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Long Period Grating Sensor Methods and Apparatus

Field of the Invention

This invention relates to optical sensors based on long period gratings. In
particular, the invention provides methods, sensors, and systems for optical sensors
based on long period gratings interrogated by optical waveguide loop ring-down
spectroscopy, and /or coated with a solid phase microextraction film.

Background of the Invention

Long period gratings (LPGs), like fiber Bragg gratings (FBGs), are periodic
modulations of the refractive index of the core of an optical waveguide — typically a
single-mode optical fiber — but the LPG has a much longer period (typically 10 um to 1
mm) compared to the Bragg grating (< 1 pm). LPGs couple light from the mode
propagating along the fiber core to modes associated with co-propagating cladding
modes of the fiber. Due to the high losses typically experienced by cladding modes, the
LPG behaves as a notch filter. Thus, unlike FBGs which reflect wavelengths selected by
the periodicity of the grating back along the core of the optical fiber, LPGs act as notch
filters with low back reflection. Depending on the regularity of the grating period and the
length of the grating, the band rejection of an LPG can have a width of typically 30 nm
and the loss at the peak can approach —30 dB (James et al. 2003).

For a LPG, the wavelengths of the core mode that couples into the cladding
modes are characterized by the phase-matching condition

Ap = ANy (Asn,ny)=ng  (A,n,y,15)] (equation 1)

where N0 is the effective core refractive index which is a function of wavelength, core
refractive index ny and cladding refractive index nz, and Negcradaing is the effective cladding
refractive index of the i mode, which is a function of wavelength, cladding refractive
index n, and surrounding refractive index ns, and A is the period of the LPG. From this
expression it is apparent that any physical, mechanical, or environmental parameter that
is capable of changing the effective refractive indices differentially (e.g., refractive index
of the surrounding medium) or of changing the period of the grating (e.g., mechanical
strain), will lead to a change in the attenuation spectrum of the LPG. Given proper
calibration, one can then use the shift in the attenuation lines to interrogate the
environmental parameter (see James et al., 2003). This measurement principle has
been discussed in a number of publications, and has led to considerable interest in using
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LPGs as inexpensive, robust and sensitive sensors (Allsop et al. 2001; Bhatia et al.
1996; Bhatia 1999; Chong et al. 2004; DeLisa et al. 2000, Grubsky et al. 2000; James et
al. 2003; Khalig et al. 2001; Khaliq et al. 2002; Lee et al. 2003; Shu et al. 1999).

When using LPGs as chemical sensors the differential change in refractive index
is typically induced by a changing refractive index of the medium surrounding the
cladding. Since the evanescent wave of the cladding modes effectively “probes” the
medium outside the fiber, its refractive index will also influence the effective refractive
index of the cladding. If, for example, in an extreme case the refractive indices of
cladding and surrounding medium are identical, the cladding loses its ability to guide light
and will essentially be extended infinitely. LPGs can hence be used as sensitive sensors
for changes in refractive indices (Bhatia 1999; Chong et al. 2004, Lee et al. 2003; Shu et
al. 1999). For example, aromatic compounds in a hydrocarbon matrix have been
detected by changes in an LPG spectrum (Allsop et al. 2001), producing a wavelength
change of ~0.4 nm for a concentration of xylene of 0.5% (vol) in a paraffin solution. The
detection limit was reported as 0.04% (~400 ppm).

One approach to the use of LPGs as sensors has been to coat the LPG with a
reactive coating that undergoes a chemical and/or physical change when exposed to the
analyte. For example, Luo et al. (2002) used LPGs coated with carboxymethylcellulose
(CMC) to detect humidity, and LPGs coated with metal nanoclusters embedded in
polyethylenimine (PEI) to detect sulfide-based chemical warfare agents. However, the
CMC LPG sensors exhibited strong temperature dependence, and the PEI LPG sensors
underwent an irreversible reaction with the sulfide, such that they were not re-usable. [t
is also likely that the PEI LPG sensors would cross-react with other sulfides/thiols,
suggesting poor specificity to the target compound. Similarly, Murphy et al. (U.S. Patent
No. 5,864,641, issued January 26, 1999) proposed a physically, electrically, and
chemically reactive coatings for LPG sensors. Murphy et al. discussed such a coating
populated with reactive sites for the binding and hence detection of protein, but did not
demonstrate any specificity to a particular protein.

Clearly there are a number of obstacles, relating to factors such as temperature
sensitivity, specificity to the target species, reversibility of interaction with the target
species, and sensitivity with respect to refractive index, which must be overcome before
LPGs may be used practically as sensors.

Summary of the Invention

According to one aspect of the invention there is provided a method for detecting
one or more compounds in a test medium, comprising: providing an optical sensor
comprising a long period grating and a solid phase microextraction film; exposing the

-2-
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optical sensor to the test medium such that said one or more compounds of interest are
selectively partitioned into the solid phase microextraction film; and comparing at least
one optical property of the sensor exposed to the test medium with at least one
corresponding optical property of the sensor in absence of the test medium; wherein a
difference in said at least one optical property is indicative of detection of said one or
more compounds.

In one embodiment, the long period grating is disposed on an optical fiber. In
various embodiments, the optical fiber is a single-mode optical fiber, and the solid phase
microextraction film comprises PDMS. In a preferred embodiment, partitioning of the
one or more compounds of interest into the solid phase microextraction film is reversible.

In a further embodiment, the method further comprises providing an array of two
or more optical sensors each comprising a long period grating and a solid phase
microextraction film.

According to another aspect of the invention there is provided an optical sensor
for detecting one or more compounds in a test medium, comprising: an optical
waveguide comprising a long period grating; and a solid phase microextraction film
disposed on said long period grating; wherein said one or more compounds are
selectively partitioned into the solid phase microextraction film; and wherein said
partitioning of said one or more compounds alters at least one optical property of the
long period grating.

In one embodiment, the optical waveguide is an optical fiber. In various
embodiments, the optical fiber is a single-mode optical fiber, and the solid phase
microextraction film comprises PDMS. In a preferred embodiment, partitioning of the
one or more compounds of interest into the solid phase microextraction film is reversible.
In another embodiment, the sensor further comprises an array of two or more optical
sensors each comprising a long period grating and a solid phase microextraction film.

According to another aspect of the invention there is provided a system for
detecting one or more compounds in a test medium, comprising: one or more optical
sensors as described above; a light source; a detector for detecting light having passed
through said one or more sensors; and means for evaluating one or more properties of
said detected light.

According to another aspect of the invention there is provided a method for
detecting one or more compounds in a test medium, comprising: providing an optical
sensor comprising a long period grating; measuring and comparing at least one optical
property of the sensor exposed to the test medium with at least one corresponding
optical property of the sensor in absence of the test medium, a result of said comparison
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being indicative of detection of the one or more compounds; wherein measuring at least
one optical property comprises using fiber loop ring-down spectroscopy.

In one embodiment, the method further comprised disposing a solid phase
microextraction film on the long period grating.

According to another aspect of the invention there is provided a method for
detecting one or more compounds in a test medium, comprising: providing an optical
sensor comprising a long period grating and a solid phase microextraction film; exposing
the optical sensor to the test medium such that said one or more compounds are
selectively partitioned into the solid phase microextraction film; and measuring and
comparing at least one optical property of the sensor exposed to the test medium with at
least one corresponding optical property of the sensor in absence of the test medium, a
result of said comparison being indicative of detection of the one or more compounds;
wherein measuring at least one optical property comprises using fiber loop ring-down
spectroscopy.

In one embodiment, said fiber loop ring-down spectroscopy comprises: providing
an optical waveguide loop attached to said optical sensor; launching in the optical
waveguide loop an intensity-modulated light at a reference phase; detecting a phase of
said light along the optical waveguide loop; and comparing the detected phase of said
light along the loop with the reference phase; wherein comparing the detected phase and
the reference phase provides information about said at least one optical property of the
optical sensor.

In another embodiment, said fiber loop ring-down spectroscopy comprises:
providing an optical waveguide loop attached to said optical sensor; illuminating the
optical waveguide loop with a plurality of light pulses; detecting roundtrips of said light
pulses at one or more locations along the loop; and determining ring-down time of said
light pulses; wherein said ring-down time is indicative of at least one optical property of
the optical sensor.

According to another aspect of the invention there is provided a system for
detecting one or more compounds in a test medium, comprising: an optical sensor
comprising a long period grating, the optical sensor having optical properties which are
altered when exposed fo the one or more compounds; an optical waveguide loop
attached to said optical sensor; a light source for launching in the optical waveguide loop
an intensity-modulated light at a reference phase; a detector for detecting a phase of
said light along the optical waveguide loop; and means for comparing the detected
phase of said light along the loop with the reference phase; wherein comparing the
detected phase and the reference phase provides information about said optical
properties of the optical sensor.
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According to another aspect of the invention there is provided a system for
detecting one or more compounds in a test medium, comprising: an optical sensor
comprising a long period grating, the optical sensor having optical properties which are
altered when exposed to the one or more compounds; an optical waveguide loop
attached to said optical sensor; a light source for illuminating the optical waveguide loop
with a plurality of light pulses; a detector for detecting roundtrips of said light pulses at
one or more locations along the loop; and means for determining ring-down time of said
light pulses; wherein said ring-down time is indicative of at least one optical property of
the optical sensor.

In various embodiments, the above systems may further comprise a solid phase
microextraction film disposed on said long period grating; wherein said one or more
compounds are selectively partitioned into the solid phase microextraction film; and
wherein said partitioning of the one or more compounds alters at least one optical
property of the long period grating. In preferred embodiments of the above, partitioning
of the one or more compounds of interest into the solid phase microextraction film is
reversible.

In various embodiments of the above systems, the at least one optical property is
refractive index, the light may be of at least one wavelength selected from infra-red (IR),
visible, and ultra-violet, and the optical waveguide loop may comprise a single-mode
optical fiber.

The methods and systems of the invention may employ a plurality of optical
sensors as described above, the plurality of sensors being multiplexed and/or in an
array, for detecting a plurality of compounds of interest. In further embodiments,
individual sensors or groups of sensors may each have a solid phase microextraction
film corresponding to a distinct compound of interest.

Brief Description of the Drawings

The invention will be described below, by way of example, with reference to the
accompanying drawings, wherein:

Figure 1 is a schematic diagram of an experimental setup incorporating a LPG
into a fiber optic ring-down spectroscopy loop.

Figure 2 is plot of the transmission spectrum in air of the LPG which was spliced
into the fiber loop of the setup shown in Figure 1.

Figure 3 is a plot of the instrumental phase angle offset correction. The fiber loop
connecting the laser and detector (see Figure 1) was replaced by a patch consisting of a
short length of SMF-28 optical fiber. The modulation frequency dependent phase shift
between the photodiode detector signal and the laser modulation constitutes an

-5-
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instrumental correction factor which must be subtracted from phase shift measurements
made using the fiber loop.

Figure 4 is a plot of modulation frequency dependence of the phase angle
difference between the fiber loop of Figure 1 and the patch used to obtain the data in
Figure 3, at three different laser frequencies. The slope of these plots gives the negative
ring-down time for the fiber loop. Triangles, 1520 nm without the LPG in the loop;
squares, 1520 nm with the LPG in the loop; circles, 1527 nm with the LPG in the loop.

Figure 5A is a plot showing the attenuation spectra of a LPG with periodicity of
A =274 pm submersed in three DMSO solutions with different refractive index.

Figure 5B is a plot showing change in attenuation maximum wavelength with
refractive index for two LPGs with different periodicities, as indicated. The attenuation
maximum at around 1570 nm of the LPG used in Figure 5A shifts by about 16 nm as the
refractive index of the surrounding solution is changed to match the refractive index of
the cladding. The periodicity affects the sensitivity of the monitored mode to refractive
index, seen as a greater wavelength response for the 252 ym LPG. The maximum
wavelength response is when the refractive index approaches the refractive index of the
cladding independent of the periodicity.

Figure 6 is a plot showing dependence of the fiber loop ring-down time on the
composition of a solution surrounding the LPG, obtained using the setup of Figure 1.
The volume fraction of a solution containing dimethylsulfoxide (DMSO) and water
surrounding the LPG was varied and the cavity ring-down time was determined. The
solution temperature was 22°C. The laser wavelength was set at 1520 nm and the
modulation frequency was 130 kHz.

Figure 7A is a plot showing temporal evolution of the position of the attenuation
maximum of a LPG. The entire LPG was coated with a thin film of PDMS and
submersed in a saturated solution of toluene in water. As the toluene partitioned into the
PDMS the refractive index of the PDMS matrix increased and consequently the
attenuation spectrum shifted. The solid curves are exponential rise and decay curves
with time constants of 19 min and 1.55 min, respectively.

Figure 7B shows temporal evolution of the attenuation maximum wavelength for
lower concentrations of toluene for the LPG of Figure 7A, with equilibration in about 5
min. The shift in wavelength after 5 min exposure is linearly related to the toluene
concentration (data not shown). The signal did not stabilize at 1000 ppm toluene
concentration.

Figure 7C is a plot of spectra of an LPG coated with a film of PDMS, measured
upon immersion in air, water and after submersion in a saturated solution of xylenes

(mixture of isomers) in water.
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Figure 8A is a plot of the attenuation spectrum of a LPG (A = 282 pm) coated
with a PDMS film obtained using the phase-shift optical loop ring-down technique (see
description). Shown is the ring-down time in ps, the phase angle difference between
light entering and exiting the fiber loop as a function of laser wavelength, as well as the
ring-down time in microseconds, which was determined using equation 2.

Figure 8B is a plot of the change in ring-down time of the PDMS-coated LPG of
Figure 8A, as a function of the concentration of xylene in water. The laser wavelength
was fixed at 1590 nm. As the xylene partitioned into the PDMS polymer the refractive
index of the polymer changed and the spectrum shown in Figure 8A shifted, thereby
increasing the optical loss at 1590 nm.

Figure 9 shows film:solution partition constant (K) values for various compounds
partitioning from water into three siloxane films: pure polydimethylsiloxane (PDMS),
PDMS doped with amine groups by adding 10% (v/v) 3-aminopropyltriethoxy silane to
PDMS precursor before film formation (APTES), and PDMS doped with phenyl groups
by adding 10% (v/v) diphenyldiethoxy silane to PDMS precursor before film formation
(PDPS).

Figure 10A is a plot showing refractive index of PDMS films as a function of the
mol% of titanium doping of the PDMS. The doped PDMS was prepared by adding
tetraethoxy titanium to PDMS during polymerization. Films were deposited on glass
slides and refractive index was measured using a refractometer.

Figure 10B is a plot showing refractive index of 6 mol% titanium-doped PDMS
films as a function of mol% diphenyl! siloxane doping of the PDMS. The doped PDMS
was prepared by adding diethoxydiphenyl silane and tetraethoxy titanium during
polymerization. Films were deposited on glass slides and refractive index was measured
using a refractometer.

Figure 11 shows the change in refractive index of a 12.2% titanium PDMS film, or
a 7.7% APTES PDMS film, for various analytes. Films were deposited on glass slides
and refractive index was measured using a refractometer. The slides were exposed to
water saturated with the analyte and the change in refractive index was normalized to a
100 ppm solution concentration. The numbers in parentheses indicate the refractive
index of the analytes in pure liquid form.

Detailed Description of Preferred Embodiments

Practical use of LPGs as sensors in, for example, environmental and chemical
applications, requires monitoring the change in the attenuation spectrum of the LPG as a
function of the composition of the medium surrounding the LPG. Here, five obstacles
need to be addressed:
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) The change in the attenuation spectrum is largest when the refractive
index of the cladding and the surrounding medium is similar. This excludes water and
other solvents as a matrix in which contaminants can be measured, as their refractive
indices are considerably below the refractive index of the cladding.

(ii) If the index matching condition is not fulfilled, the changes in the
attenuation spectrum may be very small and measurable only with a highly resolving
spectrum analyzer.

(iiy  There is no chemical specificity that allows the operator to identify which
chemical compound has induced a shift in the attenuation spectrum.

(iv)  The equipment needed to determine the change in the attenuation
spectrum is expensive and not necessarily field suitable.

v) Measurable refractive index changes typically require high concentration
changes (hundreds of ppm) in the surrounding media. A LPG is therefore not suitable as
a detector for applications involving trace amounts of contaminants.

The invention addresses these concerns in providing an inexpensive, robust, and
sensitive sensor employing an LPG together with at least one of solid phase
microextraction and fiber-loop ring-down spectroscopy.

As used herein, the term “solid phase microextraction (SPME)” relates to the
extraction or partitioning of a compound of interest (e.g., an analyte or target species)
from a mixture of compounds, into a solid phase, based on affinity of the compound of
interest for the solid phase. Preferably, partitioning of the compound of interest into the
solid phase material is reversible. The term “affinity” as used herein does not refer to
interaction characteristic of protein-ligand complexes, as SPME does not involve such
reactions. The solid phase material does not react with the compound of interest, and
accordingly does not undergo a chemical change when exposed to the compound of
interest. Rather, SPME is based on partitioning of the compound of interest from a
mixture or medium into the solid phase. Such partitioning may involve the compound
dissolving into the solid phase, wherein compound particles become substantially
surrounded by the solid phase. Without being bound by theory, it is believed that at least
in some situations such partitioning is based on the free energy gain of the system when
the molecule of interest leaves the mixture or medium and moves into the solid phase.
For example, in an aqueous system, unfavourable interactions of a compound of interest
with water may drive the transfer (i.e., entropy). The mixture of compounds is typically a
fluid, and may be a gas or a liquid. Where the fluid is a liquid, the mixture may be
aqueous. The compound of interest may itself be a solid, liquid, or gas, e.g., dispersed

as particles in the mixture of compounds.
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In optical sensor applications, the solid phase material is applied, e.g., as a film,
to the outside surface of an optical waveguide, such as an optical fiber. Compounds of
interest partitioned into the solid phase material detectably alter at least one optical
property of the fiber, thus rendering the fiber an optical sensor for the compound of
interest. The affinity of the compound of interest for the solid phase material is
characterized as the film:solution partition constant (Ks), defined as the ratio of the
concentration of a compound in the film to the concentration of the compound in solution
at equilibrium. Selectivity of a film for one compound over another is then defined as the
ratio of K¢ values (= Ky o/Kssp)-

An example of a SPME film material is the polymer polydimethylsiloxane (PDMS),
which extracts compounds from a mixture of compounds in close correlation to
hydrophobicity. This is best described by the close correlation between K for
compounds in PDMS films and K, the octanol:water partition constant (Mayer et al.
2000). Large values of K indicate preconcentration of analyte in the polymer matrix,
with typical logKss values for organic compounds such as polycyclic aromatic
hydrocarbons (PAHSs) in the range of 2-5 (Mayer et al. 2000; Brown et al. 2001). As long
as the polymer matrix film is less than a few millimeters thick the partitioning process
equilibrates within minutes.

The selectivity patterns of polymer films such as PDMS can be altered by doping
the polymer. This may be accomplished by incorporating specific chemical functional
groups into the polymer at various levels. For example, a PDMS film doped with phenyl
groups was shown to have affinity for the aromatic compound toluene (Matejec et al.
2003).

SPME based on polymer coatings on optical fibers has been used for detection of
extracted compounds through absorption of the evanescent radiation in the SPME
coating (Krska et al. 1993; Mizaikoff 1999). PDMS is a good matrix for these
measurements due to its optical properties: it is clear and has a refractive index (typically
1.41) which acts as a cladding to maintain light propagation in the waveguide. The main
drawback of these approaches has been the need for direct absorption of radiation by
the extracted compounds. This places significant limitations on the light sources and
detectors which can be used.

An alternative is to measure a more generic parameter from the polymer film,
such as film refractive index. This is different than the evanescent detection scheme
mentioned above, as detection of refractive index changes requires detecting changes in
the light propagating in the waveguide. As compounds are extracted into the film, the
refractive index of the film and signal propagated through the waveguide will change,
and this has been used to detect extracted compounds (Tobiska et al. 1998; Chomat et

-9-
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al. 2002). Problems with this approach are the poor sensitivity of the refractive index
measurements used, and the lack of selectivity of the polymers used.

According to a first aspect of the invention, there is provided a method for
detecting one or more compounds of interest in a test medium, using an optical sensor
comprising a LPG and a SPME film. The method comprises exposing the optical sensor
to the test medium such that said one or more compounds of interest are selectively
partitioned into the solid phase microextraction film, and comparing at least one optical
property of the sensor exposed to the test medium with at least one corresponding
optical property of the sensor in absence of the test medium, wherein the comparison is
indicative of detection of the one or more compounds of interest. The invention also
provides an optical sensor comprising a LPG and a SPME film, and a system for carrying
out the method of detecting one or more compounds of interest.

According to the invention, the SPME film is applied to the entire LPG, or a
portion of the LPG. The combination of LPG and SPME coating provides for determining
optical properties of the coating, which affect the optical spectrum of the LPG. In some
applications it may be that a change in an optical property of the coating (e.g., refractive
index) is related to the optical property of the analyte (e.g., refractive index of analyte),
but this is not necessarily the case.

As used herein, the term “detecting” is intended to mean determining the
presence and/or concentration and/or identity and/or optical property(ies) of one or more
compounds of interest (i.e., one or more analytes).

As used herein, the term “test medium” is intended to refer to any medium in
which one or more compounds of interest may be found, and which may substantially
surround the optical sensor so as to facilitate detection of the analyte(s). A test medium
may be solid, semi-solid, or fluid such as liquid or gas.

This aspect of the invention provides for determination of the presence,
concentration, optical properties, and/or identity of an analyte partitioned into the SPME
film, using the resulting shift in optical loss spectrum of the LPG. This may be
determined either by recording a spectrum of wavelengths or by recording the loss at a
fixed wavelength. SPME provides not only selectivity for the analyte, but also enhances
the local concentration of the analyte in the film by many orders of magnitude (e.g., 100
to 1000-fold).

The chemical selectivity of the measurement arises from the chemical specificity
(i.e., formulation) of the SPME film. Thus, the formulation of the film may be prepared so
as to maximize selectivity for an analyte of interest. In one embodiment, the SPME film
is a polymer, for example, PDMS. Such embodiment is particularly well suited to
aqueous mixtures of compounds. In various embodiments, the selectivity of a SPME

-10 -
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material may be enhanced by providing for specific chemical or physical interactions of
the analyte with the polymer matrix. For example, the SPME material may be doped
with, e.g., functional groups to enhance specificity to an analyte (see Example 4). In
other embodiments, the film may be a polymer or composite material selected from
those listed in Table 1, with corresponding selectivity to various analytes as shown. In
further embodiments, the SPME film is a material or combination of materials selected
from, for example, polymers, zeolites, porous glass, antibodies, ion exchange resins, sol-
gels, and ligands.

The selectivity of a measurement may be enhanced by multiplexing two or more
LPG-SPME sensors into a sensor array, and using for example, multivariate analysis to
extract chemical composition of mixtures.

Table 1. Materials suitable for use as SPME films, and corresponding analytes (Builetin
923, Supelco Inc., Bellefonte, PA 16823).

R Applicétion

For Volatiles

65um For Volatiles, Amines, and
polydimethylsiloxane/divinylbenzene  Nitroaromatic Compounds

60pm For Amines and Polar
polydimethylsiloxane/divinylbenzene Compounds (HPLC use only)

For Gases and Low Molecular
Weight Compounds

: 'Foonlatlles, Amines, and
N|troaromat|c Comp unds

50/30pm dlvmylbenzeneICarboxen For Flavor Compounds
(Volatlles and Semlvolatlles)

85pmCarboxenlpolyd|methylsnoxane N ‘aFor Gases and Low Molecular

R oy Weight Compounds

70pm Carbowaxldlvmylbenzene o For Alcohols and Polér
Compounds

:100um polydnmethylsnloxane i ForVoIatlles — _ j

50/30pm dlvmylbenzeneICarboxen For Odor Compounds
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According to a preferred embodiment, SPME using polymer films is optimized to
achieve three objectives:

(i) A polymer matrix with a refractive index close to the refractive index of the
fiber is used, so that the shift in the attenuation spectrum is maximized.

(i) SPME increases the analyte concentration near the fiber cladding by two
or three orders of magnitude over the analyte concentration in the mixture. This leads to
large changes in the refractive index of the polymer matrix which are directly dependent
on the concentration change in solution.

(iii) Polymers with affinities to particular classes of chemicals are used, which
provides crude chemical selectivity. The effect may be enhanced by multiplexing an
array of two or more of such sensors, each with slightly different polymer selectivities,
and extracting the exact composition using multivariate analysis.

Fiber-loop ring-down spectroscopy (FLRDS) is capable of measuring very small
changes in optical losses in optical waveguides. The technique is fully compatible with
single mode optical fibers typically used for LPGs. In a single-path experiment FLRDS
allows for measurement of absolute optical loss independently of power fluctuations of
the light source. In one embodiment, referred to herein as “pulsed FLRDS”, described in
detail in our U.S. Patent No. 6,842,548, issued January 11, 2005, and in Brown et al.
(2002), a nanosecond laser pulse is injected into an optical waveguide loop and the
optical losses are determined from the time it takes for the intensity of the round trip
signal to decay to 1/e of its initial value, i.e., the ring-down time. The technique is very
robust and inexpensive. A recent improvement, described in detail in our U.S. Patent
Application No. 11/079,478, filed on March 15, 2005, and in Tong et al. (2004), involves
the use of an intensity-modulated continuous wave (cw) laser beam that is coupled into
the fiber. The ring-down time is obtained indirectly from the difference in the phase of
the light injected and emitted from the loop. This phase shift is related to the ring-down

time, 7, through the relation:
¢ = ¢+ tan™ (-Qr) (equation 2)

where Q is the modulation frequency and ¢y is a frequency dependent offset phase angle
that depends on the inherent time delays in the electronic and optical components.
Depending on the intensity of the emitted light, the phase angle measurements can be
done very fast and we have demonstrated a time resolution of 200 ms on a system that
was not optimized.
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According to a second aspect of the invention, there is provided a method for
detecting one or more compounds in a test medium, comprising providing an optical
sensor comprising a long period grating, measuring and comparing at least one optical
property of the sensor exposed to the test medium with at least one corresponding
optical property of the sensor in absence of the test medium, said comparison being
indicative of detection of the one or more compounds, wherein measuring at least
one optical property comprises using fiber loop ring-down spectroscopy. The invention
also provides a system for carrying out such method.

This aspect of the invention provides for determination of optical loss introduced
into an optical fiber loop by the LPG, using pulsed or phase shift FLRDS. As such
optical loss may be caused by variables such as mechanical (e.g., stress, strain,
vibration) and/or environmental (e.g., chemical, thermal) factors acting on the LPG, the
invention provides a method and apparatus to accurately and rapidly detect,
characterize, and/or quantify those factors. Measurements may be carried out by
scanning the light source and determining the resulting spectrum in relation to such
variable(s), or by keeping the light source wavelength constant and determining optical
loss resulting from such variable(s) after calibration.

It should be noted that both refractive index and evanescent wave absorption
change the loss properties of the LPG. For example, the refractive index change
induced by the analyte may shift the attenuation band of the LPG into the wavelength
region interrogated by FLRDS (or any other means of interrogating the LPG), thereby
increasing the loss at this wavelength. When the laser is tuned to the wavelength where
the attenuation band of the LPG is maximum in absence of the analyte, then the shift of
the attenuation spectrum of the LPG in the presence of the analyte will cause the loss to
decrease at this wavelength.

A benefit of this aspect of the invention is that the optical loss of the LPG can be
obtained without having to rely on the linearity and stability of the light source or detector,
making the system considerably more robust and field-suitable when compared to a
typical intensity-based measurement. Another benefit is that FLRDS has the greatest
sensitivity at low optical losses, compared to most other optical loss measurements.
Further, FLRDS can be implemented using either a scanning laser source or a fixed
wavelength source. In the former case, one can obtain the full attenuation spectrum with
particular sensitivity to regions of low optical loss, whereas the latter case may be more
suitable in a field-deployable application. Here the changes in optical loss are monitored
by FLRDS in accordance with the variation of an environmental parameter, for example,
the refractive index of the medium surrounding the LPG.
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According to a third aspect of the invention there is provided a method for
detecting one or more compounds in a test medium, comprising providing an optical
sensor comprising a long period grating and a solid phase microextraction film, exposing
the optical sensor to the test medium such that said one or more compounds of interest
are selectively partitioned into the solid phase microextraction film, and measuring and
comparing at least one optical property of the sensor exposed to the test medium with at
least one corresponding optical property of the sensor in absence of the test medium,
the comparison being indicative of detection of the one or more compounds, wherein
measuring at least one optical property comprises using fiber loop ring-down
spectroscopy. The invention also provides sensors and systems for carrying out such
method.

According to this aspect of the invention, FLRDS is used to determine optical loss
introduced into the optical loop by the LPG, the optical loss resulting from partitioning of
an analyte into the SPME film of the LPG. FLRDS may be used as described above,
that is, in phase shift or pulsed operation, scanning the light source or keeping itat a
constant wavelength, and the like. The LPG and SPME are used as described above,
wherein the chemical selectivity of the measurement arises from the chemical specificity
of the SPME formulation, which may be enhanced as described above.

The invention is further described by way of the following non-limiting examples.

Working Examples

Example 1. Sensor using a long period grating and fiber loop ring-down
spectroscopy.
Experimental setup

The experimental setup is shown in Figure 1. At its center is a LPG 10, with a
length of 22 mm and a periodicity of 274 um, which was custom-made by Avensys Inc.
(Pointe-Claire, Quebec, Canada) using Dow Corning SMF-28 single mode optical fiber.
The attenuation spectrum of the LPG in air at around 1.5 um is shown in Figure 2. The
LPG was spliced into a loop 12 made of the same SMF-28 fiber using a fusion splicer to
make a total length of the loop of about 11 m. An ANDO AQ4320D tunable diode laser
14 was modulated using a function generator 24, and the amplitude modulated light with
a power of 5 mW and a bandwidth of 200 MHz was coupled into the loop using a
99.5/0.5 2x2 directional coupler 16 (Lightel Technologies). The intensity of light
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circulating within the loop was monitored using a 99.5/0.5 2x1 tap 18 (Lightel
Technologies) and a fast InGaAs photodiode detector 20.

The phase angle shift, ¢, was measured using a 200 MHz lock-in amplifier 22
(Stanford Research Systems 844), where the reference was obtained from the
synchronized output of the modulated laser diode. The error in the measurements was
approximately 0.02 degree according to the manufacturer. The ring-down time of the
fiber loop was determined from the slope of a plot of tan ¢ against the modulation
frequency, Q (Tong et al. 2004).

The inset in Figure 1 shows shematically analyte particles partitioning into an
SPME film disposed on the LPG, as described in Example 3.

Results

To obtain reliable optical decay constants from the FLRDS measurement, one
needs to determine the time-response and offset phase angle of the instrumentation.
Using a patch cord to couple the laser output straight into the light detector, the
frequency-dependent instrumental phase offset was measured (Figure 3).

In the absence of any offsets, the tangent of the phase angle should vary linearly
with the modulation frequency and the slope will yield the ring-down time, <. It was found
that both frequency dependent and frequency independent offsets needed to be
included. The ring-down times were obtained using this correction. The ring-down time
measured at 1520 nm without the LPG (Figure 4; triangles) was 998 ns. With the LPG in
the loop (squares), the ring-down time at 1520 nm was 683 ns, while that measured at
1527 nm (circles) was 520 ns. Examination of Figure 2 indicates that the higher loss of
the LPG at 1527 nm compared with that at 1520 nm is responsible for the shorter ring-
down time at this laser wavelength.

The effect of a change of refractive index in the attenuation spectrum of the LPG
was determined by immersing the LPG in solutions of dimethylsulfoxide (DMSO) in water
where the mole fraction was modified from 30% to 100% in DMSO. From the mole
fraction the refractive index was calculated using the Lorentz-Lorenz equation. Figure
5A shows the effect of the surrounding refractive index on the attenuation spectrum. The
attenuation maxima corresponding to higher order cladding modes (maxima at longer
wavelengths) shift dramatically as the refractive index of the surrounding solution
approaches and then matches the refractive index of the cladding.

As can be seen from Figures 5A and B, the optical losses change dramatically as
the refractive index changes. For example, Figure 5A shows that the optical losses at
1550 nm increase by more than 1 dB as the refractive index of the surrounding solution
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increases. We therefore kept the laser wavelength fixed at 1520 nm, spliced the LPG
into the fiber loop and measured the optical loss through the phase angle for different
mole fractions of DMSO and water (Figure 6). In the region of maximum slope, a change
in refractive index of 0.000015 can be detected assuming a phase resolution of 0.02°.

Without being bound to any particular theory at the exclusion of others, one
explanation for the shape of the curve in Figure 6 is that, as the volume fraction of
DMSO increases, the ring-down time decreases sharply as the refractive index of the
test medium approaches that of the optical fiber cladding. As the volume fraction of
DMSO increases further, the ring-down time increases as the refractive index of the test
medium exceeds that of the optical fiber cladding.

Example 2. Sensor using a long period grating and solid phase microextraction

The combination of solid-phase microextraction with long period gratings but
without the use of optical ring-down detection was tested in a preliminary experiment.
An LPG was coated with PDMS (Dow Corning 100% silicone rubber) by evaporating the
solvent from a 100 mg/ml solution of the PDMS precursor material in methylene chloride.
The thickness of the resulting film was estimated to be between 10 and 500 pm and its
refractive index was close to n; = 1.41 (Chomat et al. 2002). Attenuation spectra of the
LPG were recorded in straight transmission while the film was submersed in a saturated
solution of toluene in water (concentration approx. 500 ppm). The change in position of
the attenuation maximum was recorded as a function of time (Figure 7A) and was fitted
using a simple exponential growth function. A partitioning time constant of t; = 19 min
was obtained for partitioning of toluene into the polymer and of only 1.565 min for removal
of toluene during rinsing with water. The concentration of the toluene in the PDMS can
be estimated using the octanol-water partitioning coefficient (pKoy = 2.7). Given that the
concentration in water was about 500 ppm, its concentration in PDMS was estimated to
be close to 1%. The long apparent equilibration time in saturated toluene is attributed to
slow swelling of the polymer film.

Exposure to lower toluene concentrations provided more rapid equilibration (5
min) with smaller wavelength shifts (Figure 7B). The shift after 5 min was linearly
proportional to the concentration of the toluene in the water. A similar wavelength shift
was observed on addition of xylenes (mixture of isomers) in water, as seen in Figure 7C.

Example 3. Sensor using a long period grating, solid phase microextraction, and
fiber loop ring-down spectroscopy

In this example a sensor based on the combination of an LPG with SPME and
interrogated by FLRDS is described. In particular, this example relates to a sensor for
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detecting hydrophobic contaminants in water. The inset in Figure 1 shows shematically
analyte particles partitioning into an SPME film disposed on the LPG.

An LPG with a comparably weak attenuation spectrum was coated with PDMS
(Dow Corning 100% silicone rubber) by evaporating the solvent from a 100 mg/ml
solution of PDMS precursor material in methylene chloride. The thickness of the
resulting film was between about 10 and 500 um and its refractive index was close to
1.41. The attenuation spectrum of the LPG was recorded using fiber-loop ring-down
spectroscopy in the continuous wave (i.e., phase shift) implementation. In particular, the
phase angle of the synchronized output from a periodically driven laser was referenced
to the detector output, and from the difference of the phase angles the ring-down time
was calculated (Figure 8A).

As the ring-down times were recorded over part of the attenuation spectrum of
the LPG they provided for a very sensitive determination of optical loss. The attenuation
spectrum was then modified by immersing the polymer-coated LPG in a test medium.
For example, solutions of different concentrations of xylene in water used to evaluate the
technique. Changes in the attenuation spectrum were recorded by measuring ring-down
times (via phase angle differences) at many different wavelengths. From the shift of the
attenuation maximum the concentration of xylene was then obtained, after calibration.

Furthermore, the attenuation of the LPG was recorded using FLRDS at a fixed
wavelength and from the ring-down time a concentration of xylene in water was obtained
after calibration. In Figure 8B the dependence of the ring down time, which was derived
from the phase angle, on the xylene concentration is shown.

Example 4. Film:solution partition constant (K;s) of modified PDMS films

Figure 9 shows the logK;s values measured for a variety of analytes in pure
PDMS film and in modified PDMS films. The modified PDMS films were doped with
amine groups (by adding 10% (v/v) 3-aminopropyltriethoxy silane to PDMS precursor
before film formation) (APTES), and with phenyl groups (by adding 10% (v/v)
diphenyldiethoxy silane to PDMS precursor before film formation) (PDPS). These results
show different affinity of the three polymers for the analytes. For example, the positive
effect of the amine group in the APTES polymer on hydroxypyrene partitioning is
dramatic. The polar hydroxylated molecule normally partitions weakly into PDMS, but
addition of the amine group provides an opportunity for specific hydrogen-bonding
interactions, which dramatically increases the K value.
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Example 5. Refractive index changes in films

Table 2 shows the refractive index (at 1.55 um wavelength) of several PDMS and
modified PDMS polymer films. Modified films were made from the polymerization of
dichlorodimethyl silane with one or more of the following: trichloromethyl silane,
diethoxydiphenyl silane, 3-aminopropyltriethoxy silane or tetraethoxy titanium (IV). All
percentages in Table 2 are in mole percent. Figure 10 shows the ability to modify the
film refractive index to a specific value by changing the levels of titanium (Figure 10A) or
diphenyl siloxane (Figure 10B) substituent in the film.

Partitioning of analytes into the film caused a change in the film refractive index.
Figure 11 shows changes in refractive index for various analytes partitioned into either a
12.2% titanium PDMS film, or a 7.7% APTES PDMS film. Films were exposed to water
saturated with the analyte. The corresponding change in refractive index was
normalized to change for a 100 ppm solution of the analyte. These results show the
different responses of these two modified polymer films, which provides differentiation
between analytes. Thus, an array of sensors, each with a different SPME film, which
films may comprise modified and unmodified polymers such as PDMS, would provide for
differential detection/identification of various analytes.

Table 2. Refractive index (at 1.55 um wavelength) of several PDMS and modified PDMS
polymer films. Film details are given in the text.

Film Refractive Index
PDMS (Dow Corning Aquarium Sealant) 1.3961

| I?D}M”S’i(ﬁ?fﬁ?.%‘APTEﬁ | % 148
' PDMS (4.7% Diphenyl, 14.0% APTES) 14373
" PDMS (4% Diphenyl, 6% Titanium) * ~© | 7 qadse U

The contents of all cited publications, including patent documents, are
incorporated herein by reference in their entirety.
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experimentation, variants of the embodiments described herein. Such variants are within

the scope of the invention and are covered by the appended claims.
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Claims
1. A method for detecting one or more compounds of interest in a test medium,
comprising:

providing an optical sensor comprising a long period grating and a solid phase
microextraction film;

exposing the optical sensor to the test medium such that said one or more
compounds of interest are selectively partitioned into the solid phase microextraction
fiﬁn; and

comparing at least one optical property of the sensor exposed to the test medium
with at least one corresponding optical property of the sensor in absence of the test
medium;

wherein a difference in said at least one optical property is indicative of detection
of said one or more compounds of interest.

2. The method of claim 1, wherein the long period grating is disposed on an optical
fiber.

3. The method of claim 2, wherein the optical fiber is a single-mode optical fiber.

4, The method of claim 1, wherein the solid phase microextraction film comprises
PDMS.

5. The method of claim 1, wherein partitioning of the one or more compounds of

interest into the solid phase microextraction film is reversible.

6. The method of claim 1, further comprising providing an array of two or more
optical sensors each comprising a long period grating and a solid phase microextraction

film.
7. An optical sensor for detecting one or more compounds in a test medium,
comprising:

an optical waveguide comprising a long period grating; and

a solid phase microextraction film disposed on said long period grating;

wherein said one or more compounds are selectively partitioned into the solid
phase microextraction film; and

wherein said partitioning of said one or more compounds alters at least one
optical property of the long period grating.
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8. The sensor of claim 7, wherein the optical waveguide is an optical fiber.

9. The sensor of claim 8, wherein the optical fiber is a single-mode optical fiber.

10.  The sensor of claim 7, wherein the solid phase microextraction film comprises:
PDMS.

11.  The sensor of claim 7, wherein the sensor further comprises an array of two or
more optical sensors each comprising a long period grating and a solid phase
microextraction film.

12. The sensor of claim 7, wherein partitioning of the one or more compounds of
interest into the solid phase microextraction film is reversible.

13. A method for detecting one or more compounds in a test medium, comprising:

providing an optical sensor comprising a long period grating;

measuring and comparing at least one optical property of the sensor exposed to
the test medium with at least one corresponding optical property of the sensor in
absence of the test medium, a result of said comparison being indicative of detection of
the one or more compounds;

wherein measuring at least one optical property comprises using fiber loop ring-
down spectroscopy.

14.  The method of claim 13, further comprising:
disposing a solid phase microextraction film on the long period grating;
wherein said one or more compounds are selectively partitioned into the solid
phase microextraction film.

16.  The method of claim 13, wherein said fiber loop ring-down spectroscopy
comprises:
providing an optical waveguide loop optically connected to said optical sensor;
launching in the optical waveguide loop an intensity-modulated light at a
reference phase;
detecting a phase of said light along the optical waveguide loop; and
comparing the detected phase of said light along the loop with the reference
phase;
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wherein comparing the detected phase and the reference phase provides
information about said at least one optical property of the optical sensor.

16.  The method of claim 13, wherein said fiber loop ring-down spectroscopy
comprises:

providing an optical waveguide loop optically connected to said optical sensor;

illuminating the optical waveguide loop with a plurality of light pulses;

detecting roundtrips of said light pulses at one or more locations along the loop;
and

determining ring-down time of said light pulses;

wherein said ring-down time is indicative of at least one optical property of the
optical sensor.

17. A system for detecting one or more compounds in a test medium, comprising:

an optical sensor comprising a long period grating, the optical sensor having at
least one optical property which is altered when exposed to the one or more compounds;

an optical waveguide loop optically connected to said optical sensor;

a light source for launching a light in the optical waveguide loop;

a photodetector for detecting said light along the optical waveguide loop, said
light having passed through the optical sensor; and

means for analyzing the detected light;

wherein the detected light provides information about said at least one optical
property of the optical sensor.

18. The system of claim 17, wherein:

the light source launches an intensity-modulated light at a reference phase;

the photodetector detects a phase of said light along the optical waveguide loop;
and

means for analyzing comprises means for comparing the detected phase of said
light along the loop with the reference phase;

wherein comparing the detected phase and the reference phase provides
information about said at least one optical property of the optical sensor.

19. The system of claim 17, wherein:

the light source illuminates the optical waveguide loop with a plurality of light
pulses;
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the photodetector detects roundtrips of said light pulses at one or more locations
along the loop; and

means for analyzing comprises means for determining ring-down time of said
light pulses;

wherein ring-down time is indicative of at least one optical property of the optical
sensor.

20. The system of claim 17, further comprising a solid phase microextraction film
disposed on said long period grating;

wherein the one or more compounds are selectively partitioned into the solid
phase microextraction film; and

wherein partitioning of the one or more compounds alters at least one optical
property of the long period grating.

21.  The system of claim 20, wherein partitioning of the one or more compounds of
interest into the solid phase microextraction film is reversible.

22. The system of claim 17, wherein the at least one optical property is refractive
index.

23.  The system of claim 17, wherein the light has at least one wavelength selected
from infra-red (IR), visible, and ultra-violet.

24.  The system of claim 17, wherein the optical waveguide loop comprises a single-
mode optical fiber.
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