detector) and 7 (point detector). According to section
3, the signals shapes are consistent with a quasi-unipolar pos-
itive pulse recorded by a sensor with a high frequency cutoff

of 20 MHz, and low frequency cutoff about 100 Hz (limited by
the detection system). As shown in Fig. 3, we would expect
that a bipolar pulse sensed by a line sensor would give rise to
a sensibly shorter response. Instead, we observed a longer re-
sponse corresponding to a unipolar pulse that exhibits frequen-
cies components substantially lower than the low-frequency cut-
off of the transducer (Fig. 2). It must be remarked that the small
oscillations superimposed to the signal after the main peak are
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Figure 6: Measured (solid line) and simulated (dashed line) pressure recorded
by the piezoelectric line sensor. The distance between the source (50 µm) and
the sensor was 4.2 mm.

due to the reflections of the acoustic waves on the lateral bound-
aries of the PVDF film [15].

Fig. 8 presents the pressure signal recorded by the optical
sensor. In the experimental setup shown in Fig. 1, the zero-
order (ZOB) and first-order (FOB) beams will sense the pres-
sure pulse in two different regions in the sample. The infor-
mation from the acoustic signal is recovered from the phase
difference ∆φ(t) between the two beams, at the exit plane of the
cuvette. This phase difference depends on the integrated effects
of the refractive index variations along the propagation paths in
the cuvette, ni0(t) (ZOB) and ni1(t) (FOB) [12]. Therefore,

∆φ(t) =
2π
λ

L [ni1(t) − ni0(t)] (1)

where L is the geometrical length of the propagation path within
the medium in the cuvette. In our experiment, we assume that
the medium is acoustically non-dispersive in the frequency range
of interest. Thus, the time dependence of the integrated refrac-
tive index variation of the FOB and ZOB are related by

ni0(t) = α ni1(t − ∆t) (2)

where α is an attenuation constant and ∆t is a time delay that
depends on the geometric distance between the beams and the
speed of sound in the medium. Consequently, two proportional
and time delayed responses with opposite signs are generated
within the interferograms. In eq. 2, it is assumed that the pres-
sure pulse reaches the modulated beam (FOB) first, as it is clear
from Fig. 1. From the parameters of the optical setup and the
medium, it follows that the temporal resolution of the measure-
ments is about 0.4 µs (i.e a bandwidth < 1 MHz) [12]. It must be
noted that, the oscillations superimposed on the signal, are an
artifact due to the finite-size window used for the Fast Fourier
Transform.

In addition, we used a set of converging lenses to reduce
the diameter of the optical waist of the HeNe laser beams in the
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Figure 7: Measured (solid line) and simulated (dashed line) pressure recorded
by the piezoelectric quasi-point sensor. The distance between the source (50
µm) and the sensor was 4.5 mm.

cuvette. In this way, as expected [16], we increased the high
frequency response of the system up to 15 MHz. Fig. 9 shows
the signal captured with improved bandwidth together with the
previous one. It can be seen that the new temporal profile is
similar to that obtained with the piezoelectric detector (Fig. 6).

As mentioned above, the ultrasound generation would be
driven by the bubble formation effect taking place in the liquid
surrounding the irradiated metallic target. We carried out simu-
lations using a modified version of the model described in [9].
This model is based on the Mie optical scattering theory, and
the classical and statistical nucleation theories. The time evolu-
tion of the acoustic pressure field is determined by the bubble
radius (Rb). The pressure signal at the position r and time t is
given by the equation

p(r, t) ∝
Rb(tr)

r

[
(PL(tr) − P0) +

1
2
ρLṘb

2
]

(3)

where tr = t − r/c, c is the sound speed in water, PL and ρL

are the pressure and density of water on the bubble surface,
and P0 the water equilibrium pressure, and the source bubble
is located at the coordinate origin. The input parameters of
the model are the thermal boundary conductance between cop-
per and water (50 MW/Km2), the target diameter (supposed of
spherical shape), the duration (5 ns) and intensity of the laser
pulse, the wavelength (532 nm), and the ambient temperature
(300 K). The main modification made on the model is that he
heating originated by a short laser pulse is significant only on
the surface of the metallic target (< 1 µm), as shown experi-
mentally and analytically by White [2]. The simulations were
carried out using a program developed in GNU/Octave. The
thermodynamic properties of water as a function of tempera-
ture and density were calculated according to the tables from
the International Association for the Properties of Water and
Steam (IAPWS, 2009), and the thermal transport and optical
properties of copper were obtained from references [17] and
[18], respectively.

The main results found from the simulations are: i) for flu-
ences greater than 5Fc, there is a linear dependence between p
and F; ii) the irradiated surface of the copper target can reach
a temperature up to 1400 K, iii) the duration of the pressure
pulse is close to that of the laser pulse, iv) the temporal shape
of Rb(t) can be fitted by a quadratic equation, and v) for target
sizes greater than 1 µm, p(t) and Rb(t) follow the same general
trend.

In summary, we found that: a) the irradiated copper target
behaves as an omnidirectional acoustical source; b) for each
laser pulse, the source generates a single quasi-unipolar posi-
tive pressure pulse and c) the peak amplitude of the acoustic
pulse has a linear dependence on laser fluence and the target di-
ameter. Based on these results, we propose a simple empirical
equation to represent the time (t) and spatial (r) dependence of
the pressure signal generated at t = 0 s by a laser pulse of flu-
ence F on a copper target of radius a located at ra:

p(r, t) ∝ F
a2 − (|r − ra| − ct)2

2a |r − ra|
H (a − ||r − ra| − ct|) (4)

where H is the Heaviside function. Even though this expression
describes a non physical unipolar pulse, is a valid approxima-
tion if the signal acquisition time span is short in comparison
to the reciprocal of the lower cutoff frequency of the detection
system. This condition is met in all the pulses measurements
presented in this work.

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time (𝜇s)

N
o
rm

a
li

ze
d

 a
m

p
li

tu
d

e

ZOB 
response

2 3 4 5 6 7 8 9 10 11 12

Figure 8: Measured (solid line) and simulated (dashed line) pressure recorded
by the optical sensor. The first (main) peak corresponds to the FOB. The dis-
tance between the source (50 µm) and the sensor was 4 mm.

In Figs. 6, 7 and 8 the green dashed line represents the
convolution of the sensor response with the acoustic pressure
signal given by eq. 4. The agreement with the experimental
data is quite good. Moreover, taking into account the sensor
transfer function [15], the acoustic bandwidths of the pressure
pulses were in the range between 10 and 50 MHz (as explained
above, the low frequency cutoff of the system is about 100 Hz).
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Figure 9: Comparison between the measured pressure recorded by the optical
sensor with a large waist (dashed-dot line) and with a reduced waist; improved
bandwidth (solid line). The distance between the source (50 µm) and the sensor
was 4 mm.

5. Conclusions

In this work, we present a method to generate sub-microsecond
quasi-unipolar pressure pulses. It is based on the generation of
ultrasonic waves by laser radiation of a thin copper wire (20-
100 µm diameter). Irradiating with visible laser pulses (5 ns
FWHM), we achieved acoustic pulses up to 2.5 kPa peak am-
plitude and 50 MHz bandwidth. The acoustic signals were cap-
tured by optical and piezoelectric (point and line) detectors.
The low frequency cutoff of the detection system was around
100 Hz, and the signal acquisition time span was of about 10
µs. Experimental data show that the irradiated target behaves
as an omnidirectional source of quasi-unipolar acoustic pulses.
Copper has several advantages as target material to generate
acoustic pulses by irradiation. Moreover, the diameter of the
copper wire can be easily controlled through chemical etching.

From our measurements, together with simulations results
from a bubble model of acoustic emission, we propose a simple
empirical equation that gives a very good fit of the spatial and
temporal profile of the measured pressure pulse.

The method is easy to implement and provides highly re-
peatable, wideband quasi-unipolar ultrasonic pulses. These ad-
vantages lead to potential applications of this acoustic source
as a reference for the characterization of ultrasonic transducer
systems and components.
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Highlights 
 
* laser pulse irradiation of a thin copper target generates omnidirectional, sub-microsecond 
quasi-unipolar ultrasonic pulses. 
 
* simple and repeatable method independently validated by piezoelectric and optical 
interferometry techniques 
 
* linear dependence of the peak pulse pressure with the target diameter and laser fluence. 
 
* an empirical simple equation gives a very good fit of the spatial and temporal profile of the 
pressure pulse. 
 
 


