Characterization of a fiber-optic displacement sensor for
measurements in high-intensity focused ultrasound fields
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A fiber-optic sensor is presented that is capable of measuring the particle displacement in high-
intensity focused ultrasound (HIFU) fields. For this probe, a secondary calibration was performed,
and the resulting complex frequency response is discussed. As a first practical application, the setup
was used to measure the pressure in the field of a weakly focusing ultrasound transducer. The result
is compared with that of a membrane hydrophone measurement. The feasibility of measurements in
HIFU fields is demonstrated by means of measurements of the spatial distribution of the peak
particle velocity within the focus of a HIFU transducer and of the dependence of the peak values on
the acoustical power level. © 2011 Acoustical Society of America. [DOI: 10.1121/1.3583538]

PACS number(s): 43.35.Yb, 43.35.5x, 43.58 . Fm [TDM]

. INTRODUCTION

The incidence of high-intensity focused ultrasound
(HIFU) as a noninvasive therapy technique for the treatment
of tumors has been continuously growing in the past years.'™
Besides the treatment of prostate cancer and uterine myomas,
other HIFU applications such as brain surgery,® heart sur-
gery,’ local drug delivery,® and pain palliation®'® as well as
the treatment of other cancer types''™'* are currently either in
the research stage or already in the trial stage. The principle
of all of these applications is to focus a large amount of
acoustical energy into a small volume, where tissue heating,
due to the sound absorption, and cavitation cause the respec-
tive desired effect, for example, the necrosis of tumor tissue.
Although either the necrosis of tissue or the temperature ele-
vation can be monitored with magnetic resonance imaging
(MRD)'* or B-mode ultrasound imaging'’ during the treat-
ment, a very precise knowledge of the spatial and temporal
distribution of the ultrasound field is of extremely high im-
portance. Particularly, these data are needed as an input for
the planning of a treatment with high therapeutic effect along
with a minimal risk of undesired side effects.

Because in the focal region of HIFU fields acoustical
intensities up to 20000 W/cm? and heating rates up to 30°C/s
can occur,>'® sensors for the characterization of HIFU fields
have to be very robust. Furthermore, for measurements with
appropriate spatial and temporal resolution, sensors should
both be small in dimension and have a fast response time.
Conventional hydrophones, such as membrane hydrophones
or needle hydrophones, usually do not withstand the high
intensities in HIFU fields at levels that are required for clinical
treatments. Hence several attempts have been made to de-
velop piezoelectric sensors especially for HIFU fields.'”'® A
somewhat different but very promising attempt is to use fiber-
optic hydrophones'® for this purpose because they are small
(typical diameter: 125 um) and have already proved their high
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durability, for example, in shock wave measurements. 3

Several different types of fiber-optic probes have been devel-
oped for the measurement of ultrasound.”*° Two of them
have recently been successfully applied to high-intensity ultra-
sound fields.

One sensor type consists of a perpendicularly cleaved
fiber end face where a light beam is reflected.”*?""*® As the
refractive index of the surrounding medium and thus the
reflectivity at the interface between the fiber and the medium
changes with pressure, the reflected part of the light depends
on the acoustic pressure of an incoming ultrasound wave.
The other type of sensor is more complicated in production
as several layers of different materials have to be applied
onto the fiber tip, where they act as a microinterferometer,
the reflectivity of which also depends on the acoustic pres-
sure.”” 3! Whereas the first type has the advantage of having
a very simple sensor design, which can be rebuilt quickly
and cost-effectively when a sensor is destroyed, the second
type usually shows higher signal-to-noise ratios.

Typically, hydrophones measure the pressure p in an
ultrasound field and if the intensity /

(1) = p(t) - v(t) = p(1) - — = ey

(v: particle velocity and &: particle displacement) is required,
it is calculated as

()]

(p: density and c4: sound velocity for water) with implicitly
using the equation

9¢

p(l‘)zp'CS'E. (3)

In general, Eq. (3), and thus Eq. (2), is only valid in a plane
wave and therefore is inappropriate in many applications.
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The common practice to use Eq. (2) for calculating the inten-
sity is thus debatable because the validity of Eq. (3) in HIFU
fields might be limited. In addition, the influence of nonlinear
effects on intensity distributions is still under discussion.*?
Hence a measurement device for determining acoustic inten-
sity in HIFU fields would be beneficial. As a first step, a
fiber-optic measurement system is presented that detects the
particle velocity in the sound field instead of pressure as in
most other devices. The sensor is of simple construction and
is interrogated by a heterodyne interferometer.

Strictly speaking, &, v, and thus also / have a certain
direction and hence should be vectorially. However, it is
common practice to consider only the axial components of
the sound fields. Nevertheless, a more detailed investigation
of this topic would be desirable especially for HIFU fields.

For any sensor with a non-constant frequency response,
a signal with broad frequency bandwidth can be reliably
derived from the measured voltages via deconvolution with
the broadband complex frequency response of the sensor.
HIFU waves are known to comprise several harmonics of
the fundamental frequency, and, hence, a calibration of the
frequency response has been performed for one sensor.
Because a direct calibration of the particle velocity fre-
quency response M, (f) = U(f)/v(f) is not possible, a calibra-
tion of the pressure frequency response M, (f) = U(/)/p(f) was
performed instead. However, Eq. (3) may be used in the
sound field of the calibration, and thus the particle velocity
frequency response can be easily calculated.

Il. SETUP

For the present work, a batch of 12 sensors was manufac-
tured from standard optical fiber pieces (single mode, 600 nm
cut-off wavelength, 125 um diameter, 250 pum coating),
which were perpendicularly cleaved to get planar end faces.
As a reflective coating, a 200 nm titanium layer was sputtered
onto these end faces. Except for some changes to improve the
optical performance, the optical setup is the same as the het-
erodyne interferometric configuration, which is described in
more detail in Ref. 26 and is described only briefly here.

A laser diode with a frequency noise reducing external
cavity (TUI Optics, Munich, Germany, Model DL 100, wave-
length o= 682 nm, power Py < 50 mW) is utilized as a light
source. Using an acousto-optic modulator (AOM) with
faom =80 MHz, the beam is split into a measurement beam
with the original laser frequency vo= co/4g (co=3" 10% my/s,
speed of light) and a reference beam with a frequency that is
shifted by the driving frequency of the AOM: vier = v+ faom-
The measurement beam is coupled into a fiber that has the
reflecting sensor spliced to its end. When an ultrasound signal
is applied to the sensor tip, the movement of the sensor tip will
cause a change in the optical length 6/ in the measurement
beam. This change is related to the particle displacement & of
the sound wave in water via a transfer function 7(f):

S=T-¢ “)

If the ideal transition of a plane wave from water to glas is con-
sidered, the ratio of the amplitudes of the particle velocities
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should be T= 5glas/ fwater =2 Zyated! (Zglas +Zyater), Which
yields roughly 0.2, when the acoustical impedances
Zoater=1.5-10° N-s-m~> and Zotas =12~ 10° N-s-m° are
used. However, T(f) also comprises several diffraction and res-
onance effects and thus it is frequency-dependent.*

Due to the change in the optical path length, the acousti-
cal signal is transferred into a phase modulation of the
reflected measurement beam. The modulated light in the
measurement beam interferes with the light of the reference
beam at a beam splitter and is fed to a photodetector. Due to
the photodetection process, a rf-voltage signal with fre-
quency faom 1S generated that carries the optical phase
change as an electrical phase modulation. For this voltage
signal, an instantaneous frequency f;; can be defined as

2von O(61
fi(2) = 27faom + ZR—‘iOn—( ) ; )
Co or

where 7 is the refractive index of the fiber. Thus the output
signal of the photo diode is

Uoupp(t) o< expli - fi(2) - 1]. (6)

In a delay line discriminator (see Fig. 1) with delay time 7,
this frequency modulation is demodulated into an amplitude
modulation and an output signal U, p is generated with

Uoun(t) =D
t.D( ) o 8t

(7

Here D is the slope of the discriminator, which describes the
ratio between the voltage output and the frequency deviation
from the carrier frequency faom. D can be easily determined
by applying a well-known frequency deviation generated by
a ring phase modulator in the measuring arm of the interfer-
ometer and measuring the corresponding voltage output of
the discriminator. Using Eq. (4), Eq. (7) provides a simple
relationship between the output voltage and the particle ve-
locity v:

3 /fiber tip ™,

w

.'\".g.oo nm 'I:i‘.:.":

FIG. 1. Heterodyne interferometric setup for the displacement sensor.
1, laser diode; 2, AOM; 3, fiber coupler; 4, beam splitter; 5, photo diode;
6, 50:50 splitter; 7, delay line; 8, mixer. The discriminator consists of parts
6-8. A ring phase modulator in the measuring arm and polarization control-
lers in both arms are not depicted.
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It should be noted that Eq. (8) is only valid as a good approx-
imation as long as the discriminator is used in its linear range
for the whole considered spectral bandwidth. Particularly,
for a fixed discriminator delay time 7, a maximum detectable
frequency finax ~ 7! can be found above which frequencies
will not be demodulated linearly.*®

lll. CHARACTERISTICS

Despite that there have been some attempts made to
derive the transfer function of fiber-optic sensors from calcu-
lations or simulations,27’30 it seems to be essential for a cor-
rect analysis of the measurements to obtain the values of the
amplitude as well as the phase of the transfer function for
the individual measurement setup. Because no possibility to
calibrate the particle velocity frequency response was avail-
able, a secondary calibration of the complex pressure fre-
quency response M,(f) = U(f)/p(f) of the present setup was
performed instead; this was in compliance with an estab-
lished calibration procedure.®> The particle velocity fre-
quency response is then calculated as

Mv(f) :p'cS'Mp(f) )
and the transfer function as

N P Cs-Co .
T =35 e M), (10)
This modus operandi is supposed to be correct here because
a weakly focusing transducer is used within the calibration
procedure and measurements are performed on the beam
axis and at focal distance. The fact that the calibration used
here yielded the same results as a time-delay spectrometry
calibration, where only sound fields without nonlinearities
are applied, for a similar displacement sensor,”>** supports
this assumption.

In Fig. 2, the result of the calibration procedure is shown
for frequencies up to 100 MHz. The amplitude shows a fre-
quency behavior that is representative for this type of fiber-
optic hydrophone because it has been observed during the
calibrations for similar se:tups.22’23’27’30’34 At 23 MHz, a res-
onance peak occurs that has been found to be due to a fiber
end vibrational mode.”® Another remarkable characteristic
of the amplitude behavior obtained is an unexpectedly strong
dip at 32 MHz. Although the deconvolution of measured sig-
nals should, in principal, compensate for any strong changes
in the frequency response, it should be noted that such a
strong dip might lead to a loss of information for that partic-
ular frequency region, leading to artifacts in the final time-
dependent waveform. The strong peak at 80 MHz is due to
cross talk by the carrier frequency. The phase behavior is
quite similar to the one that was calculated under the
assumption of minimum phase behavior.® Especially for
frequencies below 20 MHz, it only differs by a linear factor,
which simply results in a shift in the time domain. One major
advantage of fiber-optic hydrophones is the fact that the
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FIG. 2. Amplitude (top) and phase (bottom) of the pressure frequency
response of the fiber-optic displacement sensor as derived from the second-
ary calibration procedure.

geometrical dimensions of different tips of a batch are nearly
the same due to the small tolerances in the fiber production.
Typically, the diameter of the cladding should not vary by
more than 1 um and the excentricity between core and clad-
ding by not more than 0.5 um according to the manufacturer.
This allows application of the calibration of the transfer
function T(f) that has been obtained for one single fiber tip to
any other fiber tip of the same batch instead of calibrating
every probe on its own. Any other effects that might go
along with changing the sensor, as, for example, different
absolute light intensities due to different splice losses, are
presumed to be frequency-independent and thus are
accounted for by the determination of the discriminator slope
D before each measurement.

Another important characteristic of an ultrasound meas-
uring device is the typical noise behavior. For the present
setup, the signal-to-noise ratio for a measurement strongly
depends on the discriminator delay line used. For the calibra-
tion, a delay line with /=0.6 m (D = 0.8 mV/MHz) was used
that exhibits a minimum detectable pressure (signal-to-noise
ratio of 1 for a measurement) of 700 kPa at 100 MHz band-
width and 200 kPa at 20 MHz bandwidth. [All minimum de-
tectable pressure values mentioned were determined as
follows: 64 voltage measurements without any ultrasound
signal were averaged and divided by M,(1 MHz)=0.5- 10°°
V/Pa. Then the standard deviation of the resulting pyise(?)
was taken as the minimum detectable pressure.] If a longer
delay line with, for example, /=10 m (D =5 mV/MHz), is
used, the minimum detectable pressure decreases to about
20 kPa at 20 MHz bandwidth, but at the same time, only fre-
quencies up to 20 MHz will be demodulated linearly. Thus it
is necessary to find a compromise between a wider resolution
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bandwidth using a shorter delay line and better noise proper-
ties for a longer delay line.

IV. COMPARISON WITH A MEMBRANE HYDROPHONE

As a first test of the present setup, measurements were
performed in the ultrasound field of a weakly focusing broad-
band transducer (TS12 PB2-7 P50, Karl Deutsch GmbH,
Hiirth, Germany, frequency range: from 0.7 to 12 MHz, di-
ameter: 12 mm, nominal focal length: 50 mm), which was
stimulated with a short electrical pulse of U=460 V.
Because the peak pressure values in this field are quite small
(<1 MPa) and the spectra of the waveforms show no signifi-
cant components above 20 MHz, a longer discriminator delay
line (/=10 m) was used here. For comparison, the sound field
was measured with a calibrated membrane hydrophone®”
(260 pm effective diameter, 9 um foil thickness) as well.

Figure 3 shows that the measurement performed with
the fiber-optic setup is in quite good agreement with the
measurement performed with the membrane hydrophone.
The deviations that exceed the typical calibration uncertainty
of 15% for low signals can be explained by the bad signal-
to-noise ratio of the fiber sensor measurement for such small
pressure values.

V. MEASUREMENTS IN HIFU FIELDS

Measurements were performed in the field of a HIFU
transducer (Sonic Concepts, Bothell, WA, USA, Model
H-108MRA, active diameter, 60 mm; focal length, 50 mm;
fundamental frequency, fo=2.45 MHz; electroacoustic effi-
ciency, n=0.545). The ultrasound signals were generated
with an arbitrary function generator Tektronix, Beaverton,
OR, Model AFG3101 and amplified with a broadband ampli-
fier (ENI A-300). For the measurements in HIFU fields, a
short delay line with /=0.6 m was used. The voltage wave-
forms were averaged 512 times and recorded with a digital
oscilloscope (Tektronix DPO7104) at full bandwidth (500
MHz). The respective electric power level of each measure-
ment was determined with a power reflection meter Rohde &
Schwarz, Munich, Germany, Model NRT, sensor head NAP
Z-8). To constrain heating effects and for technical reasons
(see Sec. VI), the measurements were performed with a burst
mode signal (on-time: 7,, =20 cycles =8.2 us, pulse repeti-
tion frequency: PRF =1 kHz). The electrical power levels
were measured for continuous waves with the same output
voltage of the function generator before each measurement,
and the acoustical power levels were calculated by multiplica-

pressure p /MPa

0 1 2 0 1 2
time 7/ps

FIG. 3. Pressure waveform in the focus of a weakly focusing broadband
transducer as measured with the fiber-optic setup (left, 64 times averaged)
and a membrane hydrophone (right, single shot measurement).
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FIG. 4. Waveform v(¢) in the focus of a H-108MRA transducer at P,. =25
W as measured with the fiber-optic setup. The lower diagram is a magnified
section of the upper one.

tion with the electroacoustic efficiency 7, which was meas-
ured before with a radiation force balance and found to be
constant for the considered power levels. Thus power levels
are given as acoustic continuous wave equivalents.

Figure 4 shows a typical particle velocity waveform as
obtained from the measurements. The v(¢) waveforms were
derived by transforming the measured transient voltages U(¢)
into the frequency domain and dividing them by the complex
frequency response (both low-pass filtered to 100 MHz with
a Butterworth filter) and backtransformation into the time
domain:

(1)

v(f) = FFT ™! {FFT{W’}

M,(f)

FFT and FFT ' denote a fast Fourier transformation and its
inverse, respectively. Because the ultrasound particle veloc-
ity is a rather unusual value, the pressure values derived by
using Eq. (3) are given on the right axis of Fig. 4. The same
applies to the following figures.

In Fig. 5, a radial scan and an axial scan of the peak par-
ticle velocities through the focus of the transducer are
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FIG. 5. Radial (top) and axial (bottom) scan of the peak particle velocity

through the focus of a H-108MRA transducer at P, =25 W as measured

with the fiber-optic setup. Full symbols denote peak positive velocities and

open symbols peak negative velocities.
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FIG. 6. Peak particle velocities in the focus of a H-108MRA transducer at
different acoustical power levels as measured with the fiber-optic setup. Full
symbols denote peak positive velocities and open symbols peak negative
velocities.

shown. A spatial step size of 0.1 mm was chosen for the ra-
dial scans (0.5 mm for the axial scan); it approximately
matches the sensor diameter.

To test the durability of the sensor as well, additional
measurements were performed at increasing acoustical
power levels. The resulting peak particle velocities are
shown in Fig. 6. At the highest power level (P,.=74 W),
cavitation occurred and removed the reflecting layer at the
fiber tip. It should be noted that if Eq. (3) is assumed to be
valid, the corresponding peak pressure values for this mea-
surement would be as high as p. =52 MPa and p, = 13 MPa;
this means that the robustness of the fiber tip was quite
satisfying.

VI. DISCUSSION

It has been shown that the presented fiber-optic dis-
placement sensor is capable of measuring the particle veloc-
ity in HIFU fields with high spatial and temporal resolution
and that it withstands considerable high pressure values.

The measurements demonstrate the need for a broadband
calibration of the complex frequency response. In Fig. 7, the
peak positive particle velocities are shown when derived
from the measured voltages by simple scaling with the ampli-
tude of the frequency response at the fundamental frequency
fo or by deconvolution with the amplitude of the frequency

60 T T T T T T T 90
400 2 160

20F
8

I 8 |
6B

we®

0 40 80

power level P,. /W

o000
peak pressure p /MPa

peak particle velocity v /(m's™)

FIG. 7. Peak positive particle velocities in the focus of a H-108MRA trans-
ducer at different acoustical power levels as measured with the fiber-optic
setup and analyzed via scaling with IM(fy)l (open square), deconvolution
with IM(f)l (open diamond), and deconvolution with complex M(f) (open
circle).
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response alone or by deconvolution with the complex fre-
quency response. It is obvious that the first two methods lead
to an overestimation of the peak values of up to 50 or 30%,
respectively.

The analysis of measurements in the time domain shows
that delayed signals disturb the measurement results. Me-
chanical reflections appear within the fiber, especially at the
beginning of the titanium coating and at points where me-
chanical stress is applied to the fiber, such as at any mount-
ing points. Hence a stress-diminishing mounting was used
here, where the fiber was glued into a carbon fiber tube. This
kind of mounting additionally impedes possible evasive
movements of the fiber that might appear due to the ultra-
sound radiation force. If an undisturbed measurement is
required, existing reflections have to be excluded from meas-
urements by time gating. Thus a measurement of continuous
waves as used in therapeutic applications is not possible.
However, this limitation arises not solely for fiber-optic
probes, and for the spatial characterization of HIFU sound
fields, the use of burst signals should be appropriate.

When higher acoustical power levels are to be investi-
gated, cavitation unavoidably occurs in water. Although
some of the investigated sensors withstood cavitation effects
for a certain time, it was observed that enduring cavitation
destroyed any sensor during a run of several hours. However,
the presence of cavitation bubbles precludes reproducible
measurements of the sound field anyway. It thus remains an
open challenge to establish a way to suppress cavitation as
far as possible to allow for field characterizations at very
high ultrasound amplitudes.

Vil. CONCLUSION

In this contribution, it was possible to show that the pre-
sented calibrated fiber-optic displacement sensor is capable
of reproducibly measuring the particle velocity in HIFU
fields. The sensor also proved to be satisfactorily robust
because it withstood peak particle velocities of 35 m/s (posi-
tive, corresponding to p. ~ 52 MPa)) and 10 m/s (negative,
corresponding to p, = 13 MPa). The small dimension of the
sensor (125 um diameter) allows tight focal regions to be
measured with sufficient spatial resolution. Furthermore, the
detection bandwidth, and thus the temporal resolution, can
be adjusted by choosing an appropriate length of the discrim-
inator delay line.

A calibration of the complex frequency response was
accomplished, which allows for a correct analysis of the
measured waveforms by means of deconvolution. For weak
ultrasound fields, the uncertainty of the amplitude measure-
ments is mainly determined by the uncertainty of the calibra-
tion (10-20 %, depending on frequency range’), whereas
the uncertainties of measurements in HIFU fields cannot be
seriously evaluated from the limited number of measure-
ments carried out in this study. Besides the uncertainty eval-
uation, future work should investigate the validity of Eq. (3)
at high intensity levels with the presented setup, on the one
hand, and a pressure sensor, on the other hand. Furthermore,
a combination of both types of sensor would allow for a
measurement of instantaneous acoustical intensity.
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