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We investigate the feasibility of using in-fiber Bragg gratings for measuring acoustic fields in the

megahertz range.
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1. Introduction

There is a need for an assessment of the safety of
ultrasound in the megahertz range for medical
applications,3 owing to the trend toward increasing
output powers from diagnostic ultrasound equip-
ment? and the widening use of high-intensity ultra-
sonic fields in a range of other medical applications
including ultrasound surgery, hyperthermia, and
lithotripsy.4-7 Often the assessment of such fields is
based on theoretical models of some complexity be-
cause the acoustic fields present in the body may
arise from nonideal sources, and their propagation
through heterogeneous tissues in the body is likely to
be influenced by many factors. Hence a direct de-
termination of them in vivo is of importance.
Conventional detection is most commonly achieved
with piezoelectric devices. These include transduc-
ers made from (1) piezoceramics such as lead zir-
conate titanate (PZT) and (2) piezoelectric polymers
such as polyvinylide difluoride. Both offer high sen-
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sitivities with, in the latter case, an improved acous-
tic impedance match to water. However, common to
transducers fabricated from both types of material
are a susceptibility to electromagnetic interference
and signal distortion, and a reduced sensitivity
caused by the electrical loading effects of the trans-
ducer leads. For overcoming these electrical prob-
lems optical fiber arrangements can be utilized, and
several such schemes based on interferometric and
polarimetric techniques have been reported.8-15> In
addition, the fact that the diameter of a fiber is small
means that these optical systems are (in principle)
ideally suited for minimally invasive procedures.

Here we demonstrate that in-fiber Bragg gratings
(IFBG’s)16 also can be used to detect high-frequency
ultrasonic fields. These devices offer distinct advan-
tages such as ease of multiplexing, simultaneous
measurement of temperature and strain,'” and po-
tentially low cost. In our experiments, however, we
found data that indicate that the acoustic coupling
from the ultrasonic field to the grating—fiber can lead
to the formation of standing waves in the fiber. Be-
cause of these standing waves, the system response is
complex and the grating does not act as an effective
ultrasonic probe. However, as we show, significant
improvement in the grating’s performance can be
gained by the use of short gratings (less than half the
acoustic wavelength in fused quartz) coupled with an
appropriate desensitization of the fiber.

2. Experiment

The arrangement used to interrogate the grating is
shown in Fig. 1. This utilized a ramped lithium nio-
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Fig. 1. Experimental arrangement: PM, phase modulator; PC,
polarization controller; DC, directional coupler.

bate phase modulator (accurately set to produce a 2w
peak-to-peak phase excursion) to frequency shift the
light in one arm of an unbalanced Mach—Zehnder in-
terferometer (MZI) and thus allowed the use of hetero-
dyne signal processing.1819 Light from a pigtailed
superluminescent diode (Superlum, Moscow), giving
an output power of 1 mW centered at 824 nm with a
bandwidth of ~42 nm, was launched into the unbal-
anced MZI; hence a channeled spectrum was created
at the interferometer’s outputs that was incident on
the grating. Incorporated in one arm of the MZI was
the phase modulator. The other arm contained a
variable air gap that allowed the optical path differ-
ence (OPD) between the two arms to be adjusted.
Provided that the OPD between the MZI's arms is
longer than the source coherence length and shorter
than the effective coherence length of the backreflected
light from the grating, interference signals are ob-
served at the detector, which can be expressed as

I\g) = A{1 + Vcos[o't + ® + 3D sin ot + d()]};, (1)

where N\ is the wavelength of the reflected light from
the modulated grating, o’ is the angular frequency of
the ramp modulation, w is the angular frequency of
the ultrasound incident on the grating, A is propor-
tional to the grating reflectivity, V is the visibility of
the signals, ® = 2wOPD/\5, and &(¢) is a random
phase-drift term. A strain-induced change in Ag
from the grating, (3)\p), induces a change in phase
shift in Eq. (1), given by

3® sin wt = (2wOPD/A\z%) (8\p)sin wt. (2)

Hence from Eq. (1) strain-induced changes in \g in-
duce a corresponding phase modulation of the elec-
trical carrier produced by the phase modulator,
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Fig. 2. Arrangement for the IFBG in a water tank.

which we measured by determining the amplitudes of
the upper and lower sideband frequency components
observed on a radio frequency spectrum analyzer.

The sensitivity of the system is determined by two
competing effects. From Eq. (2) an increase in OPD
results in a proportional increase in the amplitude of
the phase modulation. On the other hand, increas-
ing the OPD beyond the coherence length of the light
reflected by the grating results in a reduction in the
visibility and hence the height of the carrier and side-
bands. In practice, we optimized the sensitivity by
adjusting the OPD to obtain the maximum sideband
amplitude.

The phase modulator was ramped, and hence gen-
erated a carrier signal, at 10 MHz. The grating had
a nominal Bragg wavelength of 820 nm, a bandwidth
of 0.2 nm, a reflectivity of 80%, and a length of 5 mm.
A focused ultrasound piezoelectric transducer in the
form of a section of a spherical shell was used as the
source of ultrasound with a well-studied and predict-
able acoustic field distribution.4520 Its parameters
were as follows: resonant frequency, 1.91 MHz
(wavelength, 0.08 cm in water); piezoceramic mate-
rial, PZT-4; diameter of piezoceramic plate, 6 cm; and
radius of curvature, 7 cm.

The transducer was driven (in water) in continuous
mode through a rf amplifier (Electronic Navigation
Industries Model ENI 240L) and generated a maxi-
mum acoustic pressure of ~2 atm (measured with a
polyvinylide difluoride membrane hydrophone cali-
brated by the National Physical Laboratory, Tedding-
ton, Middlesex, UK) in a focal spot of 0.114-cm radius.
This pressure corresponds to an acoustic intensity of
~1.3 Wem 2. Finally, the grating—fiber was at-
tached to a frame, as shown in Fig. 2, and positioned
normally to the acoustic propagation direction.

3. Results and Discussion
A. 5-mm Grating

1. Preliminary Results

Consider first the spectrum analyzer trace of Fig. 3,
which we obtained by modulating the grating at ap-
proximately 700 Hz using sound waves in air. Note
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Fig. 3. Spectrum analyzer trace recorded with incident sound
waves at 700 Hz.

that the sideband frequency components are symmet-
ric about the (5-kHz) carrier signal: this frequency
spectrum is an expected system response. Similar
results were also obtained by use of sound waves of
frequencies as high as a few kilohertz and PZT-
induced strains of frequencies between 10 and 20
kHz. We also modulated the grating in water by
using an unfocused 76-kHz transducer and again ob-
served the same expected system response. We con-
clude therefore that for this range of modulation
frequencies the optical system is functioning as ex-
pected.

Now consider Fig. 4, which shows a typical spec-
trum analyzer trace recorded with the focused 1.91-
MHz transducer. Two striking anomalies in the
response of the system can be seen: first, note that
the upper and lower sideband frequency components
are no longer symmetric; and second, note the exis-
tence of a large homodyne signal at 1.91 MHz, which
was as much as several decibels greater than the
sideband magnitudes. We also found that the side-
bands did not fall to zero as the OPD between the two
arms of the MZI approached zero, but remained finite
and were of equal magnitude.2!
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Fig.4. Spectrum analyzer trace recorded with focused ultrasound
at 1.91 MHz.
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Fig. 5. Sideband magnitude (normalized to carrier magnitude) as
a function of incident acoustic pressure.

Despite these anomalies, we recorded the results in
Fig. 5, which shows the detected magnitude of one of
the sidebands normalized by its corresponding car-
rier signal (to compensate for any intensity fluctua-
tions of light levels in the system) as a function of
acoustical pressure incident on the IFBG. As can be
seen, a linear response is demonstrated. We also
recorded the response of the homodyne signal to the
acoustical pressure. This too gave a linear response
and was particularly encouraging because the homo-
dyne signal exhibits a greater magnitude than the
sideband signal (for the same acoustical pressure)
and so potentially could offer an improved noise-
limited pressure resolution.

Based on these preliminary data, it would seem
that the IFBG could be successfully used as an ultra-
sonic probe. However, consider now Fig. 6, in which
we scanned the focal spot of the transducer along the
fiber—grating and recorded the dependence of one of
the sideband powers (normalized by its correspond-
ing carrier power) on displacement. Note the mul-
tiple peaks and troughs in the system response,
which are observed over a distance that is much
greater than the grating length. In addition, we also
monitored the homodyne signal during the scan and
(as will be shown shortly) observed similar profiles
with focal-spot displacement. Again, these are un-
expected results because the radius of the focal spot is
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Fig. 6. Sideband power (normalized to carrier power) as a func-

tion of longitudinal IFBG position.



only approximately 1 mm. Finally, we replaced the
IFBG with an ordinary fiber and placed that at the
focal region of the transducer. As expected, we ob-
served no frequency spectra, thus confirming that
any signals we do observe stem from the grating
alone. It is evident therefore from these data that
the IFBG studied exhibits insufficient longitudinal
resolution and that the sensitivity of the system is
periodic and highly dependent on the position of the
focal spot on the fiber. These factors thus preclude
this IFBG (on its own) from being used as an ultra-
sonic probe.

2. Standing Waves and Nonuniform Strain

Consider Fig. 6 and the average distance between the
peak responses, which was measured to be 1.48 mm.
If we hypothesize that the acoustic coupling from the
ultrasonic field to the optical fiber leads to the forma-
tion of standing waves in the fiber, then this value
leads to an experimental acoustic wavelength of 2.96
mm, which is close to the predicted value of 3.09 mm
for compressional waves at 1.91 MHz in fused quartz.
We repeated these experiments, this time driving the
transducer at 1.6 MHz, and found an experimental
value of 3.76 mm, which is again close to the pre-
dicted value of 3.68 mm for compressional waves.

We thus propose the following explanation: com-
pressional standing waves, which can extend many
centimeters, are set up by the ultrasound in the fiber.
These give rise to periodic maximum and minimum
longitudinal displacements in the region of the IFBG
as the focal spot is moved along the fiber, which we
observed as the peaks and troughs in the system
response. As to the origin of these waves, we further
postulate that, because the fiber is fixed to the frame
(see Fig. 2) many centimeters away from the IFBG,
and also because (as we shortly show) the acrylic
jackets on either side of the grating tend to attenuate
these acoustic modes, it is likely that the standing
waves stem from partial backreflections at the bare
optical fiber—acrylic jacket boundary.

Based on this premise of standing waves, and in
particular standing waves that here are shorter than
the grating length, an important consequence would
be that the IFBG is subject to a nonuniform strain;
sections of the grating are unmodulated, and other
modulated sections are out of phase with each other.
The grating now behaves in a manner similar to that
of smaller separate gratings that are adjacent to each
other, each of which backreflects light of slightly dif-
ferent wavelengths. The result is that various re-
gions of the IFBG act as spectral filters for the
backreflected light from other regions of the IFBG
and so give rise to amplitude modulations. (This is
analogous to sensing schemes in which a reading
grating is used to convert a modulated wavelength
shift from a sensing grating into an amplitude mod-
ulation.l” To validate this hypothesis we shone light
directly onto the grating (through a coupler) without
the interferometer present and observed a signal at
1.91 MHz (plus additional smaller harmonics).
Hence the homodyne signal observed by use of the

interferometric scheme stems from an amplitude
variation with, in this case, a measured modulation
depth of a few percent.

To model what effect an amplitude modulation
would have on the interferometric signals, we can
now replace the constant A in Eq. (1) (in the simplest
case) with

A[(1 = b) + b cos(wt + ¢)],

where b is a modulation index and ¢ is a phase term.
As we showed in Ref. 21, solving for the frequency
spectra for this modified variant of Eq. (1) leads to
finite symmetric sidebands at zero OPD and asym-
metric sidebands for nonzero OPD’s, as observed in
experiment. In addition, it is straightforward to
show that, for a small b with a linear dependence on
acoustic pressure (as was found), we would expect the
sideband magnitudes to exhibit also a linear depen-
dence with acoustic pressure (as we again found).

In summary, the proposed standing waves that are
set up in the fiber lead to a nonuniform strain in the
grating, which in turn gives rise to an amplitude
modulation. The amplitude modulation that we ob-
serve as the homodyne signal modifies the interfero-
metric signals, resulting in the asymmetric sideband
magnitudes.

We finally note that the wavelength of the lower-
frequency sound waves (ranging from meters to cen-
timeters) is in all cases much greater than the grating
length. Hence in these cases the grating is subject
to a more uniform strain, and so none of the anoma-
lies in the system response were observed.

3. Desensitization of Fiber

The system discussed in Subsections 3.A.1 and 3.A.2
exhibits a linear response with acoustic pressure.
However, as we mentioned earlier, it is clear from
Fig. 6 that the IFBG on its own cannot be used as a
probe because it exhibits insufficient longitudinal
resolution.

Consider now Figs. 7(a) and 7(b), in which we per-
formed longitudinal scans on the same grating but
with different interjacket separations, and recorded
the homodyne response with focal-spot displacement.
(Similar profiles were also observed for the sideband
response.) In Fig. 7(a) the interjacket separation
was ~1 c¢m, and in Fig. 7(b) it was ~6 cm. Note that
in each case the peaks and troughs in the system
response extend over approximately the same dis-
tances as the respective interjacket separation, thus
indicating that the acrylic jackets, which are on ei-
ther side of the IFBG, can significantly attenuate the
acoustic waves in the fiber. Based on this observa-
tion, it is apparent that the longitudinal resolution
may be improved by an appropriate desensitization of
the optical fiber to the acoustical field.

To achieve this desensitization, we initially coated
the fiber with acrylic compounds (of diameters <1
mm) and various resins (including resin mixed with
tungsten powder, which is known to attenuate acous-
tic fields22), but leaving a 1-mm gap in the viscinity of
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the IFBG. A typical longitudinal scan of one of these
arrangements is shown in Fig. 8. As can be seen,
although the resolution has improved, this method
was not entirely successful: first, it is evident that,
although attenuated, the ultrasound can still signif-
icantly penetrate the coating; and second, extended
periods of time under the acoustic pressures used
here (which are in fact relatively small compared
with some medical applications of ultrasound) re-
sulted in the coatings being cleaned off.

We found that a more successful approach to desen-
sitization was to jacket the fiber with polyvinyl chlo-
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ride (PVC) sleeving. Here we used sleeving of
0.88-mm outer diameter in which the internal spacing
between the bare optical fiber and the sleeving was
~50 wm. A gap in the PVC allowed ~1 mm of IFBG
to be exposed to the acoustic field. The results of a
longitudinal scan and a lateral scan of the acoustical
focal spot are shown in Figs. 9(a) and 9(b), respectively.
As can be seen, the improvements are significant al-
though the profiles are a little narrower than would be
expected. This we comment on shortly. In addition,
when the 1-mm gap in the PVC was moved a few
millimeters to one side of the IFBG, the system re-
sponse fell to near noise level, indicating that the
acoustic modes in the fiber were significantly attenu-
ated by the jacket. This result is encouraging if a
probe containing more than one IFBG multiplexed
onto the same fiber is to be designed.

However, although the resolution of the IFBG is
improved, consider now Fig. 10, which shows the
sideband dependence with the incident acoustic pres-
sure using this shielded arrangement. Note that
the response is nonlinear and that this nonlinearity is
likely to have narrowed the profiles shown in Figs.
9(a) and 9(b). In addition, we also recorded the ho-
modyne dependence with acoustic pressure and
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again found a nonlinear response that, in this case,
did not increase monotonically with pressure.

It is evident therefore that the sleeving has a det-
rimental effect on the response of the grating. Fig-
ure 11 shows why: the spectra of the backreflected
light from the grating (recorded with an optical spec-
trum analyzer that averages the spectra over a time
interval of approximately 1 s) is asymmetric in re-
sponse to the acoustic field and indicative of light
from various regions of the grating having undergone
significant static wavelength shifts. This implies
that, as discussed earlier, regions of the grating act as
spectral filters and so again give rise to amplitude
modulations that modify the interferometric signals
(although here they are not linear with acoustic pres-
sure, as evidenced by the homodyne response).

We found that these asymmetric profiles were due
to a localized heating of the PVC by the incident
acoustic energy. We confirmed this by placing a
sample of PVC sleeving at the acoustical focal spot
and measuring the temperature in its viscinity using
a small thermocouple. Temperature rises of approx-
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Fig. 11. Wavelength spectra of backreflected light from the
sleeved IFBG for incident acoustic pressures of (a) 0 atm, (b) 1.4
atm, (c) 2.2 atm.

imately 10 °C were recorded. Hence, because the
grating is 5-mm long with only 1 mm exposed to the
acoustical field at the ambient water temperature, it
is evident this heating leads to a nonuniform temper-
ature gradient across the IFBG.

We thus conclude the following: we successfully lo-
calized the longitudinal response of the IFBG to the
acoustical field, but in doing so we generated a new prob-
lem, namely, a nonuniformity in temperature across the
grating. For the grating to function correctly (in terms
of applying both a uniform strain and a uniform temper-
ature) we must now consider shorter gratings.

B. 1-mm Grating

Based on our hypothesis, it is apparent that the grat-
ing length should be made smaller than half the
acoustic wavelength in fused quartz for the grating to
be subject to an approximate uniform strain. To
demonstrate this we took a standard 5-mm-long grat-
ing and gradually removed small pieces of it from one
end until approximately only 1 mm of grating re-
mained. As each piece was removed we recorded the
system response to the ultrasonic field using the
shortened grating. The results are shown in Fig. 12.
Note the dramatic decrease in the homodyne signal
(which falls to rf interference levels), along with the
more symmetric sideband magnitudes. In addition,
despite the expected decrease in the backreflected
light intensity as the grating is shortened, it is inter-
esting to note that there is an initial significant in-
crease in the sideband magnitudes. Based on the
stationary wave model, it seems likely that, with the
use of long gratings, sections of the grating may well
have been modulated in antiphase with each other.
The interference signals originating from these sec-
tions would also have been in antiphase, and so a
canceling-out effect occurs. As the grating is dimin-
ished this effect lessens, resulting in the increased
sideband magnitude that we observed.

Again, because of the results of Fiig. 6, it is apparent
that this shortened grating on its own cannot be used
as a high-frequency probe since it exhibits insuffi-
cient longitudinal resolution. Hence we once more
jacketed the fiber with PVC sleeving such that only
the 1-mm grating at the end of the fiber was exposed
to the acoustical field. The results of a longitudinal
scan and a lateral scan of the focal spot are shown in
Figs. 13(a) and 13(b), respectively. These data com-
pare favorably with the diameter of the main diffrac-
tion maximum (2.3 mm) of the transducer, although
there is evidence of small scattering effects near the
grating—sleeving boundary.

Figure 14 shows the detected magnitude of one of
the sidebands (normalized by its corresponding car-
rier signal) as a function of the acoustical pressure
incident on the grating. It is clear that the system
response is now linear, and (for this probe) we deter-
mined a noise-limited pressure resolution of ~4.5 X
102 atm/VHz, which corresponds to a noise-limited
intensity resolution of approximately 1 x 1073
Wem 2 Hz /2,

We finally show in Fig. 15 the spectra of the back-
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reflected light from the shielded 1-mm grating in re-
sponse to acoustic pressure. The profiles are
symmetric and so indicate that the grating is now
subject to a uniform temperature gradient across its
length and hence is behaving as expected.

4. General Discussion

The improvement in the system response with the
use of a short grating is significant. However, sev-
eral points should be noted.
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First, in our experiment by shortening the grating
we dramatically reduced its reflectivity (in this case
by a factor of well over 100) as well as increased its
bandwidth, and so we limited its noise-limited reso-
lution. For applications involving high-power abla-
tion in which pulsed ultrasound intensities can be
several or even thousands of watts per centimeter,
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was not the case in Fig. 11.

the resolution we obtained is sufficient. For physio-
therapy treatments in which the acoustic intensities
can vary from approximately 0.2 to 2 Wem 2, an
improvement may well be necessary. Gratings,
however, of lengths less than 1 mm but with 90%
reflectivity have been manufactured, and so we an-
ticipate a greatly improved pressure resolution with
the use of such gratings.

Second, based on the stationary wave model, a lim-
iting factor in the successful performance of the grat-
ing is that its length should be less than half the
acoustic wavelength in fused quartz. This sets an
upper limit on the incident acoustic frequency that
can be measured. Fortunately, frequencies of be-
tween 500 kHz and 4 MHz are generally used in most
medical applications of ultrasound, which implies
that the grating lengths should be no greater than
approximately 0.5 mm for the highest frequency.
Again, such lengths are available. In the case of
lithotripsy, multiple-frequency components may be
generated. However, as the acoustic field traverses
several centimeters of tissue, the higher-order modes
are in general significantly attenuated. Hence in
certain cases acoustic fields of only a few megahertz
may be of importance. A final though unrelated
point entails the grating acting as an acoustic probe
in smart-structure design. Here acoustic emission
is monitored and gives information about twinning,
dislocation motion, cracking, etc., in the material.23
Of course, the response of the grating to multifre-
quency bursts needs to be investigated. However,
typical frequency spectra range from approximately
0.1 to 1.0 MHz, and so readily available gratings of
lengths of 1-2 mm can (in principle) be used.

Third, more sophisticated techniques (entailing
multiple coatings) for desensitizing optical fibers
have been reported24: In our experiments we ob-
served fluctuations in the rf power (to the transducer)

as the IFBG sensor was moved around in the vicinity
of the focal spot. This was especially evident when
the focal spot was incident on the PVC sleeving and is
evidence for backreflections and scattering of the
acoustical field by the sensor. Obviously, reducing
the dimensions of the shielding by using these mul-
tiple coatings greatly minimizes this scattering. In
addition, it is worth mentioning again that, if the
acoustic modes in the fiber can be significantly atten-
uated using these coatings (as we found using the
sleeving), then in principle it should be possible to
multiplex IFBG’s onto the same fiber with little or no
acoustic cross talk between them.

Finally, as far as we are aware, this is the first time
that data indicating the presence of acoustic station-
ary waves in the fiber have been reported. Because
the IFBG sensor is localized in the fiber, we can see
evidence for this in our longitudinal scans. In some
other interferometric and polarimetric schemes the
sensing element is the entire fiber length. Sensing
is therefore not localized, and so in performing lon-
gitudinal scans evidence for the stationary waves
may not be readily observable.

5. Conclusions

We have demonstrated that a Bragg grating can func-
tion effectively as a point ultrasonic probe with mil-
limeter resolution if (a) the grating length is small
(less than half the acoustic wavelength in fused
quartz) and (b) the fiber is appropriately desensi-
tized. A distinct advantage this probe has over some
other optical sensors is also its potential to measure
temperature simultaneously. This is a critical fac-
tor in hyperthermia treatments, in which the tem-
perature distribution in tumors and cancers needs to
be monitored. Schemes using IFBG’s for tempera-
ture measurements only in such applications have
been well demonstrated,2> and we have recently car-
ried out preliminary research to investigate the si-
multaneous recovery of temperature and ultrasonic
field.26
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