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Localized Measurement of a Sub-Nanosecond
Shockwave Pressure Rise Time

Jaka Petelin , Žiga Lokar , Darja Horvat , and Rok Petkovšek

Abstract— In a growing number of applications, fast
and localized pressure measurement in aqueous media is
desired. To perform such measurements, a custom-made
single-mode fiber-optic probe hydrophone (FOPH) was
designed and used to measure the pressure pulse gener-
ated by laser-induced breakdown (LIB) in water. The sensor
enabled sub-nanosecond pressure rise time measurement.
Both the rise time and the duration of the shockwave were
found to be shorter in the direction perpendicular to the
breakdown generating laser beam, compared to the shock-
wave observed in the parallel direction. Simultaneous high-
frame-rate imaging was used to qualitatively validate the
novel hydrophone data and to observe the shockwave evo-
lution. The measurements were performed also on pressure
pulses emitted during the generation of miniature (150 µm
diameter) laser-induced bubbles at very small distances
(down to 40 µm), further demonstrating the capabilities of
the small-size sensor and the ability to measure locally. The
results improve understanding of LIB shockwave character-
istics dependence on laser pulse energy and duration.

Index Terms— Fiber-optic probe hydrophone (FOPH),
pressure, shockwave.

I. INTRODUCTION

VERY-SHORT and high-pressure transients in fluids, both
compressive and tensile, are produced in a growing

number of industrial and medical applications, for example in
laser-induced breakdown (LIB) spectroscopy [1], shock clean-
ing [2], sonoporation [3], high intensity focused ultrasound
removal of tumors [4], shock wave lithotripsy [5], [6], and
laser vitreolysis [7]. Along with this development, the need to
measure and monitor these short events is also increasing in
importance [6].

Energy input accompanying pulsed laser medical procedures
often results in the generation of shockwaves with locally
extremely high positive and negative pressures of several tens
of MPa which cause unwanted damage to the tissue. To min-
imize the impact on the surrounding tissue the current trends
are going in the direction of using smaller laser pulse energies
and shorter pulses. It is important to accurately measure the
pressure values as close to the source as possible, spatially,
and temporally, since this enables direct evaluation of peak
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pressures as they are encountered for example by living cells
during laser medical procedures like vitreolysis, sonoporation,
or lithotripsy, without having to rely on estimates of linear
decay of shockwave pressure with distance [8]. The present
contribution is a step in this direction.

There are multiple approaches to measure these tran-
sient signals, like piezoelectric sensor [9], [10], polyvinyli-
dene fluoride (PVDF) membrane [11]–[13] or needle
hydrophone [14], [15], and fiber-optic hydrophone [16]–[18],
all with their own advantages and drawbacks. In the case con-
sidered here, i.e., measurement of shockwave emitted during
LIB in water, the fiber-optic probe hydrophone (FOPH) comes
with a key advantage—the ability to measure and withstand
very quick changes of very high positive or negative pressures
that are generated during breakdown [19].

There are several types of fiber-optic hydrophones, many of
them based on building an additional structure placed at the
fiber tip. A lot of research is focused on improving sensor sen-
sitivity to accurately detect low pressure [20]. A Fabry–Perot
based interferometric design is very common [21]–[23], while
other structures are considered, too [24]–[27]. The type of fiber
hydrophone considered here is based on reflectance changes at
the water–glass interface due to the pressure-induced changes
of the refractive index of water. The design was introduced
by Staudenraus and Eisenmenger [16] and is often referred to
as Eisenmenger type hydrophone [28]. The sensing element is
the interface itself between the aqueous medium and the end
face of the optic fiber core. While this simpler approach offers
less sensitivity, it allows for a quick repair of any damage to
the sensing element by simply re-cleaving the damaged part of
the fiber end [29]. Additionally, as the measurement of water
pressure is direct, this approach has the potential to offer the
fastest sensor response.

FOPH of Eisenmenger type is typically based on multi-
mode fibers, although some single-mode hydrophones were
fabricated [30]. Single-mode fibers are less sensitive than
their multimode counterparts due to the lower laser light
power and have stronger oscillations in frequency response,
especially at lower (<100 MHz) frequencies [31]. However,
their advantage is a significantly smaller sensor area with
fiber core having only a few micrometers diameter com-
pared to tens of micrometers for a typical multimode fiber.
A more point-like detector, therefore, helps to accurately
measure the pressure at a specific point [32] as well as
offers higher sensor bandwidth in realistic configurations.
Especially localized measurement is of interest for the study of
sonoporation [33].
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First, we present single-mode FOPH measurements of
shockwaves emitted by a dielectric breakdown generated in
water by laser pulses having a few nanoseconds of duration
and a few millijoules of energy. Sub-nanosecond pressure rise
time is observed during light-induced breakdown. Significant
differences are observed between the results of measurement
with hydrophone oriented in the direction parallel and per-
pendicular to the generating laser pulse direction. Pressure
measurement is accompanied by simultaneous imaging of the
shockwave using our fast illumination system [34]. These
measurements are followed by measurements of shockwave
generated during a significantly lower energy (10 μJ) LIB in
water at very small distances, down to 40 μm.

II. PRINCIPLE OF OPERATION

Reflectance FOPH is based on measuring the variation in
reflectance at the glass–water interface due to pressure wave
arriving at the sensor. The refractive index of water n changes
with pressure p by [35]

�n

�p
= 1.31 ∗ 10−4 MPa−1. (1)

The value of the coefficient is temperature-dependent and
valid for pressures up to approximately 100 MPa. The change
of refractive index leads to a change in light reflectance
at the fiber–water interface, measured by a photodiode that
detects the intensity of the reflected light inside the fiber.
The hydrophone voltage signal information, therefore, has two
components–the steady-state signal (dc component) U0 corre-
sponding to the light reflectance at the glass–water interface
at initial pressure (usually 1 bar), and voltage variations �U
due to transient pressure changes. Using (1), the values of
refractive index for water and quartz at standard conditions
(1.32 and 1.45, respectively) and the Fresnel equations for
reflectance, the pressure change is calculated to be

�p

�U
= 458

U0
MPa−1. (2)

The raw measured pressure data need to be deconvolved
using the sensor frequency response function to obtain the
actual pressure in the liquid. The deconvolution is performed
by division of the Fourier transform of the raw measured
pressure by calculated or preferably measured fiber sensor
response, and then inverse Fourier transform is performed to
obtain actual pressure profile in the time domain. To account
for the acoustic reflection at the water–glass rigid interface, for
the purpose of this study, a factor of 2 is assumed for conve-
nience. The pressure dependence of the quartz glass refractive
index can be neglected because of its low compressibility and
because most of the shockwave is reflected.

In an effort to improve on the state of the art of measuring
short rise time phenomena like the arrival of a shockwave
pressure front [36], we used a single-mode fiber as the sensing
element of the hydrophone. The small dimension of the
single-mode fiber core (5 μm) is the key feature that results
in: 1) a more localized measurement, 2) less sensitivity to
positioning tilt, and 3) faster response time, as explained in

Fig. 1. Schematic of fiber positioning with respect to the laser-induced
breakdown position and orientation (breakdown marked with a red dot).
The fiber with a core of radius r (cladding is not shown) is positioned at a
distance d from the breakdown and oriented so that the fiber geometrical
axis is at an angle Φ with respect to the line connecting the center of the
breakdown and the center of the fiber end face. The pressure transient
emitted from the breakdown reaches different parts of the fiber end face
at different times. The time interval between the shockwave front first
reaching the fiber (at point A) and the last (at point B) is marked with Δt
and is a function of r, d, and Φ as shown in (3).

more detail below. The details of local measurement of a fast
phenomenon are illustrated in Fig. 1.

An arbitrary fiber position and orientation with respect to
the LIB can be described by two parameters: 1) the distance
d between the LIB and the fiber end face center and 2) the
angle Φ between the line d and the fiber geometry axis. The
shockwave is emitted from the LIB (red dot on the left) and
propagates uniformly in all directions. Because of the finite
fiber lateral dimension, the different parts of the shockwave
reach the fiber tip at different times. The sensor performs
spatial convolution over the sensing area of the fiber end face,
resulting in the temporal signal being a weighted average of
contributions. The time interval between the pressure front
reaching the first point on the fiber end face (point A) and the
last one (point B) is marked with �t . The last point is always
at the core edge, while the first may be anywhere between the
center and the other edge, depending on the fiber core radius
and positioning. Effects of the reflection of the shockwave
from the fiber end are neglected in this consideration.

This time interval �t corresponds to the time over which the
sensor averages the signal, resulting in temporal broadening of
the sensor output. It should therefore be as small as possible
to allow quick response and to accurately measure the sharp
shockwave front.

Assuming constant pressure front velocity v, the time inter-
val �t can be calculated from the difference �d between
the path dA that the wave travels to point A and path dB to
point B

�d =
√

d2 + 2drsin(φ) + r 2

−
{

dcos(φ), if d tan(φ) < r√
d2 − 2drsin(φ) + r2, otherwise.

(3)
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To obtain �t, this expression is simply divided by the wave
velocity v

�t = �d

v
. (4)

In the consideration, we assumed that 0◦ ≤ φ ≤ 90◦ and
the absolute value is required for negative angles. While point
B is always the farthest point from the breakdown at the fiber
edge, the nearest point A may be located either at the edge
or somewhere on the fiber end face (for example at the fiber
center for Φ = 0◦), resulting in a branched (3).

For simplicity, the wave velocity in water v is assumed con-
stant at 1500 m/s–i.e., the acoustic velocity in water. In reality,
the shock wavefront initially propagates with significantly
higher (supersonic) velocity. Because of the rapid dissipation
of energy, the velocity of the shockwave front in the water
soon drops to the acoustic velocity. For laser excitation pulses
in the millijoule range, this drop occurs in a few tens of
a millimeter, whereas shockwaves arising from microjoule
pulses slow down even sooner [8], [37]. Moreover, since the
velocity is higher only for a short period of time after the
breakdown, the correction is the same for both distances, dA

and dB , and is canceled by their subtraction in (3). Therefore
the qualitative findings explained below are still valid.

Using (4), �t is calculated for the two common fiber core
dimensions at various distances d and tilt angles Φ to illustrate
the advantage of a single-mode fiber having a small fiber core
with a diameter of 5 μm, compared to a multimode fiber with
a fiber core diameter of 50 μm. The results of the calculation
are presented in Fig. 2.

The advantage of a small sensing element is shown to be
both in better time resolution resulting also in shorter response
time as well as in tolerance to inaccurate tilt positioning.
We consider how accurately a fiber sensor has to be posi-
tioned with respect to the fiber tilt angle Φ so as not to
exceed a certain value of �t . The value is chosen here to
be 1 ns, the approximate shockwave pressure rise time in
water in the case of nanosecond laser pulse excitation [8].
A multimode fiber needs to be positioned within 1.5◦ so as
not to exceed the selected 1 ns threshold for large distances
(>1 mm), whereas the single-mode fiber satisfies the same
condition at a 15◦ positioning tilt angle (not shown in Fig. 2).
Additionally, because of its relatively large lateral dimension,
even perfect positioning of the multimode fiber (with no tilt)
is not sufficient to meet the threshold for distances below
200 μm, whereas the smaller single-mode fiber in the no tilt
case comfortably stays below the selected threshold even for a
very small distance of 10 μm. Therefore, for sufficiently fast
measurements at short distances, single-mode fiber is required.

This approximation is limited to the analysis of fiber
response to infinitely sharp shockwaves emitted from a point
source. Shockwave diffraction on fiber edges is not considered
in this approximation, while plasma is assumed to consist of
many independent point-like sources of shockwaves. Consid-
ering the dimensions of the single-mode fiber used in the
experiments, this approximation is valid from the arrival of
the shockwave for approximately 40 ns at 0◦ fiber tilt, when
the diffracted reflected waves from the fiber cladding edge

Fig. 2. Time interval Δt as a function of distance d for two different
fiber core diameters 5 μm (single-mode) and 50 μm (multimode) and
different fiber tilts Φ (0◦, 1◦, 3◦, and 5◦). The 1 ns threshold is shown as
a dashed black line. Measurements below the threshold are sufficiently
fast to accurately record the shockwave edge.

Fig. 3. Modeled frequency response function of the 5/125 μm
single-mode fiber. The multimode fiber response is added for
comparison.

(approximately 60 μm from the core) reach the fiber core.
We additionally assume the fiber is perfectly rigid.

For signal duration beyond 40 ns (sooner with non-zero fiber
tilt), these reflections need to be taken into account. We have
performed the analysis of rigid fiber approximation with plane
wave incident perpendicular to fiber (as in [31]), shown in
Fig. 3.

The single-mode fiber frequency response shows significant
oscillations for the first few hundred MHz, while the oscil-
lations are significantly lower at higher frequencies, above
300 MHz, the frequency corresponding to approximately 1 ns
rise time. The frequency response of a multimode fiber (50 μm
core) is added for comparison. We believe that our single-mode
fiber sensor is positioned in the optimum range for fast and
accurate measurement on time scales close to the 1 ns—an
even smaller fiber core would exhibit higher amplitude oscil-
lations in the frequency response function at these time scales,
while larger fiber cores have higher �t (Fig. 2). The results
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Fig. 4. Experimental setup. The laser pulse (10 μJ to 15 mJ) produces
breakdown in water, recorded by a camera and the FOPH. The details
of fiber positioning with respect to breakdown are shown in Fig. 1 for
parallel orientation.

of the calculation are mainly of interest for lower frequency
signals, the very sharp shockwave edge is not expected to
be influenced. It needs to be pointed out that both analyses
are simplified although under different sets of assumptions.
However, calculating the exact sensor response function to
the incident shockwave from a finite source including fiber
deformation or its resonances is beyond the scope of this study.

The frequency response was calculated for all wavelengths
present in the FFT of the waveform, with the aim of per-
forming the deconvolution of the waveforms. We have not
performed the angular response analysis (unlike in [31]), since
according to prediction in Fig. 2, the configuration with the
fiber axis in line with the breakdown (0◦ tilt angle) offers the
fastest response and was selected for all measurements.

III. EXPERIMENTAL SETUP AND RESULTS

As pointed out above, a small interval �t is required to
achieve quick sensor response, also resulting in less signal
distortion. Both the fast response together with a good signal-
to-noise ratio of our measurement system are demonstrated in
two cases: a pressure pulse emitted during the laser-induced
breakdown generating a millimeter-sized bubble and a ten
times smaller one.

LIB is first produced by an up to 15 mJ Nd:YAG laser pulse
with a wavelength of 1064 nm and duration of 4 ns, focused by
a lens system with a numerical aperture (NA) of 0.2 in water.
In the second experiment, a different laser was used, delivering
70 ps, 10 μJ pulses, resulting in smaller size LIB plasma
and approximately 150 μm-sized bubbles. In the second case,
the final focusing is performed by a parabolic mirror inside a
water container at NA 0.5, instead of the focusing lens depicted
in Fig. 4.

Single-mode fiber (with diameters of core and cladding
5 and 125 μm, respectively, and mode field diameter
of 6.6 μm) was used as the sensing element for pressure
measurement. FOPH is positioned either in line with the
incident laser light (“parallel” in Fig. 4), or perpendicular to
it. In both cases, FOPH is oriented with no tilt (Φ ≈ 0◦). The
FOPH is mounted on a 3-D positioning stage enabling accurate
positioning, however, slight misalignment of either position

Fig. 5. Raw fiber-optic pressure sensor output voltage when measuring
laser-induced shockwave. The average signal value up to 120 ns is
constant (except for the 2 mV noise) and corresponds to the pressure
of 1 bar. Signal filtered by Savitzky–Golay filter (order 2, frame length
250 ps) shows significantly improved signal-to-noise ratio while following
the shockwave trends. The pressure front arrival at 120 ns is seen as a
sharp signal fall followed by a slower and jagged recovery.

or orientation may be present, both characterized by tilt Φ
as shown in Fig. 1. The reflected light in FOPH is detected
by a 5 GHz photodiode (Thorlabs DET08CFC, operated on
battery).

In the computer-controlled experimental setup, the transient
voltage from the FOPH is recorded with an oscilloscope at
12 GHz analog bandwidth. A photodiode triggers both the
oscilloscope and the illumination system, while the camera
shutter is opened before the laser pulse and remains open for
a few milliseconds. Additional details of the imaging setup are
presented in [34].

First, a measurement close to breakdown induced by the
4 ns laser pulse, resulting in millimeter-sized bubbles is
presented. FOPH is oriented perpendicular to the laser pulse
axis direction and the generated plasma, resulting in a sharper
shockwave than in the case of parallel orientation.

The shape of the oscilloscope signal (Fig. 5) demonstrates
the need for extremely fast measurements to accurately record
the pressure wave. The signal fall time in this case is 540 ps
from 80% to 20%, with approximately 60 ns overall dura-
tion of the pressure disturbance (signal below initial value
before the first recovery of the signal). The jagged pressure
recovery indicates that the sensor also records the pressure
transients from different parts of the breakdown arriving at
(and departing from) the sensor at different times—note that
the reflected shockwave from the fiber end did not yet have
time to reach the fiber core for the first few oscillations, as the
propagation takes approximately 40 ns. The noise of the signal
can be lowered by digital filtering; Savitzky–Golay filter was
used with order 2 and frame length corresponding to 250 ps
before and after the point of interest. A sizeable reduction in
noise was observed without the degradation of features such
as signal fall time.

In Fig. 6(a), the pressure calculated using (2) and the
deconvolution by the sensor frequency response function are
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Fig. 6. (a) Orange: pressure calculated from voltage using the decon-
volution by the sensor frequency response function shown in Fig. 3 and
blue: pressure calculated from voltage, using the high-frequency limit of
the response function, namely the constant of 2. In both cases, the peak
pressure is the same. In (b) signal around 120 ns is zoomed in to
emphasize the fast rise time from 20% to 80% of pressure in 540 ps.

shown (orange) together with the calculated pressure using
the high-frequency limit of the frequency response function,
namely the constant value of 2 (blue). The two lines are
indistinguishable at the peak where the pressure is measured
to be 36 MPa. Most of the jagged responses in the signal
appear to be real features of the shockwave which follows
from the comparative analysis explained in Fig. 7. Zoom-in to
shockwave rise time [Fig. 6(b)] shows the 540 ps shockwave
rise time (from 20% to 80% of the signal). This pressure mea-
surement is significantly faster than other reported shockwave
measurements, for example in [36], [38], and is to the best
of our knowledge the fastest measurement using FOPH. Both,
the pressure calculated in the high-frequency limit (division
by 2) and the deconvolved pressure practically match at this
time scale, validating the high-frequency approximation for
this shockwave analysis.

To validate the presented FOPH results, an image was taken
simultaneously with the FOPH measurement—corresponding
to the same breakdown.

Fig. 7. Double-exposure image (a) taken simultaneously with FOPH
trace (b) laser beam is parallel to the FOPH. Note that there is a single
shockwave propagating away from the breakdown but is illuminated twice
inside the frame, at 300 and 1300 ns. The voltage is converted to pressure
using (2) and by applying deconvolution.

Camera image [Fig. 7(a)] was taken with the shutter open
before breakdown and with 2 illumination pulses at 300 and
1300 ns after the breakdown. Due to the finite size and the
observed nonuniformity of the plasma, the emitted shockwave
is apparently a sum of contributions from different locations
inside the plasma. At a larger distance, the second illumination
pulse reveals an evolved jagged shockwave in the direction
parallel to the incident laser light, whereas a single sharp
shockwave is observed in the direction perpendicular to the
laser light. Pixel values were extracted from the image in a
line in the matching pressure profile region marked in the
image. Five parallel lines were averaged to improve the signal-
to-noise ratio. The distance between the edges of shockwave
for the 300 and 1300 ns illuminations was used to convert
pixels to nanoseconds, one pixel corresponding to 6.5 ns. Pixel
values were inverted (black corresponds to high pressure). The
positions of the primary peaks of the image-based method
and the FOPH measurement were aligned, and the other
peaks show very good agreement between the image-based
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Fig. 8. Breakdown at approximately 40 μm distance from the fiber
tip. Shockwave directly emitted from the breakdown as well as the part
reflected from the fiber is visible. The second illumination pulse shows
the bubble at maximum radius as well as three smaller bubbles.

shockwave measurement and the FOPH measurement
[Fig. 7(b)], both in position and their relative amplitude.

FOPH pressure measurement was deconvolved by the cal-
culated sensor response to obtain true measured pressure,
which is 26 MPa at maximum. This is lower than in the
direction perpendicular to breakdown (36 MPa), in agreement
with [39]. However, we improve on their measurements by
also showing that the pressure rise time differs—5 ns pressure
rise time was observed in the direction parallel to the incident
laser [Fig. 7(b)], whereas only 540 ps rise time was observed
in the direction perpendicular to the incident laser light
[Fig. 6(b)].

Beyond the validation of approaches, the image [Fig. 7(a)]
shows the 2-D profile of the pressure front as well as the wave-
front evolution with distance (due to multiple illuminations).
These shockwave characteristics are impossible to be extracted
from a single hydrophone measurement. On the other hand,
FOPH measures both more locally (each pixel corresponds to
approximately 10 μm whereas fiber core has 5 μm diameter)
and with significantly better time resolution (each pixel in
the image corresponds to 6.5 ns whereas the oscilloscope
and the photodiode have better than 0.2 ns resolution). The
improved time resolution is also the key behind the observation
of the jagged shockwave in the direction perpendicular to
the incident laser [Fig. 6(a)]—the image-based method had
an insufficient temporal resolution to distinguish these small
variations. Owing to the presented comparative analysis of
the parallel case, we are confident to believe that also in
the perpendicular case the recorded waveform shows accu-
rate pressure time dependence. Therefore, the two methods
complement each other.

Furthermore, the image is valuable to guide the fiber
positioning, which is especially important for the close mea-
surement of pressure waves from small bubbles. For these
bubbles, the deposited energy is significantly lower, resulting

Fig. 9. FOPH measurement of shockwave pressure waveform generated
by lower pulse energy, in comparison to higher pulse energy. Breakdown
is at a distance of approximately 40 μm (breakdown to fiber); bubble at
maximum radius (150 μm) engulfs fiber. The pressure is measured in
the parallel direction as shown in Fig. 7. Scale at the bottom shows time
from maximum pressure for both breakdowns.

in a much weaker pressure wave. To achieve a sufficient signal-
to-noise ratio, the fiber needs to be positioned very close to
the breakdown; however, accidental positioning of the fiber
directly at the breakdown site is likely to cause damage to the
fiber tip.

The image taken of the very small breakdown (Fig. 8)
shows the breakdown (white), accompanied by a darker circle,
which is the bubble size at the first illumination pulse. The
shockwave in the lower and the middle part of the picture is
also visible due to the first illumination pulse. The reflection
of the shockwave from the fiber seems to have the same
intensity as the direct wave, suggesting that most of the
shockwave energy arriving at the fiber is reflected. Fiber
diameter (125 μm) is used as a scale bar, while the fiber core
appears larger due to lensing through the fiber cladding.

The second illumination pulse shows the bubble at maxi-
mum size (diameter of approximately 150 μm). Because the
separation is small, the bubble at maximum radius touches
the fiber and is slightly deformed. The second illumination
pulse also shows three smaller bubbles. Such small bubbles
are often present, but do not interfere with the measurements
unless they are located at the fiber end face at the time of the
measurement.

Pressure measurement of a shockwave accompanying lower
energy LIB is shown in Fig. 9.

The bubble is smaller (150 μm diameter) and the pressure
pulse significantly lower and shorter than in the case of
the millimeter-sized bubble, despite a much smaller distance
between the breakdown site and the sensor. The peak pressure
of 15 MPa is measured at a very short distance of 40 μm from
breakdown. The initial pressure rise time is approximately
1.5 ns while the full duration of the shockwave (not shown
here) is below 20 ns—short enough so that the edge wave
from the fiber end does not yet propagate to the sensing area
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to contribute to the signal. Given the very small distance
between the breakdown and the sensor, the multimode fiber
sensor would be incapable to accurately measure such a short
rise time (Fig. 2). The repeatabilities of both the breakdown
and the FOPH measurement are shown by good agreement of
the single measurement and the average of 20 measurements,
showing that the signal-to-noise ratio may be improved by
averaging, as well as good repeatability of the breakdown.
As an alternative to multiple measurements, digital filtering
of data is an option. Savitzky–Golay filtering with polynomial
order of 2 and a window of 250 ps before and after the point
of interest is shown. The filtered signal retains all shockwave
features and does not change the pressure rise time while it
effectively suppresses the noise. Filtering is especially helpful
to automatically extract shockwave pressure rise time, which
would be otherwise difficult for the lower pressure shockwaves
generated during microjoule energy breakdown which has a
lower signal-to-noise ratio.

The approximately 20 ns shockwave duration (not shown)
is smaller compared to shockwaves generated with millijoule
energy laser pulses which have nanosecond shockwave dura-
tion [Fig. 6(a)].

Shockwave generated during nanosecond pulse breakdown
exhibits significantly longer shockwave duration, as well as
slightly shorter pressure rise time. However, there are sev-
eral significant differences between the measured pressures,
making a direct comparison between these two experiments
difficult. Namely, there are differences in: 1) the source energy,
2) the distance from the detector and the plasma, and 3) the
shape of the plasma. Systematic experiments are required to
characterize the shockwaves in the close proximity of the
source—plasma in our presented experiments. We believe that
with the new very local and very fast single-mode FOPH
sensor, supported by simultaneous multiple exposure imaging,
the results will bring new insights on the shockwave generation
and evolution close to the source.

IV. CONCLUSION

Using our custom single-mode FOPH, the pressure wave-
form of a shockwave arising from LIB was measured. Due to
the fast and localized sensor response that is enabled by the
single-mode fiber small sensing area, we are able to measure
pressure transients with significantly better resolution (spatial
and temporal) than with FOPH employing multimode fiber.
This is demonstrated by the measurement of the pressure rise
time well below 1 ns, which is to our knowledge the first
such measurement using fiber-optic hydrophones, as well as by
accurate measurement of shockwave pressure profile, as indi-
cated by qualitative validation using additional analysis of
the complementary image-based method, where the recorded
shock waveform was shown to follow the pressure distribution
as deduced from the image.

The imaging method also enabled accurate sensor position-
ing to measure shockwaves arising from a LIB generated with
a 10 μJ laser pulse at a distance between the breakdown and
the FOPH as small as 40 μm where a high pressure of 15 MPa
was measured despite low laser pulse energy in the millijoules
range. The recorded rise time of 1.5 ns is shorter than could

be measured using multimode fiber-based FOPH at the same
distance.

The presented novel sensor configuration will be very
useful in studying the shockwaves in contemporary medical
and industrial applications employing pulsed laser effects in
aqueous materials.
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