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1
ULTRASOUND DETECTOR AND
DETECTING DEVICE FOR OPTOACOUSTIC
OR THERMOACOUSTIC IMAGING

TECHNICAL FIELD

This disclosure relates to an ultrasound detector compris-
ing an optical waveguide and at least one Bragg grating
created in the optical waveguide, wherein the at least one
Bragg grating includes a localized defect in periodicity. The
disclosure also relates to an ultrasound detecting device
including the ultrasound detector and an interrogation
device. The disclosure further relates to an imaging appa-
ratus, in particular for opto-acoustic or thermo-acoustic
imaging of an object under investigation. The disclosure still
further relates to methods of detecting ultrasound oscilla-
tions using the ultrasound detecting device.

BACKGROUND

The detection of ultrasound is commonly performed with
ultrasound detectors using piezo-electric materials, which
convert pressure fields into voltage. Such detectors are
characterized by relatively high sensitivity, small size, low
cost, flexible design, wide bandwidth, high portability, and
the ability to be multiplexed. Currently, piezo-electric detec-
tors are the method of choice for most ultrasound-based
bio-medical imaging applications. However, thermoacoustic
imaging, and specifically intravascular multispectral optoa-
coustic imaging may pose stringent requirements on the size
and sensitivity of the ultrasound detectors which cannot be
met by current piezo-electric detectors. In addition, the
vulnerability of piezo-electric detectors to electromagnetic
radiation poses difficulties for thermoacoustic-imaging
applications.

One application where better acoustic detection is
required is intravascular multispectral optoacoustic imaging.
Early implementations of such systems relied on the use of
an intra-vascular ultrasound (IVUS) detector for measuring
the acoustic fields, which is based on piezo-electric tech-
nology. However, the miniaturization of the acoustic detec-
tor, which allows using IVUS in the coronary arteries, leads
to diminished acoustic sensitivity. The exciting optoacoustic
pulses should be sufficiently powerful such that the magni-
tude of the subsequent acoustic signal is higher than the
detector’s noise floor. However, because of safety restric-
tions pulses with high energy must be used in low repetition
rates on the order of 10 Hz to ensure that the average laser
power is below the tissue damage threshold. At such rep-
etition rates, a single volumetric multi-spectral image with a
typical length of several centimeters may take many hours to
acquire. Such long acquisition times are unacceptable in
catheterization procedures because they are invasive. To
perform the data acquisition in an acceptable time, the
acoustic-detector sensitivity should be improved by orders
of magnitude.

Optical detection of acoustic fields has been previously
proposed as an alternative to piezo-electric technology.
Optical detection schemes are based on the photoelastic
effect, where stress or strain in the optical medium leads to
changes in its refractive index. The changes in the refractive
index are commonly detected using interferometry. Optical
detection schemes have been demonstrated for optoacoustic
imaging [Beard, P C, and Mills, T N (1997): A miniature
optical fiber ultrasonic hydrophone using a Fabry Perot
polymer film interferometer, Electronics Letters 33(9), 801-
803.]. In contrast to piezo-electric detectors they are not
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sensitive to external electromagnetic fields and thus are
unaffected by the high intensity optical pulses or RF radia-
tion coupled to the imaged object. In addition, since such
optical detectors are transparent, they do not block the way
of the high-power pulsed beam, allowing for more flexible
geometries. However, current optical detectors for ultra-
sound fail to achieve either the bandwidth or sensitivity of
which piezo-electric technology is capable. In addition,
multiplexing of sensitive detectors has not been demon-
strated. Thus, so far optoacoustic imaging systems which are
based on optical detectors for the ultrasound signals did not
show significant improvement over more conventional
piezo-electric-detector designs in terms of imaging speed
and fidelity.

Optical detection schemes proposed for optoacoustic
imaging used either 2-beam interferometry (Mach Zehnder
or Michelson) [Horacio Lamela et al. “Optoacoustic imag-
ing using fiber-optic interferometric sensors,” Optics Let-
ters, Vol. 34, 2009, page 3695-3697] or a Fabry-Perot
structure [Beard, P C et al. (1997): A miniature optical fiber
ultrasonic hydrophone using a Fabry Perot polymer film
interferometer, Electronics Letters 33(9), 801-803]. Fiber
Bragg Gratings (FBG’s) have been demonstrated for the
detection of low frequency ultrasound signals [N. E. Fisher
et al. “Ultrasonic hydrophone based on short in-fiber Bragg
gratings,” Applies Optics, Vol. 34, 1998, pp. 8120-8128].
The limited detection bandwidth, which prevents the use of
such schemes in optoacoustic applications, was a result of
the relatively large effective size of the detector. In addition,
the interrogation was performed using a wideband continu-
ous-wave source. The statistical properties of the light
emitted by such sources were analyzed in [C. Z. Shi et al.
“Noise Limit in Heterodyne Interferometer Demodulator for
FBG-Based Sensors,” JOURNAL OF LIGHTWAVE TECH-
NOLOGY, VOL. 22, NO. 10, OCTOBER 2004, pp. 2287-
2295]. Although a quantitative comparison to other sources
was not given, it can be shown that interrogation techniques
based on a wideband continuous-wave source have an
inherently high level of noise which severely limits sensi-
tivity. The reason for this property is that the wide bandwidth
of the source is a result of the incoherent nature of the
source, i.e., fast random variations in the phase and ampli-
tude of the emitted light. Other wideband-cw-source inter-
rogation techniques can be found in [A. D. Kersey, I.
Lightwave Tech. 15, 1142 (1997).]. These techniques are
general and can be used to interrogate any linear optical
device which exhibits a bandpass spectrum.

If the Bragg grating in an optical fiber includes a t-phase-
defect in periodicity, a so-called m-phase-shifted FBG (Pi-
phase-shifted FBG) is provided. The m-phase-shifted FBG is
characterized by a localized-light resonance portion being
formed around the defect and having spectral properties
which depend on a mechanical strain exerted on the optical
fiber. m-phase-shifted FBG’s have been previously demon-
strated as load sensors [D. LeBlanc et al. “Transverse load
sensing by use of pi-phase-shifted fiber Bragg gratings,”
OPTICS Letters, Vol. 24, 1999, page 1091], but have not
been used for ultrasound detection. The interrogation was
performed by inspecting the spectral splitting of the notch in
the bandgap spectrum.

U.S. Pat. No. 7,206,259 discloses an ultrasound detector
using a fiber sensor with FBG’s. The fiber is an active
medium, i.e., amplifies the guided light, and with the grat-
ings leads to lasing. The laser light is affected by the acoustic
fields. An optical ultrasound receiver is described in US
2010/0087732 Al, wherein a fiber sensor with FBG’s is
used. The FBG’s are used as partially reflecting mirrors to
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form a Fabry Perot interferometer. The interrogation is
performed with narrow-band CW illumination. U.S. Pat. No.
6,839,496 discloses a similar optical fiber probe for photoa-
coustic material analysis being adapted for forward viewing.
Side-viewing optical acoustic sensors and their use in intra-
vascular diagnostic probes are described in US 2007/
0291275 Al. The optical sensor is a Fabry Perot interfer-
ometer. An ultrasound detection system, and material
monitoring apparatus and nondestructive inspection appa-
ratus equipped the system is described in US 2008/0043243
Al, wherein a fiber sensor with FBG’s is used. The inter-
rogation is done with a wide-band source.

It could therefore be helpful to provide an improved
ultrasound detector avoiding disadvantages of conventional
detector techniques such as high-sensitivity optical detection
of ultrasound fields which is stable against environmental
changes such as temperature drifts, pressure variations, and
low frequency mechanical vibrations. Furthermore, it could
be helpful to provide an improved ultrasound detecting
device and an improved imaging apparatus, in particular for
optoacoustic or thermoacoustic imaging an object under
investigation such as a high-speed multi-spectral optoacous-
tic or thermoacoustic device implementation adapted for
intra-vascular imaging. It could still further be helpful to
provide optoacoustic or thermoacoustic imaging device
implementations for non-invasive imaging.

SUMMARY

We provide an ultrasound detector adapted for ultrasound
detection with medical applications including an optical
waveguide, and at least one Bragg grating, created with a
predetermined refractive index modulation amplitude in the
optical waveguide, wherein the at least one Bragg grating
includes a localized defect in periodicity so that a localized-
light resonance portion is formed around the defect, and the
localized-light resonance portion has spectral properties
capable of being modulated in response to an ultrasound
oscillation, wherein the optical waveguide is a non-ampli-
fying optical medium, and the refractive index modulation
amplitude is selected such that the localized-light resonance
portion is concentrated at the defect in periodicity and the
ultrasound oscillation can be sensed by the at least one
Bragg grating with an acoustic sensitivity most of which
being obtained over the localized-light resonance portion.

We also provide an ultrasound detecting device, including
the ultrasound detector adapted for ultrasound detection with
medical applications including an optical waveguide, and at
least one Bragg grating, created with a predetermined refrac-
tive index modulation amplitude in the optical waveguide,
wherein the at least one Bragg grating includes a localized
defect in periodicity so that a localized-light resonance
portion is formed around the defect, and the localized-light
resonance portion has spectral properties capable of being
modulated in response to an ultrasound oscillation, wherein
the optical waveguide is a non-amplifying optical medium,
and the refractive index modulation amplitude is selected
such that the localized-light resonance portion is concen-
trated at the defect in periodicity and the ultrasound oscil-
lation can be sensed by the at least one Bragg grating with
an acoustic sensitivity most of which being obtained over
the localized-light resonance portion, and an interrogation
device coupled with the at least one ultrasound detector and
including an interrogation light source.

We further provide imaging apparatus including an exci-
tation device configured to generate ultrasound in an object
by an electromagnetic field input, and the ultrasound detect-
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ing device, including the ultrasound detector adapted for
ultrasound detection with medical applications including an
optical waveguide, and at least one Bragg grating, created
with a predetermined refractive index modulation amplitude
in the optical waveguide, wherein the at least one Bragg
grating includes a localized defect in periodicity so that a
localized-light resonance portion is formed around the
defect, and the localized-light resonance portion has spectral
properties capable of being modulated in response to an
ultrasound oscillation, wherein the optical waveguide is a
non-amplifying optical medium, and the refractive index
modulation amplitude is selected such that the localized-
light resonance portion is concentrated at the defect in
periodicity and the ultrasound oscillation can be sensed by
the at least one Bragg grating with an acoustic sensitivity
most of which being obtained over the localized-light reso-
nance portion, and an interrogation device coupled with the
at least one ultrasound detector and including an interroga-
tion light source.

We still further provide a method of detecting ultrasound
oscillations emanating an object under investigation includ-
ing creating the ultrasound oscillations in the object under
investigation, subjecting at least one ultrasound detector
adapted for ultrasound detection with medical applications
including an optical waveguide, and at least one Bragg
grating, created with a predetermined refractive index
modulation amplitude in the optical waveguide, wherein the
at least one Bragg grating includes a localized defect in
periodicity so that a localized-light resonance portion is
formed around the defect, and the localized-light resonance
portion has spectral properties capable of being modulated
in response to an ultrasound oscillation, wherein the optical
waveguide is a non-amplifying optical medium, and the
refractive index modulation amplitude is selected such that
the localized-light resonance portion is concentrated at the
defect in periodicity and the ultrasound oscillation can be
sensed by the at least one Bragg grating with an acoustic
sensitivity most of which being obtained over the localized-
light resonance portion, to the ultrasound oscillations, and
interrogating the at least one Bragg grating included in the
optical waveguide using the ultrasound detecting device,
including the ultrasound detector adapted for ultrasound
detection with medical applications including an optical
waveguide, and at least one Bragg grating, created with a
predetermined refractive index modulation amplitude in the
optical waveguide, wherein the at least one Bragg grating
includes a localized defect in periodicity so that a localized-
light resonance portion is formed around the defect, and the
localized-light resonance portion has spectral properties
capable of being modulated in response to an ultrasound
oscillation, wherein the optical waveguide is a non-ampli-
fying optical medium, and the refractive index modulation
amplitude is selected such that the localized-light resonance
portion is concentrated at the defect in periodicity and the
ultrasound oscillation can be sensed by the at least one
Bragg grating with an acoustic sensitivity most of which
being obtained over the localized-light resonance portion,
and an interrogation device coupled with the at least one
ultrasound detector and including an interrogation light
source.

BRIEF DESCRIPTION OF THE DRAWINGS

Further details and advantages are described in the fol-
lowing with reference to the attached drawings.

FIG. 1 is a graphical representation of the relative sensi-
tivity of a m-phase shifted Bragg grating.
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FIG. 2 is an illustration of an ultrasound detecting device
adapted for an interrogation of the Bragg grating in a
transmission mode.

FIG. 3 is an illustration of an ultrasound detecting device
adapted for an interrogation of the Bragg grating in a
reflection mode.

FIG. 4 is an illustration of an ultrasound detecting device
wherein the Bragg grating is arranged in a planar waveguide.

FIG. 5 is a reflection spectrum of a m-phase shifted Bragg
grating created in an optical fiber.

FIG. 6 shows experimental results obtained with the
ultrasound detecting device according to FIG. 2 or 3.

FIGS. 7 to 9 show three implementations for multiplexing
the m-phase shifted FBG sensor scheme described in FIG. 2
or 3.

FIG. 10 is a schematic illustration of an imaging apparatus
adapted for vascular imaging.

FIGS. 11 and 12 are schematic cross-sectional and side-
view illustrations of a two-fiber catheter apparatus.

FIGS. 13 and 14 show cross-sectional and side-view
illustrations of a single-fiber catheter apparatus.

FIGS. 15 and 16 are schematic illustrations of an imaging
apparatus adapted for non-invasive imaging of an object.

DETAILED DESCRIPTION

We provide an ultrasound detector, in particular adapted
for ultrasound detection with medical applications, which
may comprise an optical waveguide and at least one Bragg
grating, which is created with a predetermined refractive
index modulation amplitude in the optical waveguide. Fur-
thermore, the at least one Bragg grating may include a
localized defect in periodicity so that a localized-light reso-
nance portion is formed around the defect. The localized-
light resonance portion is a geometric region where light
traveling in the optical waveguide and interacting with the
Bragg grating has a resonance intensity enhancement. The
localized-light resonance portion has spectral properties
capable of being modulated in response to an ultrasound
oscillation (acoustic field), i.e., reflectance or transmission
of the at least one the Bragg grating depend on an ultrasound
oscillation applied to the Bragg grating. The refractive index
modulation amplitude is selected such that the localized-
light resonance portion is concentrated at the defect in
periodicity. We found that the spatial extension of the light
resonance can be reduced by increasing the refractive index
modulation amplitude. The refractive index modulation
amplitude of the at least one Bragg grating is set during
creating of the Bragg grating, e.g., by an irradiation proce-
dure. The refractive index modulation amplitude of the at
least one Bragg grating is selected such that the ultrasound
oscillation can be sensed by the at least one Bragg grating
with an acoustic sensitivity most of which (at least 50%)
being obtained over the localized-light resonance portion. In
other words, an acoustic modulation of the spectral proper-
ties of the Bragg grating is obtained by the effect of the
localized-light resonance portion, while eventual contribu-
tions from other portions of the grating outside the localized-
light resonance portion can be neglected. Thus, the ultra-
sound oscillation can be sensed by the at least one Bragg
grating with spatial resolution so that the ultrasound detector
is adapted for imaging applications.

The optical waveguide is a non-amplifying optical
medium, preferably a passive waveguide such that lasing
cannot occur within the optical waveguide. In other words,
the optical waveguide is a passive, non-doped optical wave-
guide, i.e. the optical waveguide is not adapted for a laser
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6

emission. Advantageously, different types of optical wave-
guides can be used to provide the ultrasound detector.
Preferably, the optical waveguide comprises an optical fiber
and the at least one Bragg grating comprises a m-phase
shifted Fiber Bragg Grating (FBG) created in the optical
fiber. As the main advantage, the ultrasound detector can be
miniaturized. Further preferably, the optical waveguide
comprises a planar waveguide and the at least one Bragg
grating comprises a -phase shifted Waveguide Bragg Grat-
ing (WBG). This may have advantages in terms of a higher
refractive index modulation leading to stronger light local-
ization in the resonant frequencies and shorter detection
length.

Particularly preferably, the optical waveguide of the ultra-
sound detector has at least one of the following features.
First, the refractive index modulation amplitude (An) in the
core of the waveguide, at the at least one FBG or WBG is
at least 1x107*, preferably at least 2x107%, in particular at
least 8x107*. Furthermore, the at least cne Bragg grating
comprises a n-phase shifted FBG which is created with a
grating coupling coefficient above k=0.5 mm™, in particular
above k=2 mm™". Contrary to our devices, the grating used
by M. LeBlanc et al. (cited above) has a weaker coupling
and a low refractive index modulation amplitude resulting in
a larger effective detection size, which excludes optoacous-
tic imaging applications.

The band gap of m-phase-shifted FBG’s is equal to

22
Adp = 20,
n

In LeBlanc’s case, Ahz=0.2 nm, corresponding to a coupling
parameter k=0.26 mm~". This value corresponds to a an
effective resonance localization of «™=4 mm and refractive
index amplitude modulation of

A
An=20 _1agx107t,
n

According to an example of our technique, taking a higher
value for k (k=2.58 mm™") gives an effective resonance
localization of k™'=0.39=mm, and refractive index ampli-
tude modulation of

A
An=2 _1o7x1078,
F e

Furthermore, the longitudinal extension of the localized-
light resonance portion preferably is below 1.5 mm, in
particular below 300 um. The length of the at least one
Bragg grating, in particular FBG or WBG, preferably is
below 1 cm, in particular below 5 mm. Furthermore, the
spectral width of the grating band gap in transmission
preferably is above 0.4 nm, in particular above 1.5 nm.

Further preferably, the optical waveguide of the ultra-
sound detector is a single mode optical fiber. The detecting
element is a m-phase-shifted FBG written in the core of the
optical fiber, where only the fundamental mode is guided in
the fiber core. The fiber is preferably polarization maintain-
ing to minimize polarization drift of the interrogation light,
which would reduce sensitivity.



US 9,949,717 B2

7

If the optical waveguide comprises an optical fiber and the
at least one m-phase shifted FBG is created at a free end of
the optical fiber, advantages for positioning the ultrasound
detector in narrow spaces of an object are obtained, e.g.,
with medical applications. Furthermore, the optical wave-
guide of the ultrasound detector includes may include one
single FBG or WBG only.

Particularly advantageously, the optical waveguide is
transparent and insensitive to electromagnetic radiation at
least at a position of the at least one n-phase shifted FBG or
WBG in the optical waveguide. Thus, positioning the ultra-
sound detector in the neighborhood of the object under
investigation is possible without impairing the excitation of
ultrasound in the object by the electromagnetic radiation.

If the optical waveguide comprises an optical fiber, it can
be used for both of exciting and detecting the ultrasound. For
this purpose, the free end of the optical fiber preferably has
a slanted tip laterally reflecting illumination light guided in
the optical fiber to a surrounding region of the optical fiber.
Preferably, the slanted tip has a slanting angle selected such
that the illumination light is reflected to a surrounding region
which is located adjacent to a longitudinal position of the
localized-light resonance portion of the at least one m-phase
shifted FBG. Furthermore, a focusing element focusing
illumination light guided in the optical fiber can be provided
for concentrating the excitation of ultrasound to a certain
region within the object.

Further advantageously, the optical waveguide can
include multiple t-phase shifted FBG’s or WBG’s created in
series in the optical waveguide. In this case, advantages for
multiplex detection using a single optical waveguide or
multiple optical waveguides are obtained. Furthermore, the
optical waveguide including the multiple w-phase shifted
FBG’s or WBG’s geometrically can be adapted to the object
under investigation. In particular, the optical waveguide can
be arranged along a reference surface with a plane or curved
extension in space. Thus, a system of multiplexed sensors in
particular can be used for whole-body or whole region
multi-spectral thermoacoustic imaging, e.g., in animals or
human patients.

As a further advantage, the selectivity of the multiplex
detection can be improved, if the w-phase shifted FBG’s or
WBG’s are created in the optical waveguide such that the
spectral defect resonance of each defect resonance portion is
located outside a spectral bandgap of all other m-phase
shifted FBG’s or WBG’s, and/or if the m-phase shifted
FBG’s or WBG’s are created in the optical waveguide with
different periods so that the spectral properties of each defect
resonance portion are modulated outside a spectral bandgap
of all other m-phase shifted FBG’s or WBG’s.

We also provide an ultrasound detecting device, in par-
ticular for photoacoustic or thermoacoustic imaging an
object under investigation, which includes the ultrasound
detector and an interrogation device coupled with the at least
one ultrasound detector and including an interrogation light
source, preferably a wideband pulsed interrogation light
source. The ultrasound signal is detected by monitoring the
shift in the transmission or reflection notch of the at least one
Bragg grating using the interrogation light source. The
interrogation device generally is adapted for an interfero-
metric detection of the shift in the transmission notch. The
interrogation light source is adapted for a wideband inter-
rogation technique. The use of wideband interrogation light
sources is an alternative to the narrow-line interrogation
schemes which are the standard approach. The difficulty
with narrow-line interrogation is that the laser must be tuned
to a specific wavelength, which may vary in time. In
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addition, efficient multiplexing may require using several
lasers. Wideband interrogation fits optical devices that
exhibit a bandpass spectrum, and can be used to monitor the
central wavelength of that spectrum. The source should be
wide enough to cover the entire spectral region in which the
of the bandpass spectrum may appear. Then the light output
of the optical element has the same spectrum as the optical
element. The central wavelength of the output is monitored
by feeding it to an interferometric setup.

Preferably, the interrogation light source includes a pulsed
laser source, in particular creating polarized light pulses
having a duration below 1 ns, especially below 50 ps. The
main deficiency of the conventional CW technique is that in
the wideband sources proposed and demonstrated, the wide
bandwidth is a result of a random process. In other words,
such sources are inherently noisy. The high noise results in
low sensitivity of the detection. On the contrary, our solution
uses a pulsed laser to achieve the wide bandwidth. The
interrogation is performed using a wideband pulsed laser
source, in which the bandwidth is a result of the determin-
istic amplitude and phase properties of the pulses rather than
incoherent light.

Preferably, the optical field contains no power (or mini-
mal, negligible power) outside the temporal support of the
pulses. This property can be achieved by additionally apply-
ing intensity modulation to the pulses either actively (modu-
lation by external signal), or passively (self-modulation).
The pulses are first filtered to limit their bandwidth to be
smaller than that of the grating bandgap and are then guided
in the optical waveguide to the Bragg grating. For these
pulses, the transmission of the grating for each individual
pulse is bandpass filtered, and assumes the spectral charac-
teristic of the narrow transmission notch. Variations in the
centroid frequency of the notch, caused by the ultrasound
field and carried in the transmitted light, can be detected in
transmission or reflection by a fast wavelength meter as
known in the previous art, e.g., by an unbalanced Mach-
Zehnder (MZ) interferometer held at quadrature point by a
feedback system. Other types of usable wavelength meters
comprise, e.g., a MZ interferometer with modulated optical-
path difference, a set of MZ interferometers stabilized to
various phases according to an additional external CW
source, or a interferometric setup in which the signal is
interfered with a narrow-linewidth CW beam or a frequency
comb and the beat pattern is recorded with a fast photodiode.
The output of the wavelength meter is the absolute wave-
length of the signal or rather the relative shifts in wave-
length. The reflected signal will have the spectral shape of
the filtered laser pulse with the exception of a narrow-
bandwidth “hole” created by the low reflectivity of the
grating’s spectral notch.

The proposed interrogation method combines the benefits
of coherent detection with those of wideband excitation. The
use of coherent pulsed sources, in which random variations
are low, leads to a significantly higher signal-to-noise ratio
(SNR) as compared to incoherent sources of the same
bandwidth. The use of wideband sources assures that the
spectral region of the notch is always illuminated without
the need of tuning the source’s wavelength to match that of
the notch. Thus, the interrogation device can include one
single interrogation light source only even with the multi-
plex detection aspect of the ultrasound detector.

The pulsed laser source can be coupled with an optically
dispersive element extending the duration of the light pulses.
In this case, advantages in terms of lower maximum power,
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which allows applying higher amplification to the pulse as
performed in the known chirped-pulse-amplification tech-
nique.

If the wavelength meter is configured to detect a modu-
lation of spectral properties in the reflection mode, the
ultrasound detecting device preferably further comprises a
spectral inversion device being configured for interfering
detecting light reflected by the at least one m-phase shifted
FBG or WBG with a reference beam such that destructive
interference is obtained in all wavelengths but those of the
spectral properties which are modulated in response to the
ultrasound oscillation. In other words, to detect the average
frequency of the low-power spectral notch, the “spectral
inversion” is employed. Preferably, the spectral inversion
device comprises an optical splitter and a Michelson inter-
ferometer with two interferometer arms, wherein the optical
splitter is arranged for directing the light from the interro-
gation light source into the interferometer arms, the m-phase
shifted FBG or WBG is arranged in one of the interferometer
arms, and a reflector is arranged in the other interferometer
arm. Thus, spectral inversion is performed by interfering the
reflected beam with the reference beam in a way that
destructive interference is obtained in all wavelengths but
those of the notch. At the notch wavelengths, no interference
is nominally obtained, as only the reference beam carries
significant energy. As a result, the interference spectrum
contains energy only at the transmission-notch wavelengths,
i.e., it is an inverted version of the reflection spectrum. The
inverted reflection is similar in its properties to the trans-
mission and can thus its centroid wavelength shifts be
detected by known methods. The use of spectral inversion
enables using wide-band interrogation in the reflection,
which allows using the method when only one end of the
fiber is accessible, e.g., in intra-vascular applications.

Wideband interrogation techniques have been previously
demonstrated for standard gratings (uniform, apodized),
which exhibit a bandpass spectrum in reflection. The method
has not been demonstrated for m-phase-shifted gratings,
which exhibit a bandpass spectrum in transmission. The
implementation of the wideband interrogation technique to
the transmission of m-phase-shifted gratings is straightfor-
ward. However, the detection in reflection mode, required in
catheter applications, cannot be achieved using methods
known in the previous arts. To solve this problem, the
spectral inversion technique is used to turn the bandstop
spectrum into a bandpass spectrum.

If the optical fiber includes multiple m-phase shifted
FBG’s or WBG’s created in series in the optical fiber, the
ultrasound detecting device may further comprise an optical
wavelength demultiplexer device. A Mach-Zehnder modu-
lator can be arranged between the m-phase shifted FBG or
WBG and the optical wavelength demultiplexer device or
between the interrogation light source and the m-phase
shifted FBG or WGB. Detecting light input into or trans-
mitted by the multiple w-phase shifted FBG’s or WBG’s is
intensity modulated using the Mach-Zehnder modulator and
light sensitive elements, in particular photodiodes, are
arranged at an output of the optical wavelength demulti-
plexer device, whose output is filtered around a modulation
frequency of the Mach-Zehnder modulator.

Alternatively, the transmitted light from the grating cas-
cade is not modulated and fed directly to an optical wave-
length demultiplexer. In this case, multiple wavelength
meters, in particular multiple Mach-Zehnder interferom-
eters, are arranged at an output of the optical wavelength
demultiplexer device for spectrally selective detecting a
modulation of spectral properties of the detecting light
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transmitted by the multiple m-phase shifted FBG’s or
WBG’s in response to an ultrasound oscillation. Variations
in the centroid frequency of the notch of each grating can be
detected by means known in the previous art, e.g., the
unbalanced Mach-Zehnder (MZ) interferometer held at
quadrature point by a feedback system.

The advantage of both examples with or without modu-
lation is that they require only one optical source to be used
for the entire system. The first example has the additional
advantage of requiring less optical equipment. whereas the
second example might have advantages in terms of higher
sensitivity.

In summary, according to particular features, a method for
multiplexing several m-phase-shifted FBG’s is described.
The gratings are written in a row in the same fiber, where the
defect resonance of each grating is located outside the
bandgap wavelengths of all other gratings. The detector is
interrogated with a coherent pulsed source, whose band-
width covers the spectral span of all the gratings. For each
interrogating pulse, the transmission of the concatenated
gratings is hence composed of a set of bands, equivalent to
the transmission notches of the gratings. By using an optical
wavelength demultiplexer, each spectral band is guided to a
different output fiber. Preferably, the transmitted light from
the grating cascade is intensity modulated using an unbal-
anced MZ modulator either before or after the gratings. The
optical path difference between the two arms is chosen to be
shorter or comparable to the effective coherence length as
defined by the spectral width of the gratings’ spectral
notches. The modulation frequency should exceed the band-
width of the sensor. After demultiplexing, the output of each
output fiber is fed to a fast photodiode, whose signal is
filtered around the MZ modulation frequency. The acoustic-
signal information is carried in the phase of the filtered
signal, and can be extracted by known frequency demodu-
lation.

We further provide an imaging apparatus, in particular for
optoacoustic or thermo-acoustic imaging an object under
investigation, which includes the ultrasound detecting
device above and an excitation device configured to generate
ultrasound in the object by an electromagnetic field input, in
particular in an optical band or an RF (radio frequerncy)
band. Preferably, the imaging apparatus is configured as an
intravascular optoacoustic imaging apparatus.

Preferably, the delivered exciting electromagnetic energy
comprises photon energy in the optical spectrum, i.e., the
object is illuminated with light. The illumination light com-
prises at least one characteristic wavelength of at least 1 nm,
preferably at least 400 nm, particularly preferred at least 650
nm, and below 5 pm, preferably below 2 pum, particularly
preferred below 1.5 pm. For this variant, the excitation
device includes a laser source device being adapted for
emitting light pulses, preferably in the visible or near-
infrared spectra. The light pulses preferably have a duration
below 1 ps, particularly preferred below 50 ns. Typically, the
illumination light comprises one single illumination wave-
length and/or one single light polarization. Accordingly, the
energy deposition image can be reconstructed based on the
thermoacoustic signals acquired at the single illumination
wavelength and/or the single light polarization. Further-
more, the information content of our quantitative imaging
advantageously can be increased if the illumination light
comprises multiple different excitation wavelengths and/or
multiple different light polarizations. With this example,
multiple energy deposition images can be separately recon-
structed based on the thermoacoustic signals separately
acquired at the different illumination wavelengths and/or the
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different light/field polarizations. As a further option, the
energy deposition image can be reconstructed based on a
combination of the thermoacoustic signals acquired at the
different illumination wavelengths and/or the different light/
field polarizations. The combination of the thermoacoustic
signals comprises linear or nonlinear signal superpositions,
e.g., subtractions, summations, products, ratios or the like.

Alternatively and further preferably, the delivered excit-
ing electromagnetic energy can comprise pulses in the
radiofrequency or microwave spectral regions, preferably
with pulse durations below 1 us, most preferably with pulse
durations below 50 ns. Accordingly. the excitation device
may include a radiation source being adapted for irradiating
the imaged object with the radiofrequency pulses.

Preferably, the excitation device includes an illumination
waveguide being adapted to illuminate the object under
investigation. Using the illumination waveguide has advan-
tages for a targeted excitation of the object in a predeter-
mined region of investigation and/or with a predetermined
illumination pattern.

If the imaging apparatus comprises a tube-shaped enclo-
sure accommodating the illumination waveguide and the
optical fiber of the ultrasound detector, advantages in terms
of compactness of the imaging system, in particular in
medical imaging, are obtained. The illumination waveguide
and the optical fiber can be positioned such that an offset
between the localized defect resonance portion in the at least
one m-phase shifted FBG and a tip of the illumination
waveguide is smaller than 1 ¢m, in particular smaller than 5
mm.

Thus, preferably, an intravascular optoacoustic imaging
apparatus is described. The ultrasound detecting devices of
the apparatus includes two optical fibers: one fiber for
guiding exciting optical pulses to the tissue, and the second
fiber which contains a m-phase-shifted FBG acting as an
acoustic sensor. The grating may be interrogated by our
ultrasound detecting device or by known means to perform
the acoustic measurement. The illuminating fiber preferably
is cleaved with a 45-degree angle to guide light into the wall
of the blood vessel. Focusing is applied to the exciting beam
by known means. The fibers are positioned such that the
offset between the phase shift in the grating and the tip of the
illuminating fiber does not exceed a few millimeters. Thus,
the FBG-based sensor measures the optoacoustic signal
generated by the small portion of the blood vessel which is
illuminated. By rotating the illuminating fiber or both fibers,
and performing a pullback on both fibers, optoacoustic
signals from the entire blood vessels can be acquired. The
optoacoustic signals are then processed to obtain the optical
absorption map within the blood vessel.

Alternatively, the size of the imaging apparatus even can
be further reduced, if the illumination waveguide is included
in the optical fiber of the ultrasound detector, in particular in
a cladding of the optical fiber. In this case, the apparatus is
includes one single optical fiber only. The above offset is
provided between the tip of the optical fiber and the position
of the localized defect resonance portion in the optical fiber.

With this example, a single-fiber intravascular optoacous-
tic imaging apparatus is obtained. To this end, a double-
cladding fiber may be used, where the exciting pulses are
guided in the cladding, whereas the interrogation is per-
formed in the core. The grating may be interrogated by our
ultrasound detecting device or by known means to perform
the acoustic measurement. The illuminating fiber is cleaved
with a 45-degree angle to guide light into the wall of the
blood vessel. Focusing is applied to the exciting beam by
known means. The grating is written as close as possible to
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the tip of the fiber. Thus, the FBG-based sensor measures the
optoacoustic signal generated by the small portion of the
blood vessel which is illuminated. By rotating the fiber, and
performing a pullback on it, optoacoustic signals from the
entire blood vessels can be acquired. The optoacoustic
signals are then processed to obtain the optical absorption
map within the blood vessel.

To implement the above rotation and translation of the
single or double fiber examples, the imaging device prefer-
ably comprises a rotation drive adapted for rotating the
illumination wave guide relative to the object under inves-
tigation, and/or a translation drive adapted for translating the
illumination wave guide and the optical fiber relative to the
object under investigation.

The thermoacoustic signals can be subjected to pre-
processing before the image reconstruction. Advanta-
geously, preprocessing by an analog or digital signal pro-
cessing operation, e.g., filtering, integration, differentiation,
may improve the result of the image reconstruction.

We still further provide methods of detecting ultrasound
oscillations emanating an object under investigation, which
generally comprise the step of detecting the ultrasound
oscillations using the ultrasound detecting device. Preferred
examples of the methods are characterized by operating the
above examples of the ultrasound detecting device.

Preferably, ultrasound oscillations are created with an
excitation device which is configured to generate ultrasound
in the object by an electromagnetic field input in an optical
band or an RF band, wherein the excitation device is
arranged with a distance from the object. Preferably, the
medium between the object and detector is acoustically
matched to the imaged object. Alternatively, the at least one
ultrasound detector can be arranged on a surface of the
object under investigation, i.e., in contact with the object
surface.

Applications are available, e.g., in medical imaging or
material investigations. According to a particularly preferred
application, the ultrasound detector is arranged in a vascular
portion of a biological organism. For imaging tissue around
the vascular portion, the ultrasound detector is moved, in
particular rotated and/or translated, in the vascular portion.
In particular, the methods can be used to construct an
intravascular catheter for multi-spectral thermoacoustic
imaging to characterize the progress of various vascular
diseases, namely atherosclerosis. In particular, the methods
can be used for accurate extraction of biomarker concentra-
tion, e.g., characterization of vascular trees, tumor angio-
genesis, blood oxygenation, or in molecular imaging studies
with various targeted contrast agents, including dyes, light-
absorbing nano-particles and fluorochromes.

Accordingly, a non-invasive optoacoustic or thermoa-
coustic imaging system is described. The excitation is pet-
formed by delivering electromagnetic energy into the
imaged specimen. The detection is performed by the mul-
tiple-element fiber sensor. The different detecting elements
along the fibers are positioned around the imaged specimen
or on one of its sides to provide a tomographic or semi-
tomographic view. Additionally, the fiber may be rotated,
translated, or pulled to provide additional measurement
points. Because the detector is small, transparent, and unaf-
fected by electromagnetic radiation it may be positioned
between the exciting electromagnetic source and the speci-
men. The optoacoustic or thermoacoustic signals are then
processed to obtain an absorption map within the object.

EXAMPLES

Preferred aspects are described in the following with
exemplary reference to optoacoustic or thermoacoustic
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tomography. This disclosure is not restricted to these
examples, but can be equally applied to other methods
utilizing opto- or thermoacoustic interactions, for instance
Photo-Acoustic Tomography (PAT), multispectral optoa-
coustic tomography (MSOT), thermoacoustic tomography
(TAT) or Near-Field Radiofrequency Tomography (NRT). In
addition, our methods and devices can be applied to other
acoustic imaging schemes such as sonography. This disclo-
sure is described with reference to features of the ultrasound
detector, the ultrasound detecting device and the imaging
apparatus. Exemplary reference is made to configurations
wherein the optical waveguide comprises an optical fiber
and the at least one Bragg grating comprises a m-phase
shifted Fiber Bragg grating (FBG). Our methods and devices
can be implemented in an analogue way using an optical
waveguide, which comprises a planar waveguide, wherein
the at least one Bragg grating comprises a m-phase shifted
Waveguide Bragg grating (WBG). Details of exciting acous-
tic fields in the object and constructing an image of the
object based on the detected ultrasound signals are not
described as they can be implemented as with conventional
optoacoustic or thermoacoustic imaging methods.
Ultrasound Detector (Acoustic Detector) Including a
n-Phase-Shifted FBG

The insert of FIG. 1 schematically illustrates a first
example of an ultrasound detector 10, which comprises an
optical fiber 11 including a m-phase shifted FBG 12 with a
localized defect 13 in periodicity. The m-phase-shifted FBG
12 is characterized by a bandpass spectrum in its reflection
with a narrow notch nominally in the middle of the spec-
trum. The high reflection, whose nominal value is 100%, is
a result of the bandgap effect, whereas the notch, whose
nominal reflection is 0, is a result of the m-phase shift,
nominally created in the middle of the grating, which is a
defect in the otherwise periodic structure. The nominal
reflection wavelength of the grating is given by Bragg’s law:

(0
where n is the effective refractive index in the fiber and A
is the grating period. When uniform pressure is applied to
the fiber, it causes a change in the refractive index of the
fiber and grating period. The combined effect of the two
phenomena may create a shift in the spectrum given by the
following equation:

)»NZZnEﬂA

o2 d A 2 N dn gy o)

where dn,zand dA are the variations in ngzand A , respec-
tively.

When pressure is applied to only a section of the grating,
a simple shift is no longer obtained, but rather a more
complicated spectral distortion. Nonetheless, Eq. 2 is still
valid to the shift in the spectrum notch as long as the
pressure is applied around the phase shift. The reason for this
effect is that light at the notch wavelengths is highly con-
centrated around the location of the m-phase shift, and as a
result it is mostly affected optical variations in that region.
An additional implication of this is that the notch spectrum
is not sensitive to pressure applied outside the neighborhood
of phase shift. The 1/e width of the field distribution around
the phase shift for the notch wavelengths is approximately
given by 2k~', which is the coupling coefficient of the
grating. Thus, an optical detecting scheme based on moni-
toring shifts in the spectrum notch will have increased
sensitivity over a length of 2k~

The effect of localized sensitivity is demonstrated hence-
forth in a numerical simulation. The m-phase-shifted FBG
has a coupling coefficient of k=2.58 mm™ and a length of
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[=2.38 mm. The spectral shift of the grating spectrum is
calculated under local perturbation using the transfer-matrix
method [T. Erdogan, “Fiber Grating Spectra,” JOURNAL
OF LIGHTWAVE TECHNOLOGY, VOL. 15, 1997, pp.
1277-1294]. The perturbation is obtained by slightly
increasing the refractive index of the grating over the region
of interest, though perturbation in the grating period is
mathematically equivalent. The perturbation is applied sym-
metrically around phase shift, and the respective resonance
shift is divided by the shift obtained when the perturbation
is applied to the entire grating length. FIG. 1 shows the
relative shift in the resonance as a function of the perturbed
length. According to FIG. 1, a localized-light resonance
portion of 270 um around the phase shift is responsible for
50% of the grating’s acoustic sensitivity. This value corre-
sponds to the scale of the field distribution around the
n-phase shift, which has an effective length of k™'=388 yum.
The refractive index modulation amplitude (An) of the
grating 11 is about 1.3x1073,

Ultrasound Detecting Device and Interrogation Method

Examples of an ultrasound detecting device 20 including
the ultrasound detector 10 and an interrogation device 30, 40
and our interrogation method are described in the following
with reference to FIGS. 2 to 4. With these examples, the
interrogation device 30 comprises an interrogation light
source 31 (pulsed laser source 31), an optical filter 32, a
pulse amplifier 33 (e.g., an erbium doped fiber amplifier)
arranged before the ultrasound detector 10, another pulse
amplifier 33 arranged after the ultrasound detector 10 and a
Mach-Zehnder interferometer (M7 interferometer) 34-39.
According to FIG. 3, the interrogation device additionally
includes a spectral inversion device 40. The example of FIG.
4 is designed as the example of FIG. 2 with the only
difference that the optical fiber 11 of the ultrasound detector
10 in FIG. 2 is replaced by a planar waveguide 14 including
a m-phase shifted WBG 15. Within the ultrasound detecting
devices 20, the interrogation light travels from the interro-
gation light source 31 via the ultrasound detector 10 to the
MZ interferometer through optical fibers. Polarization main-
taining fibers are used to maintain a single polarization.

The interrogation light source 31 1s, e.g., a 90-fs laser with
a repetition rate of 100 MHz, output power of 60 mW and
spectral width of over 40 nm (Menlo Systems GmbH,
Martinsried, Germany). The optical filter 32 has a FWHM
spectral width of 0.3 nm and is tuned to the frequency of the
ultrasound detector 10 resonance. In the illustrated
examples, the detection bandwidth is set to, e.g., 20 MHz.
The FBG 12, whose spectrum is shown in FIG. 5, has a
bandgap span of 1.38 nm and a FWHM resonance width of
8 pm, corresponding to ¥=2.58 mm™ and L=2.38 mm.
These values correspond to spectral-inversion efficiency of
0.66, i.e., the defect-mode resonance constitutes 66% of the
power of the inverted spectrum.

After the reflection of the interrogation light pulses with
the ultrasound detector 10 and an amplification of the light
pulses with the second pulse amplifier 33, the amplified light
pulses are split with a 50/50-coupler 34 into the arms of the
M7 interferometer. The first arm of the MZ interferometer is
an optical path delay (OPD) 35 of approximately 8 cm. The
second arm of the MZ interferometer includes a piezo-
electric modulator 36. The portions of the light pulses
travelling through the first and second arms are superim-
posed at the second 50/50-coupler 37 and photo-electrically
sensed with a photosensor 38. The output signal of the
photosensor 38 is amplified and input to a control device 39
(implemented with a computer), which generates a control
signal for setting the modulator 36. The MZ interferometer
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is stabilized to its quadrature point. With the photosensor 38,
the control device 39 and the modulator 36, a control loop
is implemented, which is used for sensing acoustically
induced wavelength or frequency variations of the light
resonance of the FBG 12.

According to FIG. 3, the control device 39 is additionally
used to control the spectral inversion device 40. The spectral
inversion device 40 includes a Michelson interferometer 41.
In a firstarm, an optical path delay 42 and a reflector 43, like,
e.g., a mirror are arranged. In the second arm of the
Michelson interferometer 41, a modulator 44 and the ultra-
sound detector 10 are arranged. The modulator 44 includes
a piezo-electric fiber stretcher. The spectral inversion is
implemented using the Michelson interferometer 41 stabi-
lized to destructive interference on its output arm. A feed-
back signal, generated with the control device 39 and fed
into the modulator 44 (piezo-electric fiber stretcher on one
of the interferometer arms (Optiphase, Inc., Van Nuys,
Calif., USA) with a response bandwidth of 100 kHz) is used
to stabilize both interferometers.

FIGS. 5 and 6 illustrate experimental results obtained
with the examples of FIGS. 2 and 3. FIG. 5 shows the
reflection spectrum of the grating 12, as obtained using
unpolarized light. The two dips in the bandgap correspond to
the two polarization modes. The inset shows in high reso-
lution the resonance of the slow-axis polarization obtained
with a polarized source.

In a first experiment, the performance of the spectral-
inversion scheme was tested. For this, the M7 interferometer
34-37 was not stabilized, but rather fed with a 25 Hz
sinusoidal signal. FIGS. 6A and 6B show the differential
signal at the output of the interferometer for transmission
and reflection, respectively (solid curves). The signals are
also shown with the offset obtained when the measurement
was performed for a single interferometer arm (dashed
curves). For the transmission, the obtained visibility was
0.42, corresponding to an OPD of 8.2 cm. In the reflection,
the visibility decreased to 0.27, corresponding to spectral-
inversion efficiency of approximately 0.64. The spectral-
inversion efficiency can be increased by improving the
balance of the Michelson interferometer 41 and by using a
narrower and steeper optical bandpass filter 32. The high
visibility obtained in the reflection measurement provides
experimental proof of the spectral inversion. For compari-
son, when the mirror in the Michelson interferometer was
removed, no visible interference was obtained in the reflec-
tion.

FIG. 6C shows transmission measurement with the source
replaced by an amplified spontaneous emission source.
Comparing the optical noise obtained with both measure-
ments showed an 18-fold decrease in the standard-deviation
of noise over the measurement bandwidth when the pulsed
laser 1s used.

In a second experiment, the scheme was applied for
broadband measurement of ultrasound fields. For this, a flat
round ultrasonic transducer with a diameter of 6 mm (Model
V323-SM, Olympus-NDT, Waltham, Mass.) was fed with 66
ns square electric pulse. The generated field was first mea-
sured by a pre-calibrated hydrophone (Model HPMI/1,
Precision Acoustics Ltd., Dorset, UK.) and was found to
have a peak amplitude of approximately 175 kPa at a
distance of 3.3 mm from the transducer’s surface. The
grating was then positioned in parallel to the transducer’s
axis at a similar distance. Because of the slow response of
the feedback scheme, the fast resonance variations induced
by the acoustic fields were not compensated for by the MZ
interferometer stabilization, but were rather recorded by the
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differential signal at the output of the interferometer. FIG.
6D shows the measured acoustic fields for the reflection
(solid curve) and transmission (dashed curve), attaining no
significant difference between the two measurements.

The last measurement aimed at analyzing the noise
sources in our ultrasound detecting devices. The laser pulses
propagates through the 0.3 nm optical bandpass filters 32
into the MZ interferometer. The interferometer is stabilized
to quadrature point while the noise and visibility are mea-
sured for different OPD’s with 0.5 mm increments. The
noise measurement is performed by calculating the standard
deviation of the output voltage obtained over duration of 10
us with 20 MHz bandwidth. The noise data (square markers)
and visibility (solid curve) are shown in FIG. 6E. While the
visibility is the same for CW and pulse interrogation, its
underpinnings are different. In CW interferometry, visibility
is determined by the phase correlation between the two
beams, whereas in pulse interferometry, it is determined by
pulse overlap, where zero visibility indicates no overlap.
Thus, for a pulsed source with no power outside the support
of the pulses, no interference noise should be obtained when
the visibility vanishes. Nonetheless, FIG. 6E shows no
decrease in noise as the visibility vanishes. The measure-
ment was repeated with an optical spontaneous emission
CW source instead of the pulsed laser and reached similar
results for the noise data (round markers). These measure-
ments indicate that in the pulse-interferometry setup, there is
indeed a contribution to the noise from temporal regions
outside the support of the pulses. Thus, modulation of the
pulse-train to eliminate parasitic fields outside the pulse
support can significantly increase the SNR of the system.
Sensor Multiplexing

If acoustic fields are to be detected at different locations
in the object simultaneously, multiple FBG’s or WBG’s are
provided in the optical fiber or planar waveguide, respec-
tively. Each of the Bragg gratings has a different periodicity
being adapted to a different interrogation light wavelength.
As an example, up to 100 or even more Bragg gratings
(FBG’s 11 or WBG’s 15) can be arranged in the optical
waveguide of ultrasound detector 10. FIGS. 7 to 9 illustrate
examples of ultrasound detecting device 20 being provided
with an optical wavelength demultiplexer device 50. The
operation of the various types of demultiplexer devices 50
are described in the following.

Our multiplexing/demultiplexing method is wavelength
based and utilizes the wide bandwidth of the interrogating
source 31 and wavelength encoded nature of FBG’s 12 or
WBG’s 15. The single Bragg grating in the one-element
sensor (see insert in FIG. 1) is replaced by N FBG’s written
in series. The gratings are written with different periods so
that the transmission notch of each grating is outside the
bandgap wavelengths of all other gratings. Thus, the com-
bined grating structure exhibits N narrow-band transmission
notches. FIGS. 7 to 9 show three interrogation methods to
simultaneously monitor the central wavelength of the trans-
mission notches of all N gratings. In all methods the gratings
are interrogated in transmission using the optical wavelength
demultiplexer device 50.

In the first two methods, a modulated unbalanced M7
modulator 51 is placed either after (FIG. 7) or before (FIG.
8) the gratings 12. The optical path difference between the
two arms is chosen to be shorter or comparable to the
effective coherence length as defined by the spectral width
of the gratings” spectral notches. The modulation performed
in the MZ modulator 51 encodes the wavelength-shift of the
gratings 12 in the intensity of transmitted beam. The modu-
lation frequency is selected to be essentially higher than the
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bandwidth of the ultrasound detector 10, yet smaller than the
detection bandwidth of the photodiodes and electronic com-
ponents used to detect the modulated signal 53.

After passing through the optical demultiplexer 52 of the
optical wavelength demultiplexer device 50, the transmitted
intensity-modulated beam on each branch hold the informa-
tion on the wavelength-shift of the respective grating in its
modulation frequency. The optical signal on each branch is
fed to a wideband photodiode 53 which transforms it to an
electrical signal. The electrical signal is then filtered around
the modulation frequency. The phase information of the
signal is extracted by known frequency demodulation.

In the third method (FIG. 9), a plurality of MZ interfer-
ometers 55 are positioned after the optical demultiplexer 52
of the optical wavelength demultiplexer device 50. As a
result, this method requires using N MZ interferometers.
The conversion of the wavelength-encoded information in
FBG’s 11 into intensity encoded information is done simi-
larly to the implementation for a single FBG. Specifically,
the MZ interferometers 55 are held at quadrature point using
a feedback loop 54. The feedback bandwidth is smaller than
that of the ultrasound detector 10, and thus does not com-
pensate for variations in the FBG’s” wavelengths created by
the ultrasound signals. Instead, only low frequency distur-
bances to the ultrasound detector 10 such as temperature
drift and mechanical vibrations, are compensated for,
whereas acoustic field in the ultrasound regime lead to
wavelength change in the FBG’s 12 that takes the MZ
interferometers 55 out of quadrature. Thus, only the high-
frequency acoustic fields are recorded in the intensity of the
output of the interferometer.

Optoacoustic Catheter Apparatus

With a preferred application, the imaging apparatus 60 is
an opto-acoustic catheter apparatus, in particular for medical
imaging of tissue, e.g., of a human patient. Preferred
examples of the opto-acoustic catheter apparatus are sche-
matically illustrated in FIGS. 10 to 14. The opto-acoustic
catheter apparatus 60 is particularly adapted for imaging
biological tissue including a wall 1 of a blood vessel 2 and
optionally the surrounding tissue 3 (see FIGS. 11, 13).

FIG. 10 schematically shows the opto-acoustic catheter
apparatus 60 comprising an excitation device 61, the ultra-
sound detector 10 and the interrogation device 30, 40. The
excitation device 61 comprises, e.g., a pulsed laser source
controlled to emit a predetermined excitation light in a
wavelength range of, e.g., 650 nm to 900 nm, or 1100 nm to
1300 nm and an illumination waveguide 62 adapted to guide
the excitation light into the object 1 under investigation (see
arrow 64). Ultrasound excited in the object in response to the
illumination is sensed with the ultrasound detector 10 and
the interrogation device 30, 40. The ultrasound detector 10
provides a catheter part of the opto-acoustic catheter appa-
ratus 60. It can be introduced into a hollow space, in
particular a vessel, as it is known from conventional cath-
eters. The ultrasound detector 10 is connected with a drive
mechanism 65 (pull-back and/or rotation mechanism),
which is adapted to adjust the position and/or orientation of
the ultrasound detector 10 relative to the object 1, in
particular in a blood vessel 2. Additionally, a processor unit
(e.g., a computer, not shown) is provided for reconstructing
images based on the detected ultrasound signals (see FIGS.
15, 16).

With vascular imaging applications, our imaging appara-
tus, in particular the catheter part thereof fulfills two func-
tions: delivering the pulsed exciting light into the blood-
vessel wall and measuring the subsequent acoustic field.
These two functions can be performed using either two
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separate fibers (FIGS. 11, 12) or a single fiber (FIGS. 13,
14). The illustrations of FIGS. 11 to 14 refer to the two-fiber
or the single-fiber design to provide the optical waveguide of
the ultrasound detector and the illumination waveguide of
the excitation device of the imaging apparatus. Further
details of the opto-acoustic catheter apparatus, like the
interrogation device and further details of the excitation
device are not illustrated in FIGS. 11 to 14. The interrogation
device can be implemented, e.g., according to one of the
examples of FIGS. 2,3 and 7 to 9.

The acoustic signals measured by system are included
image information on an optoacoustic image or multi-
spectral optoacoustic images. The processing of reconstruct-
ing the image(s) can be performed using a simple delay and
sum approach (C. G. A. Hoelen et al., “Three-dimensional
photoacoustic imaging of blood vessels in tissue.” OPTICS
LETTERS, Vol. 23, 1998, pp. 648-650), or using model-
based reconstructions (A. Rosenthal et al., “Fast semi-
analytical model-based acoustic inversion for quantitative
optoacoustic tomography,” IEEE Trans. Med. Imaging, Vol.
29, pp. 1275-1285, 2010). The effect of blood attenuation
can be corrected for by using light propagation models
(Jetzfellner, T et al. “Performance of iterative optoacoustic
tomography with experimental data,” APPLIED PHYSICS
LETTERS 95(1); 013703 (2009)) and/or by exploiting the
spatial properties of optoacoustic images (A. Rosenthal et al.
“Quantitative optoacoustic tomography using sparse signal
representation,” IEEE Transactions on Medical Imaging,
28(12), pp. 1997-2006, 2009.).

Two-Fiber Design

In the two fiber design, the illumination is performed
using one fiber representing the illumination waveguide 62
being adapted to illuminate the object under investigation,
whereas the acoustic detection is performed by the other
representing the optical fiber 11 of our ultrasound detector.
The illumination waveguide 62 may be single mode or multi
mode fiber, whereas the detecting optical fiber 11 should be
single mode, and preferably polarization maintaining. The
two-fiber catheter 60 is schematically shown in FIGS. 11 and
12. FIG. 11 shows a cross section of the catheter geometry
within the blood vessel 2. The three concentric circles in the
FIG. 10 represent a tube-shaped enclosure (sheath) 63
guiding both fibers into the blood vessel 2, the lumen of the
blood vessel 2 (dotted pattern), and the wall 1 of the blood
vessel (diagonal pattern). The tube-shaped enclosure 63
contains two chambers, where each chamber is used for a
different fiber. Light 64 emanating from the illumination
waveguide 62 to the blood-vessel wall 1 is shown with an
arrow. FIG. 12 shows a side view of the catheter 60. Because
the FBG-based ultrasound detector 10 is transparent, the two
fibers 11, 62 can be positioned such that the exciting light
beam 64 passes through the grating 12 in fiber 11 for some
of the orientations of the illumination waveguide 62.

The tip of the illumination waveguide 62 is slanted
relative to a longitudinal axis of the illumination waveguide
62 for reflecting the excitation light in a radial direction.
Furthermore, the tip of the illumination waveguide 62 may
contain a focusing element to partially focus the beam to the
wall 1 of the blood vessel 2. Focusing can be performed by
known methods such as Gradient-index lenses or curved
fiber tip. Partial focusing is preferred over strong focusing or
no focusing as it leads to minimum variations in the maxi-
mum intensity the beam 64 in the case of non-scattering
non-absorbing medium. Although the blood-vessel 2 and its
blood-filled lumen are optically scattering and absorbing,
the short propagation length of few millimeters allows for
the focusing properties to be partially preserved.
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For each position and orientation of the catheter 60, the
measured optoacoustic signal corresponds to the illuminated
section of the blood vessel 2. To image the entire blood
vessel 2, the catheter 60 should be rotated and translated
within the blood vessel 2. The rotation may be applied solely
to the illumination waveguide 61. In this case, the angular
resolution is determined by the angular width of the exciting
light beam 64. To improve the angular resolution, the optical
fiber 11 of the ultrasound detector 10 may be pre-processed
to induce angular-dependent detection sensitivity. Specifi-
cally, the fiber may be coated with an acoustically dampen-
ing material for most of its circumference, excluding only a
small-angle window. In such a structure, the sensitivity will
be higher for targets in front of the small-angle window than
for those which have an offset with respect to the window.
In this case, both fibers 11, 61 should be simultaneously
rotated to improve resolution. Translation is performed on
both fibers 11, 61, or on the entire catheter structure using
the drive mechanism 65. The rotation and translation are
performed using methods known in the previous art, e.g., the
method described by D. Razansky et al. “Near-infrared
fluorescence catheter system for two-dimensional intravas-
cular imaging in vivo,” OPTICS EXPRESS; 18(11); 11372-
11381 (2010)).

Single-Fiber Design

In the single-fiber design, the illumination and acoustic
detection are performed using the same fiber. The fiber may
be either single mode, or double cladding. In the former
case, both the exciting beam and interrogating beam are
guided in the core of the fiber. In the latter case, the exciting
light beam is guided in the inner-cladding 67 of the fiber,
whereas the interrogating beam is guided in the core. The
inner-cladding of the fiber provides the illumination wave-
guide. FIG. 13 shows a cross section of the catheter geom-
etry within the blood vessel 2. The three concentric circles
in the figures represent the tube-shaped enclosure (sheath)
63 guiding the fiber 66 into the blood vessel 2, the lumen of
the blood vessel 2 (dotted pattern), and the wall 1 of the
blood vessel 2 (diagonal pattern). The tube-shaped enclosure
63 contains a single chamber in which the fiber 66 is guided.
Light 64 emanating from the fiber 66 to the blood-vessel
wall 1 is shown with an arrow. FIG. 14 shows a side view
of the catheter 60.

Again, the tip of the fiber may contain a focusing element
to partially focus the beam to the wall of the blood vessel.
Focusing can be performed by method known in the previ-
ous art, such as Gradient-index lenses or curved fiber tip.
Partial focusing is preferred over strong focusing or no
focusing as it leads to minimum variations in the maximum
intensity the beam in the case of non-scattering non-absorb-
ing medium. Although the blood-vessel and its blood-filled
lumen are optically scattering and absorbing, the short
propagation length of few millimeters allows for the focus-
ing properties to be partially preserved.

The FBG 12 should be written as close as possible to the
tip of the fiber 64 to reduce the distance and angle from the
position of the ultrasound detector 10 to the illuminated part
of the blood vessel 2. Because the grating’s detecting portion
1s located in its center, it will be offset from the illumination
by at least half the grating’s length. The effect of this offset
on the acoustic-signal acquiring can be reduced by guiding
the exciting beam 64 into the blood vessel not exactly
perpendicular to the fiber, but rather with a small incline.
This could reduce the offset between the sensor and the
illuminated part of the blood vessel 2.

For each position and orientation of the catheter 60, the
measured optoacoustic signal corresponds to the illuminated
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section of the blood vessel 2. To image the entire blood
vessel 2, the fiber 66 should be rotated and translated within
the blood vessel 2. To improve the angular resolution, the
fiber 66 may be pre-processed to induce angular-dependent
detection sensitivity. Translation is performed on the fiber
66, or on the entire catheter structure using a pull-back
mechanism of the drive mechanism 65 (see FIG. 10). The
rotation and translation are performed using known methods
(cited above).

Noninvasive Thermoacoustic Imaging Apparatus

Further examples of the imaging apparatus 60 including
the ultrasound detector 10, an interrogation device 30 with
an interrogation light source 31, an excitation device 61, and
a processor unit 70 are schematically illustrated in FIGS. 15
and 16. The processor unit 70 is arranged to reconstruct
images based on the detected ultrasound signals. These
examples are particularly adapted for non-invasive imaging
of an extended object 1 using multiplexed m-phase shifted
FBG sensors.

The FBG-based ultrasound detector 10 described above is
used in the thermoacoustic imaging apparatus 60. The
scheme may use a single Bragg grating, or alternatively
multiplexed Bragg gratings for high throughput. The exci-
tation device 61 emits electromagnetic pulses in either the
optical regime or radio-frequency regime. Both the excita-
tion and detection are performed outside the imaged object
1, e.g., biological tissue. To perform the imaging, the space
between the ultrasound detector 10 and the imaged object 1
should have acoustic properties similar to biological tissue.
Specifically, water or ultrasound gel may be used. Since the
gratings in the ultrasound detector 10 are transparent and
insensitive to electromagnetic radiation, the exciting elec-
tromagnetic fields may pass through the ultrasound detector
10. This allows for many degrees of freedom in the design
compared to piezo-electric based schemes, in which,
because the detectors interact with the exciting photons, the
detectors must be positioned such that they do not come
between the exciting source and imaged object.

Excitation-detection geometries reported in the previous
art (e.g., Buehler A et al. “Video rate optoacoustic tomog-
raphy of mouse kidney perfusion,” OPTICS LETTERS;
35(14); 2475-7 (2010), Ma R et al. “Multispectral optoa-
coustic tomography (MSOT) scanner for whole-body small
animal imaging,” OPTICS EXPRESS 17(22); 21414-21426
(2009)) can be implemented with our imaging apparatus
replacing the original one. In addition, new thermoacoustic
imaging schemes can be specifically designed for the pro-
posed FBG-based detection scheme.

FIGS. 15 and 16 show proposed detection geometries for
cylindrical and planar detection, respectively. Both geom-
etries can be used with just a single FBG written in the
optical fiber of the ultrasound detector 10, although the
envisioned application involves maximizing the number of
gratings in the fiber. In both geometries, the FBG’s may be
positioned along the fiber 11 in various ways depending on
the application. Two extreme options are having the FBG’s
written as close as possible to each other, maximizing the
number of gratings per length, or as far away from each
other over the given length of the detection, maximizing the
detection length. Other geometries can be obtained by
arranging the optical fiber along a predetermined reference
surface with a plane or curved extension in space.

In the cylindrical geometry (FIG. 15), the optical fiber 11
of the ultrasound detector 10 is wrapped around the imaged
object 1, or around a holder 4 in which it lies. In the case in
which there are not sufficient gratings in the fiber for the
desired application, the fiber 11 and/or holder may be
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translated and/or rotated to achieve additional detection
points. Alternatively, the fiber 11 may be pulled along a rail
to achieve that effect. In the planar geometry (FIG. 16), the
fiber 11 is twisted to fit the rectangular detection area. Within
the detection area, a set of straight parallel fiber sections is
achieved, whereas at the edges the fiber is twisted.

The fiber 11 may be laid directly on the imaged object 1,
or on a membrane or a rigid plate which is in contact with
the imaged (directly or through an appropriate acoustic
medium). In the case in which there are not sufficient
gratings in the fiber for the desired application, the fiber and
its backing may be translated horizontally and/or vertically
and/or rotated to achieve additional detection points. Alter-
natively, the fiber may be pulled along a rail to achieve that
effect. Addition in-between geometries, in which the detec-
tion area is curved but open follow directly from the
proposed geometries.

Preferably, the photon flux density on the face of the
imaged object 1 is as uniform as possible. This can be
readily achieved because of the weak interaction between
the detector and exciting electromagnetic fields. Subse-
quently, the exciting photons can pass through the ultra-
sound detector 10 without being affected or affecting the
detection. In the cylindrical geometry, the exciting fields are
either administrated from one or several sides of the imaged
object, whereas in the planar geometry, the administration is
performed from behind the detectors.

A volumetric image can be reconstructed from the mea-
sured acoustic signals using methods described in the pre-
vious arts. Specifically, back-projection algorithms or
model-based algorithms may be used. When the wavelength
of the exciting photons is in the optical domain, multiple
wavelengths can be used to obtain a multi-spectral image
that can be used to detect specific biomarkers. The effect of
light attenuation can be corrected for by using light-propa-
gation models or methods which exploit the spatial propet-
ties of the flight fluence function.

The features of our methods and devices in the above
description, the drawings and the appended claims can be of
significance both individually as well in combination.

The invention claimed is:

1. An ultrasound detector configured for ultrasound detec-
tion with medical applications comprising:

an optical waveguide, and

at least one Bragg grating, created with a predetermined

refractive index modulation amplitude in the optical
waveguide, wherein the at least one Bragg grating
includes a localized defect in periodicity that causes a
localized-light resonance portion configured to be
formed around the defect, and said localized-light reso-
nance portion has spectral properties configured to be
modulated in response to an ultrasound oscillation,
wherein the optical waveguide is a non-amplifying
optical medium,

the refractive index modulation amplitude is configured to

be selected such that the localized-light resonance
portion is configured to be concentrated at the defect in
periodicity and the ultrasound oscillation is configured
to be sensed by the at least one Bragg grating with an
acoustic sensitivity most of which being obtained over
the localized-light resonance portion, and

wherein the optical waveguide is arranged along a refer-

ence surface with a plane or curved extension in space.

2. The ultrasound detector according to claim 1, wherein

the optical waveguide comprises an optical fiber and the

at least one Bragg grating comprises m-phase shifted
Fiber Bragg Grating (FBG), or
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the optical waveguide comprises a planar waveguide and
the at least one Bragg grating comprises m-phase
shifted Waveguide Bragg Grating (WBG).

3. The ultrasound detector according to claim 1,

wherein at least one of the optical waveguide is a single

mode optical fiber,

the optical waveguide is a polarization maintaining opti-

cal fiber,

the optical waveguide comprises an optical fiber and the

at least one m-phase shifted FBG is created at a free end
of the optical fiber,

the optical waveguide includes one single FBG or WBG,

and

the optical waveguide is transparent and insensitive to

electromagnetic radiation at least at a position of the at
least one m-phase shifted FBG or WBG, is satisfied.

4. The ultrasound detector according to claim 1, wherein
the optical waveguide comprises an optical fiber and a free
end of the optical fiber has at least one of

a slanted tip laterally reflecting illumination light guided

in the optical fiber to a surrounding region of the optical
fiber, and

a focusing element focusing illumination light guided in

the optical fiber.
5. The ultrasound detector according to claim 4, wherein
the slanted tip has a slanting angle selected such that the
illumination light is reflected to a surrounding region located
adjacent to a longitudinal position of the localized-light
resonance portion of the at least one m-phase shifted FBG.
6. The ultrasound detector according to claim 1, wherein
the optical waveguide includes multiple m-phase shifted
FBG’s or WBG’s created in series in the optical waveguide.
7. The ultrasound detector according to claim 6, wherein
at least one of
the m-phase shifted FBG’s or WBG’s are created in the
optical waveguide such that the a spectral defect reso-
nance of each defect resonance portion is located
outside a spectral bandgap of all other m-phase shifted
FBG’s or WBG’s, and

the m-phase shifted FBG’s or WBG’s are created in the
optical waveguide with different periods so that the
spectral properties of each defect resonance portion are
modulated outside a spectral bandgap of all other
n-phase shifted FBG’s or WBG’s, is satisfied.

8. An ultrasound detecting device, comprising:

the ultrasound detector according to claim 1, and

an interrogation device coupled with the at least one

ultrasound detector and including an interrogation light
source.

9. The ultrasound detecting device according to claim 8,
configured for optoacoustic or thermoacoustic imaging an
object under investigation.

10. The ultrasound detecting device according to claim 8,
wherein the interrogation light source includes a pulsed laser
source.

11. The ultrasound detecting device according to claim
10, wherein at least one of the pulsed laser source creates
light pulses having a duration below 1 ns, in particular below
50 ps, and

the pulsed laser source has an output such that no or

negligible power is created outside the duration of the
light pulses, is satisfied.

12. The ultrasound detecting device according to claim
11, wherein the pulsed laser source is coupled with an
optically dispersive element extending duration of the light
pulses.
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13. The ultrasound detecting device according to claim 8,
wherein the interrogation device includes at least one wave-
length meter configured to detect a modulation of spectral
properties in response to an ultrasound oscillation.

14. The ultrasound detecting device according to claim
13, wherein the wavelength meter is configured to detect a
modulation of spectral properties in the reflection mode, the
ultrasound detecting device further comprising a spectral
inversion device configured for interfering detecting light
reflected by the at least one m-phase shifted FBG or WBG
with a reference beam such that destructive interference is
obtained in all wavelengths but those of the spectral prop-
erties which are modulated in response to an ultrasound
oscillation.

15. The ultrasound detecting device according to claim 14
wherein

the spectral inversion device comprises an optical splitter

and a Michelson interferometer with two interferom-
eter arms, wherein

the optical splitter is arranged to direct light from the

interrogation light source into the interferometer arms,
the -phase shifted FBG or WBG is arranged in one of the
interferometer arms, and

a reflector is arranged in the other interferometer arm.

16. The ultrasound detecting device according to claim 8,
wherein the optical waveguide includes multiple m-phase
shifted FBG’s or WBG’s created in series in the optical
waveguide, the ultrasound detecting device further compris-
ing an optical wavelength demultiplexer device.

17. The ultrasound detecting device according to claim
16, wherein multiple wavelength meters are arranged at an
output of the optical wavelength demultiplexer device to
spectrally selectively detect a modulation of spectral prop-
erties of the detecting light transmitted by the multiple
n-phase shifted FBG’s or WBG’s in response to an ultra-
sound oscillation.

18. The ultrasound detecting device according to claim 8,
wherein

a Mach-Zehnder modulator is arranged between the

n-phase shifted FBG or WBG, and the optical wave-
length demultiplexer device, or

a Mach-Zehnder modulator is arranged between the intet-

rogation light source and the m-phase shifted FBG or
WGB, wherein detecting light input into or transmitted
by the multiple m-phase shifted FBG’s or WBG’s is
intensity modulated using the Mach-Zehnder modula-
tor, and

light sensitive elements are arranged at an output of the

optical wavelength demultiplexer device, whose output
is filtered around a modulation frequency of the Mach-
Zehnder modulator.

19. The ultrasound detecting device according to claim 8,
wherein the interrogation device includes one single inter-
rogation light source.

20. Imaging apparatus comprising:

an excitation device configured to generate ultrasound in

an object by an electromagnetic field input, and
the ultrasound detecting device according to claim 8.

21. The imaging apparatus according to claim 20, con-
figured for optoacoustic or thermoacoustic imaging an
object under investigation.

22. The imaging apparatus according to claim 20, wherein
the excitation device includes an illumination waveguide
configured to illuminate the object under investigation.
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23. The imaging apparatus according to claim 22, further
comprising a tube-shaped enclosure accommodating the
illumination waveguide and the optical fiber of the ultra-
sound detector.

24. The imaging apparatus according to claim 23, wherein
the illumination waveguide and the optical fiber are posi-
tioned such that an offset between the localized defect
resonance portion in the at least one m-phase shifted FBG
and a tip of the illumination waveguide is smaller than 1 cm.

25. The imaging apparatus according to claim 22, wherein
the illumination waveguide is included in the optical fiber of
the ultrasound detector.

26. The imaging apparatus according to claim 21, further
comprising a drive mechanism configured for at least one of
rotating and translating of at least one of the illumination
waveguide and the ultrasound detector relative to the object
under investigation.

27. The imaging apparatus according to claim 21, con-
figured as an intravascular optoacoustic imaging apparatus.

28. A method of detecting ultrasound oscillations ema-
nating an object under investigation comprising:

creating the ultrasound oscillations in the object under

investigation,

subjecting at least one ultrasound detector comprising:

an optical waveguide, and

at least one Bragg grating, created with a predetermined
refractive index modulation amplitude in the optical
waveguide, wherein the at least one Bragg grating
includes a localized defect in periodicity so that a
localized-light resonance portion is configured to be
formed around the defect, and said localized-light
resonance portion has spectral properties configured
to be modulated in response to an ultrasound oscil-
lation, wherein

the optical waveguide is a non-amplifying optical
medium, and

the refractive index modulation amplitude is configured
to be selected such that the localized-light resonance
portion is configured to be concentrated at the defect
in periodicity and the ultrasound oscillation is con-
figured to be sensed by the at least one Bragg grating
with an acoustic sensitivity most of which being
obtained over the localized-light resonance portion,
to the ultrasound oscillations, and

interrogating the at least one Bragg grating included in the

optical waveguide using the ultrasound detecting
device according to claim 8.

29. The method according to claim 28, wherein the
ultrasound oscillations are created with an excitation device
configured to generate ultrasound in the object by an elec-
tromagnetic field input in an optical band or an RF band, said
excitation device being arranged with a distance from the
object or within the object.

30. The method according to claim 28, further comprising
the step of arranging the ultrasound detector in a vascular
portion of a biological organism.

31. The method according to claim 30, further comprising
the step of moving the ultrasound detector in the vascular
portion of the biological organism.

32. The method according to claim 31, further comprising
the step of arranging the at least one ultrasound detector on
a surface of an object under investigation.

33. The method according to claim 29, further comprising
the step of arranging the at least one ultrasound detector at
a distance from the surface of the object under investigation,
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where a medium between the object and the at least one
ultrasound detector is acoustically matched to the imaged
object.
34. An ultrasound detector configured for ultrasound
detection with medical applications comprising:
an optical waveguide, and
at least one Bragg grating, created with a predetermined
refractive index modulation amplitude in the optical
waveguide, wherein the at least one Bragg grating
includes a localized defect in periodicity that causes a
localized-light resonance portion configured to be
formed around the defect, and said localized-light reso-
nance portion has spectral properties configured to be
modulated in response to an ultrasound oscillation,
wherein the optical waveguide is a non-amplifying
optical medium,
the refractive index modulation amplitude is configured to
be selected such that the localized-light resonance
portion is configured to be concentrated at the defect in
periodicity and the ultrasound oscillation is configured

10

15

26

to be sensed by the at least one Bragg grating with an

acoustic sensitivity most of which being obtained over

the localized-light resonance portion, and

wherein at least one of

the at least one Bragg grating comprises a m-phase
shifted Fiber Bragg Grating (FBG) or a m-phase
shifted Waveguide Bragg Grating (WBG) created
with a core refractive index modulation of at least
1x107%,

the at least one Bragg grating comprises a m-phase
shifted FBG created with a grating coupling coefli-
cient above k=0.5 mm™,

the longitudinal extension of the localized-light reso-
nance portion is below 1.5 mm,

the at least one Bragg grating comprises a m-phase
shifted grating which has a length below 1 c¢cm, and

the spectral width of the grating band gap in transmis-
sion is above 0.4 nm, is satisfied.
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