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We demonstrate a photoacoustic lens with a low f-number of 0.61 and a high focal gain of 220 at

15-MHz frequency for laser-generated focused ultrasound (LGFU), which enables free-field micro-

cavitation in water. Due to tight ultrasonic focusing (90 lm in lateral and 200 lm in longitudinal

spot widths at a distance of 9.2 mm), the lens produces a peak pressure of 20 MPa (positive) using

an input laser energy of only 1 mJ/pulse (6-ns temporal width). Remarkably, we confirm single-

pulsed micro-cavitation in a free-field condition by using this lens, which has not previously been

achieved with LGFU. The free-field cavitation was monitored and characterized in terms of a bub-

ble radius, a lifetime, and a probability. Our result demonstrates that LGFU amplitudes can be suffi-

ciently higher than a threshold for free-field cavitation at a microscale spot, which is a crucial step

for cavitation-based therapy with high precision. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4943369]

Laser-generated focused ultrasound (LGFU) is an

emerging modality for high-precision ultrasonic treatment

over a microscale focal spot via shock and cavitation

effects.1–4 This approach utilizes a pulsed laser beam to

excite a photoacoustic transmitter to produce high-amplitude

ultrasound.5,6 The availability of laser pulses with a narrow

temporal width (<10 ns) allows broadband and high-

frequency (f> 15 MHz) ultrasonic pulses to be generated and

focused to a tight spot of �75 lm.1 Simultaneously, high-

amplitude pressure peaks (tens of MPa) can be produced

using a thin-film transmitter that efficiently converts input

optical energy to output focal pressure. A focal transmitter,

called a photoacoustic lens, has been used for LGFU, which

has a carbon-nanotube (CNT)-polydimethylsiloxane

(PDMS) composite film exhibiting an extraordinary photoa-

coustic conversion efficiency two orders-of-magnitudes

higher than those of typical metal films.1,7

Because high-frequency and high-amplitude pressure are

achieved simultaneously, LGFU has been used for a variety of

ultrasonic treatments requiring precision such as selective

detachment of a single cell,1,2 micro-ultrasonic cleaving of a

group of cells,2 stone fragmentation,1 drug delivery,3,4 con-

trolled generation of a single micro-bubble,8 and nozzle-free

liquid microjetting.9 For these applications, LGFU-induced

cavitation plays a key role in mechanical micro-erosion of

solid materials and localized disruption of single cells and tis-

sue. Microscale cavitation could be produced by LGFU when

a tensile pressure exceeds a threshold level.1,3,8 Moreover,

laser-flash shadowgraphy has been used for visualization of

the entire cavitation process from bubble inception, growth,

shrinkage, and then collapse leading to a liquid jet and sec-

ondary shockwaves.2,8

Despite the successful demonstration of these applica-

tions, the tensile pressure amplitude of LGFU fell short of

the threshold pressure level needed to produce free-field cav-

itation in water. Such cavitation is challenging to produce

particularly over a high-frequency regime (i.e., f> 15 MHz)

because the threshold pressure increases as f1/2.10 For bubble

formation, a substrate placed at the focal zone can essentially

be a boosting reflector because of the acoustic impedance

mismatch and formation of a spatio-temporal superposition

zone by the incident and reflected acoustic waves. However,

it is impractical to use such a substrate (e.g., glass) at the site

of focal treatment to effectively reduce the cavitation thresh-

old. The cavitation threshold can be slightly reduced in tis-

sue, but it varies significantly with respect to tissue

composition and morphological characteristics.11,12 In this

regard, for therapeutic applications, strong LGFU amplitudes

are ultimately required from a transmitter to produce free-

field cavitation. Recently, as an alternative method, a focal

pressure was enhanced by spatio-temporally overlapping

LGFU with the additional focused ultrasound from a piezo-

electric transmitter.13 Although free-field cavitation was

achieved by using two focal transmitters, this superposition

approach shows the lack of LGFU amplitudes available from

a photoacoustic lens.

We developed a photoacoustic lens with a deep spheri-

cal curvature and a low f-number of �0.61 that enables high

focal gain and pressure enhancement. The lens performance

was characterized in terms of focal spot widths, input laser

energy versus output pressure strength, and LGFU-induced

cavitation. There was a significant reduction in a pulse laser

energy (E) to reach the pressure threshold for acoustic cavi-

tation on the solid boundary (only 1.5 mJ/pulse) compared to

those reported previously using lenses with f-numbers >0.9
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(Ref. 1) (10–14 mJ/pulse). More importantly, the signifi-

cantly improved focal gain allowed us to achieve free-field

cavitation in water. By counting cavitation events per a given

number of pressure pulses, we quantitatively determined the

probability of cavitation. This work shows that a single-

element photoacoustic lens can increase the focal pressure

amplitude up to a level sufficient for free-field cavitation.

The increased pressure also means that high-precision treat-

ment by LGFU can be extended over a deeper region.

For preparing a CNT-PDMS composite film, we grew

multi-walled CNTs by using a high-temperature chemical

vapor deposition (HTCVD) process. A spherically concave

lens (fused silica; Optosigma, Inc.) with an aperture diameter

of 15 mm and a radius of curvature of 9.2 mm (i.e., f-number

(fN)� 0.61) was chosen as the substrate for tight focusing.

The CNT growth and PDMS coating processes used here

were similar to those reported elsewhere.7,14,15

We calculated the geometrical gain of the acoustic lens

(i.e., the ratio of focal pressure to surface pressure),16 taking

into account the frequency-dependent attenuation in water

(Fig. 1(a)). A gain curve of a previous lens (fN¼ 0.92, 6-mm

diameter, and 5.5-mm radius of curvature)1 used as a refer-

ence was compared with that of our lens (fN¼ 0.61). Our

lens exhibited 4-fold higher gain values than the reference

lens over a frequency range of 5–30 MHz, which corre-

sponds to the 6-dB bandwidth from the characteristic center

frequency of LGFU (�15 MHz). Our lens achieved a high

gain of 220 at 15-MHz frequency while the gain of the refer-

ence lens was only 54. For both lenses, acoustic attenuation

started to dominate the gain effect for frequencies higher

than 40 MHz.

Figure 1(b) shows the experimental setup used to char-

acterize LGFU. The photoacoustic lens was irradiated with

a pulsed laser (6-ns temporal width; Surelite, Inc.). LGFU

amplitudes and focal profiles were measured using a fiber-

optic hydrophone system consisting of a single-mode fiber

(6-lm core and 125-lm cladding), a 2� 2 coupler, a fiber-

coupled laser diode (1310-nm wavelength), and a photode-

tector (75-MHz electronic bandwidth) to receive the optical

output of the hydrophone.1,17 A separate piezoelectric trans-

ducer (PZT) (25.4-mm diameter, 38.1-mm focal length, 3.5-

MHz frequency, 66% bandwidth; Panametrics) was used to

monitor cavitation behavior in a free-field condition. A

laser-flash shadowgraphy technique18 was used for high-

speed microscopic imaging of cavitation bubbles. In this

technique, the ultrasonic focal zone is illuminated with

another pulsed laser beam (1-ns width; i.e., an exposure

time for imaging). A shadowgraph of microscale objects

can be taken with high contrast because of the bright laser

flash collimated on the target (spatial resolution: �10 lm,

frame dimension: 1� 1 mm2).2,8,9

Table I summarizes the characteristics of the low f-num-

ber lens experimentally measured here and the previous

lenses.1 For focal spot characterization, we used the fiber-

optic hydrophone to scan the focal zone (step size: 10 lm

(lateral) and 25 lm (longitudinal)) and a laser energy of

1.5 mJ/pulse for ultrasound generation. The 6-dB width for

positive amplitudes was 90 and 200 lm along the lateral and

the longitudinal axes, respectively. The ratio of lateral to lon-

gitudinal spot widths (r) was 90/200 �0.45, which is signifi-

cantly larger than those of the high f-number lenses: r¼ 0.19

(�75/400) for fN¼ 0.92 and r¼ 0.15 (�100/650) for

fN¼ 0.96. The higher ratio means that the focal spot is less

elongated and closer to a sphere.

Interestingly, the lateral spot width of the previous lens

with fN¼ 0.92 (75 lm) was smaller than that of the current

one (90 lm). Here, the 6-dB spot dimension was determined

by positive peak pressures including acoustic shock; the

FIG. 1. (a) Frequency-dependent focal

gain for our low f-number lens com-

pared with that of the previous lens

(fN¼ 0.92) reported in Ref. 1. (b)

Experimental setup used to character-

ize LGFU. The fiber-optic hydrophone

tip was aligned to the focal point to

measure LGFU amplitudes and focal

spot widths. The PZT was used to

monitor free-field cavitation (in this

case, the hydrophone was removed

from the focal zone). An enlarged

schematic of the chamber is shown at

the bottom right.

TABLE I. Summary of photoacoustic lens characteristics (D: lens diameter, R: radius of curvature, fN: f-number, r: the ratio of lateral to longitudinal spot

widths, Eth: laser energy to generate pressure and reach cavitation threshold).

Photoacoustic lens D (mm) R (mm) fN Focal gain

Focal spot profile (for positive amplitudes) Eth (mJ/pulse)

Lateral width (lm) Longitudinal width (lm) r On detector surface Free field

Previous1 6 5.5 0.92 54 75 400 0.19 14 n/a

Previous1 12 11.46 0.96 100 100 650 0.15 10–11 n/a

Current 15 9.2 0.61 220 90 200 0.45 1.5 12
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shock appears with a stiff wavefront in the positive phase,

consisting of high-frequency components. The old lens with

a shorter focal length and a lower focal gain would produce

LGFU with weaker acoustic shock.19,20 Therefore, the shock

and high-frequency components of the LGFU experience rel-

atively less attenuation than those from the current lens,

which results in a smaller focal spot.

We measured peak pressure amplitudes at the focal

point versus the input pulsed laser energy (E) (Fig. 2(a)).

Negative peaks could not be determined when E> 1.5 mJ/

pulse, due to the formation of acoustic cavitation at the de-

tector surface. The inset of Fig. 2 shows an example of

LGFU waveform obtained at low-energy optical excitation

(E¼ 1.35 mJ/pulse). The waveform shows clear asymmetry

caused by the development of acoustic shock in the positive

phase and longer trailing in the negative phase.20,21 We note

that the asymmetric distortion was observed even at

E< 1 mJ/pulse. Previously, when the same laser energy was

used to excite the reference lens (fN¼ 0.92), an LGFU wave-

form was still symmetric bipolar.1 This means that the wave-

form distortion was greatly facilitated by a higher focal gain

and a longer focal distance of the current lens than those of

the previous one.

For E< 1 mJ/pulse in Fig. 2(a), the positive peak pres-

sure was linearly increased with a slope of �20 MPa/mJ, and

the negative peak with a slope of �10 MPa/mJ. For the

reference lens (fN¼ 0.92), the pressure peaks of 20 MPa

(positive) and 10 MPa (negative) required a high laser energy

of 9 mJ/pulse due to the lower focal gain.1 Then, at a high-

energy excitation regime (E> 5 mJ/pulse), the slope

decreased to 2 MPa/mJ. This is attributed partly to the lim-

ited frequency bandwidth of the fiber-optic hydrophone sys-

tem. Moreover, higher laser energy produces excessive

positive peak pressures that experience saturation due to

acoustic attenuation.20 In this regime, a greater amount of

acoustic energy is transferred to a shock front (i.e., high-

frequency components) and consumed by severe attenuation

in water.

For the positive pressure amplitude, our photoacoustic

lens required only �7.5 mJ/pulse to achieve a 50-MPa peak

(and 17 mJ/pulse to achieve a 70-MPa peak), while the refer-

ence lens (fN¼ 0.92) required 48 mJ/pulse for a 50-MPa

peak. For negative pressure, LGFU-induced cavitation on

the detector surface was obtained with a laser energy as low

as 1.5 mJ/pulse (cf. 10–14 mJ/pulse for the previous lenses;1

see Table I). The enhanced pressure strength was further

confirmed by exposing a piece of aluminum foil to LGFU.

Figure 2(b) shows the LGFU-induced dents for 10 and 200

pulses (E¼ 9 mJ/pulse), respectively.

Next, we generated free-field cavitation. The micro-

bubble images in Fig. 3(a), which show single-bubble initia-

tion, growth, shrinkage, and collapse, were captured using

the laser-flash shadowgraphy technique. The bubble radius

can be clearly determined at each moment (plotted in Fig.

3(b)) with the use of high-contrast imaging. The first image

in Fig. 3(a) was obtained 1 ls after the LGFU had passed

through the focus; it took only 1 ls for the bubble to grow to

a radius of 18 lm. The maximum radius of 31 6 6 lm was

obtained around 5 ls. This single micro-bubble lasted �9 ls

before it collapsed.

Free-field cavitation behavior was also monitored using

a separate piezoelectric transducer located away from the

focal zone. An example of cavitation-induced transients is

shown in Fig. 4(a) where a, b, and c represent bubble incep-

tion, first collapse, and second collapse, respectively. There

were two oscillation cycles (Osc1 and Osc2) of bubble

growth and collapse;22 Osc1 included the time between bub-

ble nucleation and the first collapse, and Osc2 included the

time between the first and second collapse. Osc1 was longer

than Osc2 because the second bubble, which formed after

energy was lost through acoustic emission, was smaller than

the first.

FIG. 2. (a) Measured peak pressure amplitudes versus input pulsed laser

energy (positive—red circles; negative—blue rectangles). The negative peak

pressures at E> 1.5 mJ/pulse could not be determined because of cavitation

at the detector boundary. The inset shows an LGFU waveform obtained at

E¼ 1.35 mJ/pulse (200-ls temporal window). (b) Indentation produced on

an aluminum foil with E¼ 9 mJ/pulse. The top and bottom dents were gen-

erated by 10 and 200 LGFU pulses, respectively (scale bar¼ 1 mm).

FIG. 3. (a) Free-field cavitation images

obtained by high-speed laser-flash

shadowgraphy (laser energy¼ 14 mJ/

pulse; scale bar¼ 100 lm). The series

of shadowgraphs show the process of

bubble growth and shrinkage. (b) Radii

of micro-bubbles in (a).
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We measured a bubble lifetime in a free field under

increasing pulsed laser energy (Fig. 4(b)). As the focal pres-

sure increased with increasing incident laser energy, the life-

time of both Osc1 and Osc2 also increased up to 11.5 and 5

ls, respectively, at E¼ 15 mJ/pulse. Next, we determined the

probability of cavitation inception (P) at different laser ener-

gies by counting the number of cavitation occurrences per a

given number of LGFU pulses (Fig. 4(c)). A separate piezo-

electric transducer was used again to monitor cavitation

events. Each probability point in Fig. 4(c) was determined by

repeating the measurement 100 times (i.e., 100 pulses at each

laser energy value). The pulse-to-pulse interval of LGFU was

controlled to �1 s, leading to negligible ultrasonic heating.

For LGFU excited with low laser energy (<5 mJ/pulse), there

was minimal free-field cavitation and the probability of cavi-

tation was low. A cavitation event was frequently observed

when E> 10 mJ/pulse. The threshold level for free-field cavi-

tation, defined as P¼ 50%, was E� 12 mJ/pulse, and

P¼ 100% was achieved at E� 15 mJ/pulse.

The threshold pressure for free-field cavitation can be

predicted from the on-boundary cavitation condition. At the

onset of on-boundary cavitation (E¼ 1.5 mJ/pulse), the peak

positive pressure of LGFU was 30 MPa and the peak nega-

tive pressure was �13 MPa, i.e., the cavitation threshold

agreed with the measured value reported elsewhere.1 In our

experimental setup, the hydrophone detects the incident pres-

sure only; however, cavitation is formed essentially by the

spatio-temporal superposition of the incident and the

reflected LGFU in which the amplitude is almost doubled.9

Thus, without such hard boundary, a peak negative pressure

of >26 MPa would be required for free-field cavitation.

Figure 4(c) shows that free-field cavitation required

E¼ 12 mJ/pulse. This corresponds to the LGFU amplitude of

�60 MPa (positive) in Fig. 2 that is two times 30 MPa at

E¼ 1.5 mJ/pulse. Therefore, negative pressure at E¼ 12 mJ/

pulse can be estimated to be �26 MPa by doubling the nega-

tive pressure at E¼ 1.5 mJ/pulse, which agrees with a typical

threshold value in water.12

The photoacoustic lens presented here was fabricated

using the HTCVD process. Lens fabrication is limited pri-

marily by the dimensions of the glass-tube furnace which

provides atmospheric pressure flow of the C2H4/H2/He mix-

ture at 775 �C in which it is made. In our case, the interior

diameter of the tube was 25 mm. The CNT growth process is

also affected by an equilibrium distribution of the atmos-

pheric flow formed within the tube. Thus, growth speed and

spatial uniformity of the CNT films can vary with the shape

of the substrate and its arrangement in the tube. Because of

these variations, a solution-based process may be an alternate

way to fabricate a photoacoustic transmitter, particularly

over a large-aperture lens (e.g., >20 mm in diameter). The

solution-based transmitters have been demonstrated using

PDMS composite films with functionalized CNTs23 or other

carbon nanoparticles.24,25

In summary, we developed a photoacoustic lens with a

low f-number of 0.61, a high focal gain of 220 at 15 MHz,

and focal widths of 90 lm (lateral) and 200 lm (axial).

High-amplitude pressures could be generated by using very

low pulsed laser energies: only 1 mJ/pulse to generate a

20-MPa peak (positive) and �7.5 mJ/pulse for a 50-MPa

peak. In order to reach the same pressure level, the previous

lens with a higher f-number of 0.92 (Ref. 1) required 9 mJ/

pulse and 48 mJ/pulse, respectively. Moreover, LGFU-

induced cavitation could be produced on a solid boundary

with laser energy as low as E� 1.5 mJ/pulse and in the

free-field condition in water with E� 12 mJ/pulse. The

focal profile and the cavitation behavior obtained from the

low f-number lens provide useful information for the devel-

opment of photoacoustic lenses with various geometrical

designs and better performance. We expect that an LGFU

system can be used for tissue therapy based on mechanical

destruction, such as histotripsy.
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FIG. 4. (a) Cavitation-induced tran-

sient signal measured by a piezoelec-

tric transducer located away from the

focal zone (see the setup in Fig. 1(a)).

Lifetime for two cycles of bubbles is

determined by Osc1 and Osc2, where

Osc1 is the time between the initial

bubble nucleation and the first col-

lapse, and Osc2 is the time between

the first and second collapses. (b)

Lifetime of bubbles and (c) probability

of free-field cavitation as functions of

pulsed laser energy that irradiated the

photoacoustic lens. The probability

was determined by counting the num-

ber of cavitation occurrences per 100

LGFU pulses.
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