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Plane photoacoustic wave
generation in liquid water using
irradiation of terahertz pulses

Masaaki Tsubouchi'*, Hiromichi Hoshina?, Masaya Nagai® & Goro Isoyama*

We demonstrate photoacoustic wave propagation with a plane wavefront in liquid water using a
terahertz (THz) laser pulse. The THz light can effectively generate the photoacoustic wave in water
because of strong absorption via a stretching vibration mode of the hydrogen bonding network.
The excitation of a large-area water surface irradiated by loosely focused THz light produces a
plane photoacoustic wave. This is in contrast with conventional methods using absorbers or plasma
generation using near-infrared laser light. The photoacoustic wave generation and plane wave
propagation are observed using a system with a THz free-electron laser and shadowgraph imaging.
The plane photoacoustic wave is generated by incident THz light with a small radiant exposure of
<1 ml/cm? and delivered 600 times deeper than the penetration depth of THz light for water. The
THz-light-induced plane photoacoustic wave offers great advantages to non-invasive operations for
industrial and biological applications as demonstrated in our previous report (Yamazaki et al. in Sci
Rep 10:9008, 2020).

Pressure wave generation is one of the important processes induced by laser irradiation in liquid media'~*. The
photoacoustic wave with the sound velocity has been investigated in water for non-invasive tomographic imaging
for biomedical issues in water®8. The shockwave, which is a hypersonic wave with high pressure, has also been
examined for medical applications, such as drug delivery and microscale cell manipulation®*-'*, When laser light
with short pulse duration is strongly absorbed by liquid or chromophores dissolved in liquid, the energy of the
light is instantaneously confined in a small volume. Subsequently, the energy is released as a pressure wave into
the liquid via the thermoelastic effect, when the stress confinement condition, tavs < 1, is satisfied, where 7 is
the laser pulse duration, « is the absorption coefficient of liquid, and v is the speed of sound in liquid®’. How-
ever, the widely used types of pulsed laser light are at visible or near-infrared (IR) wavelengths to which water
is transparent (< 0.1 cm™). Therefore, an absorber, e.g., black rubber, fluorescent dye materials, and so on, is
required. By contrast, mid- and far-IR light is strongly absorbed by water with a>100 cm™ at wavelengths of
3-100 pm. A carbon-dioxide laser with a wavelength of 10.6 um can provide strong mid-IR light pulses, but
cannot satisfy the stress confinement condition because of the long pulse duration 7> 10 ns. Even if the stress
confinement condition is not satisfied, tightly focused laser pulses can generate a shockwave following plasma
generation in water'>""7. These processes are summarized in Fig. 1A.

In previous methods of pressure wave generation, it was necessary to introduce an absorber or to produce the
plasma in water or tissues, which are invasive processes with serious risk of damage to materials and biological
tissues. To overcome this problem, we propose terahertz (THz) light-induced photoacoustic wave generation
as shown in Fig. 1B. The THz light has a frequency of 10'> Hz, which lies between the frequency ranges of light
and radio waves. Due to the resonance of the intermolecular vibration in the hydrogen-bonding network of
liquid water around 5 THz'3'?, the THz light is completely absorbed very close to the surface of the water, with
a penetration depth of 10 um. The strong absorption of the THz laser light with a picosecond pulse duration
induces a rapid and local pressure increase followed by effective photoacoustic wave generation without requiring
any additional absorber. The strong absorption of the THz light also achieves plane wave propagation. Because
according to Huygens’ principle a large-area excitation source is required for plane wave propagation, efficient
energy conversion from the light to the pressure wave due to the strong absorption is necessary. A plane wave
is superior to a spherical one for long-distance propagation without intensity drop and for reconstruction of
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Figure 1. Mechanisms of pressure wave generation at the air-water interface. (A) An optical or IR laser
generates pressure waves via either by a light absorber or plasma generation by strong laser light. (B) A THz
laser, in contrast, can directly generate a plane wave from a relatively weak field with a loose focus.

&

tomographic images. In addition, the low photon energy (20 meV at 5 THz) of the THz light does not induce
any ionization, dissociation, or structural changes in molecules. THz light thus has great advantages for non-
destructive pressure-wave generation in industrial and medical applications. The plane acoustic wave generation
other than the laser induced method has been also achieved by the piezo transducer and applied to manipulate
the cultured cell in water®. This method can also prevent damage to tissues. But the transducer has to be con-
tacted to the water surface or embedded in water, which is not stable for the medical applications.

Recently, we observed the demolition of actin filaments in water and living cells irradiated by the THz light?'.
We presumed that the demolition was the result of the pressure wave propagation in water induced by the THz
light. In this study, we clarify photoacoustic wave generation with picosecond THz light pulses provided by a
free-electron laser (FEL) and detect it using the shadowgraph imaging method with 10 ns temporal resolution
and 10 pum spatial resolution. The characteristics of the THz photoacoustic wave are investigated by observing
the spatiotemporal evolution.

Methods

THz free-electron laser. For the THz light source to generate the photoacoustic wave, we employed the
THz-FEL on the L-band electron linear accelerator (LINAC) at the Research Laboratory for Quantum Beam Sci-
ence, Institute of Scientific and Industrial Research, Osaka University**-?°. The characteristics and the evaluation
method for THz pulses from the FEL were described in detail in the previous papers®*%. Linearly polarized THz
macropulses are generated by the THz-FEL at a repetition rate of 5 Hz with the highest pulse energy of 50 m].
Figure 2A shows a THz macropulse structure measured with a fast pyroelectric detector (Molectron P5-00). The
peak intensity of each micropulse is normalized by the summation of the peak intensities of all micropulses in
the macropulse. The macropulse contains a train of approximately 220 micropulses separated at 36.9 ns inter-
vals (27 MHz repetition). The highest micropulse energy was estimated to be 340 pJ, which is by far the largest
THz-FEL micropulse energy reported in the world. The temporal width of the micropulse was measured to be
1.7 ps by an electro-optic sampling technique (see the supplementary information and Fig. S2)*%%. The center
frequency is tunable in the range of 3-7 THz, which corresponds to a lower frequency edge of the absorption
band due to the intermolecular vibration in liquid water (see Supplementary Fig. S1). Within the bandwidth of
the THz light (~ 0.6 THz), the absorbance is not significantly changed. At 4 THz, the absorption coefficient of
liquid water is 800 cm™"'%, which implies that more than 99.7% of irradiated energy is absorbed within 0.1 mm
of the surface.

Single THz-pulse pick-up. Figure 2B shows the single THz-micropulse picked up from the pulse train by
the plasma mirror with nanosecond gating®-’. We employed a GaAs wafer irradiated by an intense femtosecond
Ti:sapphire laser pulse as the nanosecond plasma mirror. The GaAs is transparent to THz light and has a Brew-
ster angle of 75°. When the GaAs wafer is irradiated by the near-IR light with the energy of 500 pJ and the spot
size of 1 cm?, an electron plasma with the density of 10’ cm™ is generated on the surface with a minority car-
rier lifetime of less than 10 ns*"*2. Then, the GaAs plasma mirror can pick up only a single micropulse from the
pulse train with a time interval of 36.9 ns. Since residual pulses remained as a result of the small difference from
the Brewster angle, the electron beam injection was stopped just after the pick-up pulse. As shown in Fig. 2B,
the energy ratio of the picked-up single pulse to the macropulse was 8.7%. This is 13 times larger than that of
micropulses in the original macropulse shown in Fig. 2A. The detail of the single THz-pulse pick-up is described
in the Supplemental information.

Shadowgraph imaging system. Figure 2C,D show a schematic diagram of the photoacoustic wave gen-
eration and observation system. The THz light passed through a polycrystalline diamond window from the
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Figure 2. Generation and observation schemes for THz-light-induced photoacoustic wave propagation in
water. (A) Macropulse structure containing a train of approximately 220 micropulses. Inset shows the enlarged
micropulse train with an interval of 36.9 ns (a repetition rate of 27 MHz). (B) Result of a single micropulse
pick-up by the GaAs plasma mirror with a nanosecond gating. In (A) and (B), the peak intensity of each
micropulse is normalized by the summation of the peak intensities of all micropulses in the macropulse. (C)
Experimental setup for generating and probing the THz-FEL-induced photoacoustic wave on an air-water
interface. DW: polycrystalline diamond window; PM: off-axis gold-coated parabolic mirror with a focal length
of 50 mm; and Cell: quartz sample cell on a lab jack to adjust the focus diameter of the THz light on the air-
water interface. (D) Optical layout for single THz-pulse pick-up and shadowgraph imaging systems. DL: diode
laser; Camera: image-intensified CCD camera; AT: THz attenuator; PM: plasma mirror with nanosecond
gating; L1, L2, L3, and L4: BK7 non-coated spherical mirrors with focal lengths of 50, 150, 100, and 200 mm,
respectively; CM1 and CM2: gold-coated concave and convex mirrors with focal lengths of 200 and — 100 mm,
respectively.

evacuated FEL system into the air. A single THz micropulse was picked up by the GaAs wafer pumped by
Ti:sapphire laser light (800 nm wavelength, 0.5 m] pulse energy, 100 fs pulse duration, and 10 mm diameter)
synchronized to the timing of the FEL macropulse generation, and loosely focused on the distilled water sample
using a gold-coated off-axis parabolic mirror with a 50 mm focal length. To evaluate the spot size of the THz
pulse on the water surface, we used the knife-edge method. The input pulse energy was attenuated with THz
attenuators (TYDEX), which contained wedged silicon wafers with different attenuation levels.

A two-dimensional cross-section image of the photoacoustic wave was observed using the shadowgraph tech-
nique, which clearly shows an inhomogeneous density distribution in transparent media®. In the shadowgraph
image, the signal intensity depends on the second derivative of the refractive index, which is related to pressure
and density via the Gladstone-Dale relation, p o< n — 1, where p is the density and # is the refractive index.
Therefore, the shadowgraph is sensitive to the pressure wave, that is, the photoacoustic wave. As a probe light, a
CW diode laser (LDM670, Thorlabs) with an output wavelength of 670 nm irradiates the distilled water in the
quartz sample cell with a thickness of 10 mm. The probe light was incident on the water sample perpendicular to
the photoacoustic wave propagation and was imaged by a 4f-type lens system onto the image-intensified CCD of
a Princeton PI-MAX3 camera. The image capturing system was synchronized to the FEL and gated with a time
duration of 10 ns. The time gate was electronically scanned with the delay generator in the PI-MAX3 system. In
this system, we observed time evolution of the THz-light-induced phenomena from a nanosecond to a millisec-
ond time scale with a time resolution of 10 ns. The background image obtained without the THz light irradiation
was subtracted from the original images and the resultant background-subtracted images are shown in the figures.
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Figure 3. Photoacoustic wave propagation induced by the THz pulse train. (A) Snapshot image of a train of
photoacoustic waves induced by the THz-FEL with a frequency of 4 THz and an average micropulse energy
of 18 yJ. This image was taken with a time gate of 10 ns. A movie consisting of sequential snapshot images is
shown in Supplementary Video S1 online. (B) Spatiotemporal propagation of photoacoustic waves. The wave
amplitudes are shown as a function of depth. The amplitude is obtained from the horizontal sum of the pixel
intensities in each depth of the image. The dashed arrows trace propagation of specific three photoacoustic
waves.

Results and discussion
Measurement of THz-light-induced photoacoustic waves. Figure 3A shows a shadowgraph image
of a water sample irradiated by the THz-FEL with a macropulse energy of 2.6 m] at the center frequency of
4 THz. This energy corresponds to an average micropulse energy of 18 yJ, that is, a radiant exposure of 4.6 mJ/
cm? with a beam diameter of 0.7 mm at the water surface. The radiant exposure is defined as the single micro-
pulse energy per unit area. A stripe pattern is clearly seen in the image. Each horizontal line corresponds to a
pulse front of a photoacoustic wave induced by the THz pulse train shown in Fig. 2A. A neighboring line is a
photoacoustic wave generated by an adjacent THz pulse. Thus, the propagation of the photoacoustic wave in
water can be obtained from a single captured image. One remarkable feature is that the THz-light-induced pho-
toacoustic wave has a plane wavefront. The plane photoacoustic wave is generated from the plane source with
loosely focused THz-FEL light, because its beam diameter of 0.7 mm is considerably larger than the thickness
of the photoacoustic wavepacket, <10 um, estimated from the width of the each horizontal line in Fig. 3A. The
nature of the plane wave causes the long-distance propagation of the photoacoustic wave, as explained in Fig. 1B.
The spacing between wavepackets is 55 um on average, which corresponds to the distance travelled by the pho-
toacoustic wave in the time intervals of the THz pulse train, 36.9 ns. Thus, we can estimate the speed of the
photoacoustic wave in water to be 1491 m/s, which is the same as the sound velocity in distilled water at 23 °C.
Figure 3B displays the trains of photoacoustic waves measured by scanning the gate timing of the CCD cam-
era. The amplitude is obtained from the horizontal sum of the pixel intensities in each row of the shadowgraph
image. The original sequential images are shown as a movie in Supplementary Video S1 online. The photoacoustic
waves arise at the air-water interface with time intervals of 36.9 ns and propagate deeper into the water.

Characteristics of photoacoustic wave propagation in water. To quantitatively analyze the gen-
eration and propagation processes of the photoacoustic wave, the waveforms shown in Fig. 3B as a function of
depth, z, were Fourier transformed to obtain the amplitudes as a function of wavenumber, k, which is related
to speed as follows: v = (kAt) ™!, where At is the time interval of the micropulses. Figure 4A summarizes the
speed of the photoacoustic wave as a function of depth for different THz frequencies and THz micropulse ener-
gies. The frequency and energy dependencies could not be clearly seen in the results, even though the absorption
coefficient varies from 600 cm™ at 3.2 THz to 1150 cm™ at 5 THz and the radiant exposure varies from 1 to
10 mJ/cm?. According to the weak shock theory, the speed of the pressure wave, v,, depends on the local pressure
increase p as v, = vs + Bp/2pvs, where B and p are the nonlinearity and the density of water, respectively***,
When the pressure wave is generated by the thermoelastic effect from the photoexcited region, the local pres-
sure increase is expressed to be p(z = 0) = I'aF, where F is the incident radiant exposure, I' = yv?/c, is the
Griineisen coefficient of water, y is the coefficient of volume expansion, and ¢, is the heat capacity at constant
pressure’. In our experimental conditions, the local pressure increase is estimated to be 0.5 MPa at « =800 cm™!
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Figure 4. Quantitative analysis of photoacoustic waves. (A) Speed of the photoacoustic waves as functions of
depth for different THz frequencies and THz micropulse energies. The Fourier transform was calculated at a
depth of z+0.5 mm. (B) Amplitude of the photoacoustic wave as a function of the product of the absorption
coeflicient, &, and the radiant exposure, F, of the THz light. The red line is the fitting of p oc «F.

and F=5 mJ/cm?, and thus the increase of wave speed, vp — vs = Bp/2pvs, is only 0.6 m/s. This is much smaller
than our experimental accuracy, which supports our result.

The above discussion suggests that the local pressure, that is, the amplitude of the photoacoustic wave, is
proportional to the product of the absorption coefficient and the radiant exposure of the THz light. To verify this
expectation, the Fourier amplitude of the photoacoustic wave is plotted as a function of «F in Fig. 4B. The result
is well reproduced by the model based on the thermoelastic effect. Another significant feature is that the speed
of the photoacoustic wave seems to decrease with the propagation distance. The wave speeds are v;=1518 m/s
(z=0.5 mm) and 1492 m/s (z=3 mm), which correspond to the speed of sound at temperatures of 34 °C and
23 °C, respectively®. One of the reasons for the deceleration of the photoacoustic wave in water is the spatial
gradient of the temperature. However, the macropulse structure consisting of 220 micropulses complicates
quantitative analysis of the photoacoustic wave generation and propagation due to an excessive supply of light
energy to the water surface, interference between adjacent photoacoustic waves, and so on. Therefore, we tried
to pick up a single acoustic wave from the wave train.

Single THz-pulse pick-up. Figure 5A-D show shadowgraph images of the photoacoustic wave induced by
the single THz pulse shown in Fig. 2B. The center frequency and the estimated single pulse energy are 5 THz
and 110 yJ, respectively. The radiant exposure is calculated to be 90 mJ/cm? with a beam diameter of 0.4 mm.
A movie consisting of sequential snapshot images is shown in Supplementary Video S2 online. As mentioned
before, the energy ratio of the residual THz pulses to the single pulse decreases to 1/13 of the original macropulse
by the plasma mirror pick-up method. Therefore, the thermal effect due to the residual pulses can be suppressed
significantly. The propagation of the single photoacoustic wave is clearly seen in the images. We emphasize that
the photoacoustic wave reaches 6 mm in depth with an angular spread of 3°, which is 600 times longer than
the skin depth of water for THz light. This result indicates that the energy of the THz light is delivered into the
deep water by the photoacoustic wave as mechanical energy. Huygens’ principle suggests that the plane wave
is propagated when the diameter of the generating area is enough larger than the wavelength. The THz light
induced photoacoustic wave is not the continuous wave but the pulse propagating with the sound velocity. Then,
the wavelength of the photoacoustic wave is considered to be the order of the packet size, ~ 10 um. The spot size
of the THz light focused on the water surface is 0.4 mm which is much larger than the packet size, that is, the
wavelength. Therefore, even when the pick-up single THz pulse is used for the photoacoustic wave generation,
the plane wave can be generated as seen in Fig. 5.

The wave speed can be obtained from the time propagation of the wave in the series of images, and is summa-
rized in Fig. 5E. Any depth and frequency dependencies cannot be seen in the result, in contrast to that induced
by the THz pulse train. Therefore, the deceleration of the photoacoustic wave induced by the THz pulse train
might be due to a temperature increase close to the surface by injection of excess energy. By contrast, the wave
speed of 1496 m/s is not significantly changed from that obtained in the THz pulse train, although the incident
radiant exposure of the single THz pulse is twenty times larger than that per pulse in the THz pulse train. This
fact also supports the former discussion of the equation, v, — vs = Bp/2pvs.

Cavitation bubble formation triggered by photoacoustic wave generation. Finally, we discuss
THz-FEL-induced phenomena after the photoacoustic wave leaves from the water surface. Figure 6 shows a
series of shadowgraph images captured from microsecond to millisecond time scales. By using the THz pulse
train, a bubble core appears at the surface after the train of photoacoustic waves passes through the viewing
area and grows into a hemispherical shape with a submillimeter diameter over several hundred microseconds.
After 1 ms, the bubble collapses as a result of surface tension. This cavitation bubble formation has been also
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Figure 5. Photoacoustic wave propagation induced by a single THz pulse. Snapshot images of (A) the
photoacoustic wave induced by the THz-FEL with a frequency of 5 THz and at delay times of (B) 60, (C) 120,
and (D) 180 ns. These images were taken with a time gate of 10 ns. A movie consisting of sequential snapshot
images is shown in Supplementary Video S2 online. (E) Speed of the photoacoustic waves as functions of depth
for different THz frequencies.

studied in shockwave generation by near- and mid-IR laser light*®. There have been several proposals to employ
laser-induced cavitation bubbles for cell surgery>*, colloid processing”, and so on. Figure 6E-H show a series
of shadowgraph images of water excited by a single THz pulse. The air-water interface is pushed down as the
photoacoustic wave is generated, and a depression of 50 pm persists after THz light irradiation. The depression
and the cavitation bubble generation in the air-water interface after laser-induced pressure wave generation has
been discussed in previous studies>**. As the pressure wave propagates into the water from the surface, water
is excluded from the surface by the pressure wave. Then, the pressure at the interface is rapidly reduced, which
enhances vaporization due to the lowering of the boiling point in addition to rapid heating of the water. How-
ever, a single THz pulse cannot form a bubble core at the air-water interface, which may be due to the lack of
total incident THz light energy.

Because the increases in temperature and local pressure during photoacoustic wave propagation are very
important features for chemical and biological reactions in practical applications, we must further investigate
the photoacoustic wave propagation with thermodynamic and hydrodynamic simulations. Another significant
feature in Fig. 4B is that there is no obvious threshold of the input THz energy for photoacoustic wave generation,
which is in contrast to the conventional method triggered by plasma generation with a near-IR laser*. This is one
of evidences that the THz-light-induced pressure wave is caused by strong linear absorption of THz light by water.
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Figure 6. THz-FEL-induced phenomena over a long time scale, with images of bubble formation and collapse
induced by the THz pulse train shown in Fig. 2A with a frequency of 4 THz and an average micropulse energy
of 18 yJ at delay times of (A) 150 us, (B) 0.9 ms, (C) 1.8 ms, and (D) 15 ms. A series of images (E) to (H) shows
the surface depression induced by the single THz pulse shown in Fig. 2B with a frequency of 5 THz. These
images were taken with a time gate of 10 ns.

Conclusion

In summary, we demonstrated generation and observation of a THz-light-induced photoacoustic wave. The
initial process prior to photoacoustic wave generation was linear absorption of the THz light by water, in con-
trast with plasma generation at the air-water interface by multi-photon absorption of near- or mid-IR light.
This provides great advantages for the use of THz-induced photoacoustic waves compared to the conventional
IR-induced methods. First, the linear absorption by water is a mild and non-destructive process, so the proposed
method can be applied to biological tissue and fragile instruments. Next, loosely focused THz light can generate
a photoacoustic wave with a plane wavefront because of effective energy transfer from the THz light to thermal
energy, owing to strong linear absorption by water. The propagation of the plane wave is easily controlled with
reflective and focusing elements. Third, the THz-light-induced photoacoustic wave requires a small incident
radiant exposure of < 1 mJ/cm?.

THz light at a frequency of 3-7 THz can directly excite the collective intermolecular vibration of water
molecules, which may cause effective generation of a macroscopic pressure wave, in contrast with mid-IR light
exciting the intramolecular vibration mode. As a sub picosecond pulse of several microjoules in the mid-IR to
THz frequency region has recently been produced using a tabletop femtosecond laser system*>*, the photoacous-
tic wave generation system can potentially be moved from an FEL facility to a laser laboratory for medical and
industrial applications. In addition, the influence of the excited molecular motion, the inter or intramolecular
vibration of water, on the photoacoustic wave generation will be examined by this system. The numerical study
is also important to evaluate and optimize the photoacoustic wave generation. We would like to find a model to
describe the three-dimensional photoacoustic wave propagation induced by the THz light irradiation to water.

The large absorption coefficient of the THz light means that the penetration depth in water is considerably
shorter than 1 mm. Therefore, the THz light can directly affect molecules or biological tissues only within a sub-
millimeter range. In previous studies, THz-light-induced DNA damage to a human skin sample with a thickness
of less than 0.1 mm has been examined and discussed*-*’. THz-light-induced photoacoustic waves will poten-
tially be able to probe and control chemical reactions and biological structures beyond the penetration depth?'.
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