Fibre-optic probe hydrophone for ultrasonic
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Aimed at lithotripter acoustic output measurements, a new fibre-optic probe hydrophone
overcomes most of the problems involved with the use of piezoslectric hydrophone
technology in non-linear ultrasonic and shock-wave fields. The fibre-optic principle allows
for extremely wide bandwidth (larger than 1 GHz) and superior electromagnetic shielding.
Contrary to hitherto existing hydrophones a high cavitation threshold at the water-silica
interface provides undistorted detection of strong rarefractional pulse pressures. Considering
pure compression there is good agreement between maximum pulse pressure derived from
fibre-optic hydrophone theory and the corresponding amplitudes obtained from acoustically
calibrated PYDF membrane and needle hydrophones.
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cavitation

Miniature needle and membrane hydrophones having
polyvinylidene fluoride (PVDF') sensitive elements are
widely accepted for measurements in ultrasonic fields! 4.
Assuming plane waves, commercially available thin
polymer films (9 um} are uscd to construct broadband
detectors up to 100 MHz. Unfortunately, ‘fringe’ effects
associated with spot poling PVDF films make sensor
element diameters below 0.5 mm difficult to realize’.
Therefore, in focussing fields, due to coupling of the space
and time resolution for curved waves, a severc bandwidth
limitation must be considered.

The demand for precise measur¢ments in high-intensity
focussing fields has increased within the past decade as
extracorporeal shock-wave lithotripsy for non-surgical
treatment of renal and biliury stones has become
established. High pressure amplitudes in the 100 MPa
range, exceeding the amplitudes of diagnostic ultrasound
by a factor 10 to 100, imply strong non-lincar wave
propagation. Available data from planc 10 MPa pressure
pulses in water confirm that non-lincar sicepening
stabilizes shock fronts with rise times in the order of | ns
(see Reference §).

Under free field focussing conditions, as are realized
by lithotripter sources, cven a pure compressional pulse
is followed by a diffraction induced rarefractional phase.
On-axis negative pressure amplitudes exceed — 10 MPa,
and are accompanied by intense cavitation®.

In the mecantime, several authors have presented
lithotripter field measurements using PYDF needle and
membrane hydrophones'®*2, Improvement against
cavitation damage could be achieved by cavitation guard
materials'>'* as well as by separating the electrodes from
the active layer, forming capacitively coupled devices'”.
However, signal distortions related to the acoustic field
pertubation introduced by the pressure sensors have not
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been taken into account. In addition, according to
recently published results’* 1, a low cavitation threshold
on metallized PVDFE surfaces limits the detectable
negative pressure.

In 1988 wec presented a new fibre-optic probe
hydrophone'” which was further developed to become a
practicable measurement tool. We describe now a
compact transportable device, giving a signal bandwidth
of 20 MHz and a spatial resolution of 0.1 mm, which
overcomes most of the problems involved with the use
of piezoelectric measurement technology in high intensity
sound fields.

As an acoustic sensing element. the endface of a glass
or polymer libre is introduced into the acoustic wavefield.
A temporal pressure change gives a temporal varialion
of the optical reflectance at the boundary belween the
fibre endface and liquid, and this is used as a hydrophone
signal. The optical reflectance at the fibre endface is linked
with the pressure amplitude via the index of refraction—
density relationship. When the pressure increases, the
density, and hence the refractive indices of the liquid and
the fibre, arc increased. However, due to the low
compressibility of the solid fibre material the change of
the index of relraction in the liquid prevails. The resulting
change of the optical reflectance is registered phaoto-
clectrically via the time-dependent intensity of the
reflected light at a constant irradiation level.

Theory

The coefficient of reflection as a function of pressure is
derived from the Fresnel formulas, the index of
refraction—density relations and the equation of state of
the media,

In commercial step index silica fibres having core
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Figure 1 Sensitivity of a fibre-optic prebe hydrophone in water
(20 C, + — 800 nm, silica fibre n_.—=1.483) evaluated from
(1Y (4). Further parameters according to text

diameters between 100 gm and 200 pm light propagation
is distributed to typically 107 to 10* light guiding modes.
forming angles <15 to the fibre axis. With a uniform
distribution on the modes, us well as on both polarization
orientations considered, the coefficient of reflection, R.
at a flat perpendicular endface is well approximated by
the retlection coefficient of the perpendicular mode:

R=[(n —n{n+nl" {h

s, = index of refraction of the fibre-core
n, = index of refraction of the fluid (water)

The index of refraction and pressure are connected by
the density . The change of state in a shock front s
given by the Hugoniot curve and may be approximated
in the MPa-range by Poisson’s law'®. In water up to
1 GP4. the isentropic Tait cquation

(P + Q) pr = constant; (2)

P = Pll P
P, = static pressure: p = acoustic pressure

holds. using fit parameters @ = 2955 MPa and ; = 7.44.
evaluated for standard conditions (T=20C, P, —
100 kPa, p = 1000 kgm 3)!1*20,

The relation between density and index of refraction
for water 1s well fit by the Gladstone Dale model at
dyvnamic compressions up to approximately 500 MPa
(see References 21, 22), confirming the results obtamed
from static compression®* within an error limit of 5% :

{n, — 1)/ p = constant (3)

Evaluating the pressure dependent change in the index
of refraction [rom Equations (2 ) and (3 ) results, for water
and a light wavclength 2 =800 nm (»r, = 1.329), in
An Ap = 14 x 107* MPa™ ', which is in accordance
with experimental data??. The corresponding value for
a silica fibre is given by An,/Apx 5 x 107° MPa ™!
(Relerence 24). Hence, for simplicity we consider n, to
be constant with regard (o the compressibility of the
fibre by a final pressure data correction of +3.6%. an
approximation which holds for n. x> n,,.

The sensitivity H of the hydrophone is now defined
by the change in light reflectivity AR. divided by the
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acoustic pressure p and the static reflectivity Ry, §
accounts for additional stray light due to non-ideal
experimental conditions

AR

H - {4y
(R, + S)p

Figuire | gives the hydrophone sensitivity plotted from
Equations (| )-(4), assuming an incompressible fibrc and
S=0. For pressure amplitudes between 5 and
+ 30 MPa the non-linear aberration from an average
sensitivity of 195 x 107 MPa™ ! is below 5%
Between 20 C and 40°C the hydrophone sensitivity
decreases by 3 = 1077 per degree rise of temperature.
Higher seasitivitics may be obtained by using media with
farger changes of the refraclion index with pressure?®,
via 4 beam puth close to the critical angle of total
refiection?®?7, by reducing the difference of the refractive
indices between the waveguide and liquid as well as by
selecting the light frequency v on the edge of a molecular
transition of oscillatton or an electronic transition.
whercby a pressure shift of the respechive optical
transition leads to large changes of the refractive index.
These  possibilitics, which  simultancously  cause  u
deterioration of the linear behaviour, are not necessary
in the regime of shock waves. In addition, the final
sensitivity limit, as determined by the signal-to-noise
ratio, can be significantly improved by reduction of the
laser noise.

A principal hmit 15 set by the photon noise. For a
signal-to-noise ratio of unity (photon shot nowse) the
minimum detectable pressure p,,, results in:

2R, + S)n A_]')” (’dR‘) ’
qW, e/,

The low noise operation of the hydrophone. due to the
dosired large bandwidth Af, requires a hght source with
high photon flux W, /i, with W, of the order of 0.1 to
I' W, as well as a photodetector with high quantum
vield ¢ and the amount of scattered light S to be small
campared with the static reflection R,

The sensitive valume of the optical probe hydrophone
1s formed by the cross-section of the fibre core und half of
the optical wavelength. This corresponds to a maximum
bandwidth of tvpically 3GHz with perpendicular
acoustic wave ncidence in water.

min = ( IS]

s

Experimental set-up

In our first cxperimental set-up. reported in 1988" . we
used a walcr-cooled argon laser and coupled light via a
microscope objective into a 2007240 pm step-index silica
{ibre.

In the meantime. a widely improved. small, rugged and
easy 10 handle device has been constructed. Figure 2
illustrates the optical and experimental arrangement. For
convenience we chose a 1007140 um step-index silica
fibre. A 100 mW fibre-piglailed continuous-wave diode
laser (4 = 800 nm) 1s spliced to port | of a 3dB fibre
coupler. The light coming {rom port 2 is guided by the
fibre to the hydrophone probe tip in the measurement
positien 1inside the water tank. Using professional
cleaving tools, the fibre endface 1s cut perpendicular to
the fibre axis. From this perfectly clean and highly
reproducible endface a small amount of the incident Tight.
intensity modulated by the acoustc signal. is reflected
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Figure 2 Fibre-optic probe hydrophone: experimental set-up

back and detected by a stlicon p-i-n photodiode via port
4 of the coupler. Transimpedance amplification gives a
bandwidth from dc to 20 MHz. Finally, noise caused by
coherent laser amplitude fluctuation is compensated by
subtracting the noise signal derived from port 3. A
properly designed noise detector avoids any light
reflection, minimizing stray light S.

Optical signal transmission along the non-conductive
silica fibre, attached to the battery driven laser source
and detectors, provides superior electromagnetic shielding,
Hence, electrical disturbances caused by the spark
discharge involved with the generation of shock waves
are mostly suppressed. Denoting U, as the hydrophone
voltage signal corresponding Lo static reflection R, + S,
the noise level U,.../Ugs =2 x 1072 (single shot,
20 MHz bandwidth) approaches the theoretical shot
noise limit by a factor of 2. Since the minimum detectable
pressure is experimentally determined by the quotient of
noise level and sensitivity {from Figure 1), this results in
Pmin = 1 MPa, respectively +0.5 MPa resolution.

Static calibration of the fibre-optic probe
hydrophone

Keeping in mind that the hydrophone sensitivity is rather
low compared with piczoelectric polymer hydrophones,
vet it does not depend on the fibre core diameter, acoustic
calibration technigues can be performed in step or sinus
wave fields of known high amplitude. This is possible
with electromagnetically generated pressure pulses using
the discharge current and the generator coil winding
density for amplitude calculation®®, or with mechanical
shock tubes or with indirect pressure determination by
other transducers acoustically calibrated at lower wave
amplitudes.

The fibre-optic probe hydrophone, by virtue of its
inherent, almost unlimited, bandwidth starting from dc,
provides the unique feature of a simple static—wideband
optical calibration. According to the hydrophone theory,
the sensitivily Equation (4) can be computed from the
fibre and liquid data under inclusion of the unknown
stray light §. In detail, the previously denoted
hydrophone sensivitiy is written in terms of the
corresponding hydrophone voltage signals AU and U,
at the output of the p-i-n photodiode:

AU AR
Usp (Ro+S8)p
AU = pressure pulse voltage signal

U/, =dc reflectance voltage signal with the fibre
immersed into the liquid

(6)

S can be determined under ‘zero reflectivity” conditions
— for instance, by immersing the fibre endface into a
mdex-adapted fluid. A typical value [rom our hydrophone
is § &~ 3 x 107 %Ry, caused by internal crosstalk of the
fibre coupler. Therefore, in routine measurement U, gives
the complete (static) calibration.

An additional check with respect to S and R, is
provided by measuring the signal voltage U} for the
probe light reflection in air. Calculation of U under
ideal conditions (§ = 0, dry air) results in U} = aU, with
o = 12.6. Lower valucs of o indicate increased S values
by contamination of the fibre tip.

Step wave calibration of hydrophones

Despite the virtue of static calibration it s essential to
investigate the dynamic properties of a hvdrophonc by
means of the completc amplitude and phase or,
equivalently, the step or delta-pulse response. Considering
shock wave pressure—time functions, the step wave
calibration is particularly appropriate for an immediate
control of geometrical reflection and refraction properties
as well as prabe resonances. The true shock-wave form
is obtained by deconvolution of the observed signal using
the step wave response of the hydrophone.

Experimentally, we crecate a pressure sicp by the
transient excitation of a thick piczoelectric disc. This
standard acoustic source radiating a rectangular-shaped
plane wave of approximately 50 kPa into water,
simultaneously provides an absolute calibration from
electrical parameters?®.

Figures 3—-5 show the signal recorded from the first
period of the rectangular-shaped piane wave (rise time
50 ns) for three different hydrophones. Due to its good
acoustic transparcncy, the membrane hydrophone,
Figure 3, records the radiated wave almost undistorted
{24 um PVDF, spot poled piczoelectric diameter 0.8 mm,
vacum evaporated gold electrodes'*). The PVDF needle
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Figure 3 PVDF membrane hydrophone: signal response due to a
rectangular shaped plane wave
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Figure 4 Commerical PVDF needle hydrophone®: signal corre-
sponding to Figure 3
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— 30 kPa

—- 500 ns

Figure 5 Fibre-optic probe bhydrophone (sensitivity enhanced
by 100 um optically ciear silicone rubber, covering tibre endface):
signal corresponding to Figure 3

Figure 6 Plane compression step incident to cylindrical probe
hydrophone: incident wave (1), acoustically rigid reflected wave
(21, diffracted edge wave (3); compression, rarefraction

hydrophone®, having a hemispherical tip of 1 mm in
diameter (spot poled piczoclectric zonc restricted (o
about 0.5 mm). indicales acoustically rigid reflection
from the up by a characteristic signal overshoot, Figure
4. decaying within 500 ns. A corresponding signal
behaviour is observed for the fibre-optic probe
hydrophone, Figure 5; however, owing Lo its mimature
design (100/140 um fibre), the sensitivity approaches a
constant level within 80 ps. In this case, signal averaging
and increasing the hydrophone scnsitivity by covering
the fibre endface with a 100 pm layer of optically clear
siliconec  rubber?™ has been used 1o improve the
signal-to-noise ratio.

A distortion of the initial step generally observed from
probe hydrophone recordings'*'* is caused essentially
by secondary waves emerging from the hydrophone. The
resuiting pressure field ( Figwre 6) consists of the incident
wave, the reflected wave and the wave diffracted at the
hydrophone edge. In the case of a pressure step. the
pressure being detected for the frst moment amounts (o
the double of the incident wave. due to acoustically rigid
reflection at the hydrophone tip. However, alter the
phase-inverted edge wave has completely propagated
across the sensitive area, the resulting pressure 1s reduced
to the pressure of the incident wave.

Shock front response of different
hydrophones

-

Figures to ¢ present shock front signals recorded
by the different hydrophones characterized above.
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successively positioned n the focus of our sell-focussing
electromagnetic shock wave source’* 2% Looking at
the fibre-optic probe hydrophone signal Figure 7 (bare
fibre). the shock front is accompanied by a 80 ns wide
overshoot, consistent with the rectangular wave response.
From the membrane hydrophonc, sce Figure 8, we
observe high frequency oscillations, duc (o multiple
reflections inside the 24 ym PV DF membrane. which are
slightly distorted by a low sampling rate (250 Mss™ ).
The PYDF needle hydrophone signal Figure 9 exhibits
a compardtively slow rise time and strong waveform
distortion. introduced by the hydrophone geometry.

A reconstruction of the true acoustic wavefarm can be

12 MPa

1 approx

Figure 7 Self-focussing electromagnetic source'”: shock front
signal recorded in the geometrical focus by a fibre-optic probe
hydrophane: rise time 17 ns, limited by amplifier bandwidth
20 MHz; {inearization and high frequency linear extrapolation sets
shock frant amplitude to - 30 MPa + 5%

—— 3 MPa

t——t 50 N3

Figure 8 Shock front signal corresponding to Figure 7. but PVDF
membirane hydrophone: rise time 8 ns, limited by membrane
thickness (24 ¢m); high trequency linear extrapolation sets shock
front amplitude to 28 MPa + 10% {including calibration accuracy
+ 5%)

b 50 Ny

Figure 9 Shock frant signal corresponding to Figure I but
commercial PYDF ncedle hydrophone®. rise time 74 ns. linuted by
hemispherical geometry: deconvoiution sels shock front amplitude
te 31 MPa t 15% (including calibration accuracy +5%)
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Figure 10 Shock front amplitudes as measured by different
hydrophones in the geometrical focus of a self-focussing
electromagnetic source, resulting from signal analysis in Figures 7 -8
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Figure 11 Self-focussing electromagnetic source': focal signal
at maximum setting, recorded by a fibre-optic probe hydrophone;
linearization and high frequency linear extrapolation sets extrema
to +30/ 7.2 MPa + 5%

obtained within the signal-to-noise limits - for all
hydrophones - by deconvolution of the linearized signal
and the impulse response. In this analysis, the true shock
front rise-time in the 1 ns regime cannot, of course, be
resolved since the experimentai impulse response function
is limited to rise-times of the order of 20 ns. With respect
to medical applications, this appears to be of less
importance.

Referring to the fibre-optic probe hydrophone signal
(Figure 7) and to the membrane hydrophone signal
(Figure &), linear extrapolation of the almost linear
decaying waveform, which cuts off the 80 ns wide
overshoot and respectively averages the high frequency
ascillations, results in a close approximation of the true
shock front amplitude. That simple procedure however
fails with the PYDF needle hydrophone signal (Figure
9). After the appropriate signal analysis we find a good
agreement between maximum shock pressure derived
from fibre-optic hydrophone theory and PVDF
hydrophone calibration (see Figure 10).

Comparison of the negative pressure
response of different hydrophones

In analysing the complete focal waveform of our highly
reproducible electromagnetic shock-wave source, it turns
out that the fibre-optic probe hydrophone (Figure 11)

registers a long negative pressure tail without cavitation,
which would show up by a sharp reflectivity increasc and
a corresponding negative signal jump?*-*®. In contrast,
PVDF membrane hydrophones (Figure 12) as well as
PVDF needle hydrophones (Figure 13), detect oniy the
leading edge of the strong rarcfractional phase following
the compression shock. This is due (o a low cavitation
threshold at the metallized PVDF surface.

Further invesligations concern a capacitively, via
deionized walter, coupled PVDF membrane hydrophone!?
(sensitive diameter | mm), providing an increased
lifetime due to minor cavitation damage. This hydrophone
had been compared to the fibre-optic probe hydrophone
(Figures 14, 15), positioned successively in the focus of

| i
N
|
\ _/ e L
S~/ T~

— 2 Uus

—i 8 MPa

Figure 12 Signal corresponding to Figwre 17, but PVDF
membrane hydrophone; high frequency linear extrapolation sets
extrema to +28/—6.6 MPa + 10%, negative pressure cut off by
cavitation

—

N

\..\/f’

— 12 MPa

l
PR E—
—t 2 us
Figure 13 Signal corresponding to Figure 77, but commercial

PYDF needle hydrophane®: deconvolution sets extrema to
+31/—6.1 MPa t 15%, negative pressure cut off by cavitation
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Figure 14 Siemens Lithostar Plus, Overhead Module: focal signal
at maximum setting, recorded by a fibre-optic probe hydrophone;
linearization and high frequency linear extrapolation sets extrema
to +72/—-12MPa + 5%
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Figure 15 Signal corresponding to Figure 74 but capacitively
coupled, via deionized water, PYDF membrane hydrophone'?®; high
frequency linear extrapolation sets extrema to + 68/ —7.3 MPa + 10%.
negative pressure cut off by cavitation

a commercial lithotripter (Siemens Lithastar Plus.
Overhead Modulc).

Considering positive pressure data, good agreement
within calibration accuracy has been found. while
significant differences arc observed in negative pressurc
detection. According to Figures 14 and 73 it is obvious.
that the non-metallized, capacitively coupled membranc
hydrophone cuts off a major part of the negative pressure
phasc. From literature it is known that the polar
character of fused silica gives a strong adhesion to water.
even stronger than the cohesion of water itself**. Hence,
the fibre-optic probe hydrophone provides successful
detection of the highest negative pressure amplitudes
{ — 15 MPa)we have observed so far. For clarity it should
be painted out, thal cavitation at or close to the fibre
endlace will cause a strong positive jump in reflectivity.
usually saturating the photodetector.

Durability and long term stability

The static reflection R, + S, monitored by the de-ievel
U/, of the photodetector, performs a sensilive detection
mechanism for possible fibre damage. Fast and easy
repair is possible just by cleaving the fibre again.
Long-term stability is confirmed by the perpendicular
endlace jtself, implying precise cleaving tools.

To detect high negative pressure waveforms withoult
distortion. the lateral polymer coating of the fibre, due
to its low cavitation threshold. has to be removed at a
distance of several millimetres from the fibre endface.
Fibre damage had been demonstrated (o arise from
cavitation events in this uncoated section'*. Nevertheless.
in low cavitation lithotriopter fields, represented for
instance by the Siemens Lithostar Plus Overhead
Module, the hydrophone lifetime in the focal region at
the maximum setting ranged between 500 and 1000 shocks.

In respect of measurements in strong cavitation ficlds
it is desireable to improve the ruggedness propertics.
Good cxperiences had  been  achieved with  thin
polyurethane coatings. leaving the fibre endface uncovered.
However, the bubble growth mvolved with a lowered
cavitation threshold microbends the fibre and the
resulting light intensity fuctuations may distort the
negative pressure signal.

Further developments

Covering the fibre endface with a thin layer of appropriatc
elastomeric or other materials. the hydrophone sensitivity
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can be increased. For optically clear silicone rubber.
seven times (refer to Figuwre 5), for opaque silicones
already up to 30 times, the sensitivity with respect to the
bare fibre in water has been achieved?’. Thus, modified
fibre-optic probe hydrophones will address the low
pressure range. competing with piezoelectric polymer
hydrophones.

Conclusions

The fibre-optic probe hydrophone sets a new standard
in high intensity ultrasound and shock wave measurement
technology. Using this device. for the first time “true’
negative pressure waveforms in extracorporeal shock
wave lithotripsy can be determined. i vivo measurements
are conceivable. Further investigations correlating
physical shock wave parameters to stone [ragmentation
efficiacy and tissuc damage will be the content ol a
subsequent paper.
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