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SYSTEM AND METHOD FOR USING SLOW LIGHT IN OPTICAL SENSORS

BACKGROUND
Field

|0002] The present application relates generally to optical sensors, and more
specifically to fiber optic sensors.

Description of the Related Art

[0003] Recently, a great deal of attention has been focused on greatly reducing the
group velocity of light to be significantly less than the speed of light in vacuum (referred to
as "slow light"). Systems such as electronically induced transparency (see, e.g., S. E. Harris,
"Electromagnetiéally induced transparency,”" Phys. Today, Vol. 50, No. 7, 36-42 (1997)),
Bragg fibers (see, e.g., C. Lin, W. Zhang, Y. Huang, and J. Peng, "Zero dispersion slow
light with low leakage loss in defect Bragg fiber ," Appl. Phys. Lett.,, Vol. 90, 031109
(2007)), and coupled resonator arrays (see, e.g., A. Yariv, Y. Xu, R.K. Lee and A. Scherer,
"Coupled resonator optical waveguide: a proposal and analysis " Opt. Lett., Vol. 24, No.
11, 711-713 (1997)) have all been shown to reduce the group velocity of light by orders of
magnitude. In addition, slow hght has been studied in photonic-bandgap structures. (See,
e.g., M. Soljacic, S.G. Johnson, S. Fan, M. Ibansecu, E. Ippen and J.D. Joannopoulos,
"Photonic-crystal slow-light enhancement of nonlinear phase sensitivity," J. Opt. Soc. Am.
B, Vol. 19, No. 9, 2052-2059 (2002); U. S. Patent No. 6,917,431, "Mach-Zehnder
interferometer using photonic band gap crystals," 1ssued on July 12, 2005; U. S. Patent No.
7,116,864, "Stopping and time reversing light in a waveguide with an all-optical system,"
1ssued on October 3, 2006; M.F. Yanik and S. Fan, "Stopping light all-optically " Phys.
Rev. Lett., Vol. 92, 083901 (2004); M.F. Yanik, W. Suh, Z. Wang, and S. Fan, "Stopping
[ight 1n a waveguide with an all-optical analogue of electromagnetic induced

transparency,” Phys. Rev. Lett., Vol. 93, 233903 (2004); M.F.
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Yanik and S. Fan, “Stopping and storing light coherently,” Phys. Rev. A, Vol. 71, 013803
(2005); S. Sandhu, M.L. Povinelli, M.F. Yanik, and S. Fan, “Dynamically-tuned coupled

resonator delay lines can be nearly dispersion free,” Optics Lett., Vol. 31, 1985-1987 (2006),

SUMMARY

[0004] In certain embodiments, an optical sensor comprises at least one optical
coupler and an optical waveguide in optical communication with the at least one optical
coupler. The optical waveguide 1s configured to receive a first optical signal from the at least
one optical coupler. The first optical signal has a group velocity and a phase velocity while
propagating through at least a portion of the optical waveguide, the group velocity less than
the phase velocity. An iterference between the first optical signal and a second optical
signal 1s affected by perturbations to at least a portion of the optical sensor.

[0005] In certain embodiments, an optical sensor comprises at least one optical
coupler and an optical waveguide configured to receive a first optical signal and a second
optical signal from the at least one optical coupler. Light propagates through at least a
portion of the optical waveguide with a group velocity and a phase velocity, the group
velocity less than the phase velocity. The optical waveguide is configured to move along a
first direction while the first optical signal propagates through the optical waveguide in the
first direction and the second optical signal propagates through the optical waveguide in a
second direction generally opposite to the first direction. An interference between the first
optical signal and the second optical signal is affected by perturbations to at least a portion of
the optical sensor.

[0006] In certain embodiments, an optical sensor comprises a fiber coupler
configured to receive light from a light source and to transmit light to a light detector. The
optical sensor further comprises a fiber coil optically coupled to the fiber coupler. At least a
portion of the fiber coil comprises an optical fiber through which light propagates with a
group velocity and a phase velocity, the group velocity less than the phase velocity., At least
one of the fiber coil and the fiber coupler is configured to move relative to the other such that

a first optical pathlength between a first portion of the fiber coil and the fiber coupler

Iincreases and a second optical pathlength between a second portion of the fiber coil and the
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fiber coupler decreases. A first portion of the light received by the fiber coupler from the
light source propagates from the fiber coupler, through the fiber coil in a first direction, and
back to the fiber coupler and a second portion of the light received by the fiber coupler from
the light source propagates from the fiber coupler, through the fiber coil in a second direction
opposite to the first direction, and back to the fiber coupler. The first portion of the light and
the second portion of the light propagate to the light detector and interfere with one another,
wherein the interference between the first portion of the light and the second portion ot the
light is indicative of the movement of the fiber coil relative to the fiber coupler.

[0007] In certain embodiments, a method fabricates an optical sensor having a
first sensitivity to changes of a first measurand and a second sensitivity to changes of a
second measurand. The method comprises providing an optical waveguide through which
light is configured to propagate with a group velocity and a phase velocity, the group
velocity less than the phase velocity. A first enhancement of the first sensitivity is dependent
on a group index of the optical waveguide and a second enhancement of the second
sensitivity is dependent on the group index. The method further comprises selecting the
group index such that the first enhancement is greater than the second enhancement.

[0007a] In accordance with another aspect of the present invention, there 1s
provided an optical sensor comprising: at least one optical coupler; and an optical waveguide
in optical communication with the at least one optical coupler, the optical waveguide
configured to receive a first optical signal from the at least one optical coupler, wherein the
first optical signal has a group velocity and a phase velocity while propagating through at
least a portion of the optical waveguide, the group velocity less than the phase velocity,
wherein an interference between the first optical signal and a second optical signal is atfected
by perturbations to at least a portion of the optical sensor, wherein the perturbations comprise
a change of strain, a change of temperature, or both a change of strain and a change of
temperature of the at least a portion of the optical waveguide, the optical sensor has a strain
sensitivity to the change of strain and a temperature sensitivity to the change of temperature,
and the at least a portion of the optical waveguide has a group index such that a ratio of the

strain sensitivity to the temperature sensitivity 1s at or near a minimum.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Figure 1 schematically illustrates an interferometric fluid velocity

SCISOT.
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[0009] Figure 2 schematically illustrates an interferometric tangential velocity
SENsor.

[0010] Figure 3 schematically illustrates an example optical sensor in
accordance with certain embodiments described herein.

[0011] Figure 4 schematically illustrates a conventional fiber optic gyroscope
(FOG).

[0012] Figure 5 schematically illustrates a fiber optic gyroscope with stationary
source and detector.

[0013] Figure 6 schematically illustrates a fiber optic gyroscope with a
stationary source, detector, and coupler.

[0014] Figure 7A schematically illustrates an example fiber optic gyroscope in

accordance with certain embodiments described herein.

-3 -
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[0015] Figure 7B schematically illustrates a reciprocal configuration of the fiber
optic gyroscope of Figure 7A in accordance with certain embodiments described herein.

[0016] Figure 7C schematically illustrates another reciprocal configuration of the
fiber optic gyroscope of Figure 7A utilizing a circulator in accordance with certain
embodiments described herein.

[0017]  Figure 8A schematically illustrates another example fiber optic gyroscope

In accordance with certain embodiments described herein with a prism coupler and a rotating

fiber coil.

[0018] Figure 8B schematically illustrates the example fiber optic gyroscope of
Figure 8A in a reciprocal configuration in accordance with certain embodiments described
herein.

[0019] Figure 8C schematically illustrates another reciprocal configuration of the
fiber optic gyroscope of Figure 8A utilizing a circulator in accordance with certain

embodiments described herein.

[0020] Figure 9 schematically illustrates an example optical sensor having a
Mach-Zehnder configuration in accordance with certain embodiments described herein.

[0021] Figure 10 is a plot of the calculated normalized phase changes due to
changing the temperature of a solid-core fiber with a mean refractive index of 1.45.

[0022] Figure 11 is a plot of the calculated normalized phase changes due to
changing the strain in the solid-core fiber of Figure 10.

[0023] Figure 12 1s a plot that compares the strain and thermal sensitivities of the
solid-core fiber of Figure 10 as its group index is varied.

[0024] Figure 13 1s a plot of the ratio of the phase sensitivity to changes of strain
and temperature for the solid-core fiber of Figure 10.

DETAILED DESCRIPTION

[0025] In some applications, the sensitivity of an optical fiber sensor is
proportional to the group index of the optical fiber (or, equivalently, inversely proportional to
the group velocity of light propagating through the optical fiber), which allows for greater
sensitivity to be achieved when using slow light to probe the optical fiber sensor. (See, e.g.,

M. Soljacic, S.G. Johnson, S. Fan, M. Ibansecu, E. Ippen and J.D. Joannopoulos, “Photonic-
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crystal slow-light enhancement of nonlinear phase sensitivity,” J. Opt. Soc. Am. B, Vol. 19,
No. 9, 2052-2059 (2002). As used herein, the term “sensitivity” has its broadest reasonable
interpretation, including but not limited to, a quantity proportional to the reciprocal of the
mimmum detectable signal.

[0026] However, the use of slow light does not result in an enhancement of
sensitivity 1n all optical sensors, which has led to some erroneous conclusions. (See, e.g., U.
Leonhardt and P. Piwnicki, “Ultrahigh sensitivity of slow-light gyroscope,” Phys. Rev. A,
Vol. 62, 055801 (2000); G.T. Purves, CS. Adams, and LG. Hughes, “Sagnac interferometry
in a slow-light medium,” Phys. Rev. A, Vol. 74, 023805 (2006)).

[0027] In general, it 1s desirable to know which criteria a sensor must satisfy in
order for its sensitivity to be enhanced by a large group index. There are yet no general
recipes for slow-light enhancement of sensitivity. As described herein, a number of sensor
configurations are not enhanced by slow light. Certain embodiments described herein
advantageously provide specific fiber sensors and fiber sensor configurations, namely
velocity, rotation, strain, and temperature sensors, whose sensitivity is increased by the use of
slow light. Each description 1s accompanied by physical arguments supporting the sensor
design and the circumstances under which slow-light enhancement is achieved.

[0028] As described herein, unless otherwise specified, the slow light 1is
generated by using one of the existing techniques referenced above, or any technique to be
developed. For example, in certain embodiments, the slow light 1s generated using a Bragg
fiber (see, e.g., C. Lin, W. Zhang, Y. Huang, and J. Peng, “Zero dispersion slow light with
low leakage loss in defect Bragg fiber,” Appl. Phys. Lett., Vol. 90, 031109 (2007)) or by a
photonic-bandgap fiber. In certain embodiments, the optical waveguide has a group index n,
and a phase index 7n,, and the slow light has a group velocity v, and a phase velocity v,. For
slow light, the group velocity v, 1s less than the phase velocity v,. This condition can be
expressed by a slow-down factor which 1s defined as the ratio v,/v, or as the ratio ny¢/n, and for
slow light, the slow-down factor is greater than one (e.g., greater than 1.2, greater than 1.5,
oreater than 2, greater than 5, greater than 10, greater than 15, greater than 20). In certain
embodiments, the group index n, of the material through which the slow light propagates 1s

significantly greater than one (e.g., greater than 2, greater than 5, greater
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than 5, greater than 10, greater than 15, or greater than 20). In certain embodiments, the
group velocity is less than 50% the speed of light in vacuum, In certain embodiments, the
group velocity is less than 20% the speed of light in vacuum. In certain embodiments, the
group velocity is less than 10% the speed of light in vacuum. In certain such
embodiments, the group velocity is between one-eleventh and one-tenth the speed of light
in vacuum. In certain embodiments, the group velocity i1s between 0.01 and 0.2 times the
speed of light in vacuum.

[0029]} In conventional configurations, the time delay between two
counterpropagating signals in a fiber-optic gyroscope (FOQG) 1s At = 4AQ/c*, where A is
the area of the gyro coil. This result is independent of both the group and phase index of
refraction of the fiber used to make the gyro. (See, e.g., HJ. Arditty and H.C. Letevre,
"Sagnac effect in fiber gyroscopes,”" Opt. Lett. , Vol. 6, No. &8, 401 (1981)). As such, the
sensitivity to rotation of a conventional FOG cannot be improved by utilizing slow light.
At least one group of authors have suggested otherwise (U. Leonhardt and P. Piwnicki,
"Ultrahigh sensitivity of slow-light gyroscope," Phys. Rev. A, Vol. 62, 055801 (2000)),
but they were subsequently proved to be wrong (F. Zimmer and M. Fleishhauer, Phys.
Rev. Lett., Vol. 92, 253204 (2004).

[0030] To understand the reason for this behavior, and to design
configurations of rotation sensors that are enhanced by slow light, 1t 1s helpful to look
into Fresnel-Fizeau drag. This effect states that the phase velocity of light traveling
through a moving material depends on the velocity of the moving material, and is given
by the Fresnel-Fizeau drag formula. For example, suppose that a matenial with an index
of refraction n(w), measured in the matenal's rest frame, 1s moving at some linear
velocity v with respect to a fixed laboratory frame of reference. Light i1s launched into
this material along a direction parallel to the vector of motion of the matenial, either in the
same direction or in the opposite direction, hi the discussion below, the angular frequency
of light measured in .the material's frame of reference is referred to as w,,, and the
Doppler-shifted frequency of this same light measured in the laboratory frame 1s referred

to as CO y.
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[0031] There are two equivalent ways to express the phase velocity of the light
signal measured in the laboratory frame v ,, (see, e.g, H.J. Arditty and H.C. Lefevre,

“Sagnac effect in fiber gyroscopes,” Opt. Lett., Vol. 6, No. 8, 401 (1981)_

C |
e AR W
Vori = -~ ta'y a'=(l : T i (wL)_n(a)L)) (2)
T on(w,) n(w, ) no,)

[0032] In Equation (2), n.(w;) 1s the group index of the material at the frequency
of the light measured in the laboratory frequency. In both Equation (1) and Equation (2), the

+ symbol 1s taken as + 1f the material and the light are moving in the same direction, and - if
they are moving in opposite directions. Equations (1) and (2) are equivalent; the difference
between them only comes from the reference frame in which the light frequency is measured.
Equation (1) gives the phase velocity in the laboratory frame in terms of the light frequency
measured 1n the material's reference frame. Equation (2) gives the phase velocity in the
laboratory frame in terms of the light frequency measured in the laboratory reference frame.
Both Equation (1) and Equation (2) express the concept that the phase velocity depends on
the velocity of the moving object. In other words, light can be described as being "dragged"
by the moving matenal.

[0033] In all free-space, fiber, or waveguide interferometers, the output signal
depends on the relative phase of the two signals that are being interfered. By making use of
the fact that this phase depends on the velocity of some object through which light is

propagating, one can design a number of interferometric velocity (and rotation) sensors.

Using the Fresnel-Fizeau drag formula for phase velocity, 1t is possible to find the time delays

(and hence the phase delays) between the two signals being interfered in different

interferometer configurations.
[0034] Figure 1 schematically illustrates an interferometric fluid velocity sensor
10 in which a fluid 12 (e.g., a liquid or gas) of index » flows in a closed path (e.g., ring) at

constant velocity v. Light 14 from the light source S (e.g., laser) is coupled into the fluid 12
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by an optical coupler 16 (e.g., a beamsplitter) and is directed (e.g., by mirrors 18) such that
a portion of the hight 14 (e.g., a first signal) propagates through the fluid 12 in a direction
generally along the fluid flow and a second portion of the light 14 (e.g., a second signal)
propagates through the fluid 12 in a direction generally opposite to the fluid flow, hi this
configuration, the time delay between the two signals reaching the optical detector D (e.g.,
photodiode) is At = 2Pva’n(w.)’ /c* , where P is the perimeter of the path followed by the
light 14. This configuration was used by Fizeau (H. Fizeau, Comp. Rend., Vol. 33, 349
(1851)) to determine the speed of light in a moving liquid, and the result is well-known
(see, e.g., W.R. Leeb, G. Scbifther and E. Scheiterer, "Optical fiber gyroscopes: Sagnac or
Fizeau effect," Appl. Opt., Vol. 18, No. 9, 1293-1295 (1979); EJ. Post, "Sagnac Effect,”
Rev. Mod. Phys., Vol. 39, 475 (1967)). If the optical index of the moving fluid 12 is
known, then this configuration can be used as a sensor of the velocity of fluid flow. Note
that the time delay depends on a’, which, for large values of the group index n,, is
proportional to ng/n, the ratio of the group index to the phase index, as expressed in
Equation (2). As a result, the sensitivity of interferometric fluid velocity sensors having the
configuration of Figure 1 is proportional to At, and is proportional to the reciprocal of the
velocity of the light traveling through it. Consequently, for interferometric fluid velocity
sensors 10 which utilize slow light, the slower the light, the higher its sensitivity to the
velocity of the fluid flowing through the closed path.

[0035] Figure 2 schematically illustrates an interferometric tangential velocity
sensor 30 having a disc 32 of radius R and index 7 rotating relative to a fixed laboratory
frame at some angular frequency  which is inserted into a Sagnac interferometer used in
its reciprocal configuration. The same analysis can be made for other kinds of
interterometers, including, but not limited to, Mach-Zehnder and Michelson
interterometers. Note that the physics of the interferometric tangential velocity sensor 30
schematically illustrated by Figure 2 is exactly the same as that of the interferometric fluid
velocity sensor schematically illustrated by Figure 1, and this configuration was also
predicted by Fizeau.

[0036] In this rotation or tangential velocity sensor 30, the distance between
points 4 and B on the disc 32 is L, and the path of the light 14 is assumed to be parallel with

the tangential velocity of the disc 32 (although it is not a necessary condition for rotation
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sensitivity; it just simplifies the algebra a little). The resulting time delay is the same as for
the interferometric fluid velocity sensor 10 discussed in relation with Figure 1, provided that
L 1s substituted for P and RQ2 is substituted for v. As in the case of the interferometric fluid
velocity sensor 10, the sensitivity of the tangential velocity sensor 30 is enhanced by the use
of slow light. Such as sensor can be made of all free-space components, or can Incorporate
optical fibers, in particular to replace the portions of light traveling between the source S and
point A and between the detector D and point B. A Mach-Zehnder-type Sagnac
interferometer having the general configuration of Figure 2 has been proposed and analyzed
(see, ML.S. Shahriar, G.S. Pati, R. Tripathi, V. Gopal, M. Messall, and K. Salit, “Ultrahigh
enhancement in absolute and relative rotation sensing using fast and slow light,” Phys. Rev.

A, Vol. 75, 053807 (2007).

[0037] Figure 3 schematically illustrates an example optical sensor 40 in
accordance with certain embodiments described herein. The optical sensor 40 utilizes slow
light to measure the linear velocity of a material (e.g., an optical waveguide 42). The optical
sensor 40 comprises at least one optical coupler 46 and an optical waveguide 42 in optical
communication with the at least one optical coupler 46. The optical waveguide 42 is
configured to receive a first optical signal from the at least one optical coupler 46. The first
optical signal has a group velocity and a phase velocity while propagating through at least a
portion of the optical waveguide 42. The group velocity is less than the phase velocity. An
Interference between the first optical signal and a second optical signal is affected by
perturbations to at least a portion of the optical sensor 40.

[0038] As schematically 1illustrated by Figure 3, the at least one optical coupler 46
can comprise a beamsplitter. In addition, the at least one optical coupler 46 can comprise a
plurality of mirrors 18. In certain embodiments, the portion of the optical waveguide 42
comprises a Bragg fiber, a photonic-bandgap fiber, or a multilayer film stack inserted into a
Sagnac interferometer operated in its reciprocal configuration. In certain embodiments, the
group velocity 1s less than 20% of the speed of light in vacuum, while in certain other
embodiments, the group velocity is less than 10% of the speed of light in vacuum. In certain
embodiments, the portion of the optical waveguide 42 is solid, while in certain other

embodiments, the portion of the optical waveguide 42 comprises a fluid (e.g., a hollow-core
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optical fiber with a gas or liquid within the core). In certain embodiments, the portion of the
optical waveguide 42 1s homogeneous, while in certain other embodiments, the portion of the
optical waveguide 42 is inhomogeneous. In certain embodiments, the portion of the optical
waveguide 42 has a refractive index greater than 1.

[0039] In certain embodiments, the perturbations to at least a portion of the
optical sensor 40 comprise a movement of the optical waveguide 42 relative to another
portion of the optical sensor 40 (e.g., to the at least one optical coupler 46). In certain such
embodiments, as schematically illustrated by Figure 3, the movement comprises a translation
of the optical waveguide 42 and the interference is indicative of a velocity of the optical
wavegulide 42.

[0040] In certain embodiments, the optical waveguide 42 is configured to receive
the first optical signal and the second optical signal from the at least one optical coupler 46.
The optical waveguide 42 of certain embodiments is configured to move along a first
direction while the first optical signal propagates through the optical waveguide 42 in the first
direction and the second optical signal propagates through the optical waveguide 42 in a

second direction generally opposite to the first direction.

[0041] The optical sensor 40 of Figure 3 is different from the two sensors of
Figures 1 and 2 discussed above, because the end points of the moving optical waveguide 42
n the optical sensor 40 of Figure 3 are not stationary in the laboratory frame. At least a
portion of the optical waveguide 42 has an index » and length L and is moving at velocity v.
A Doppler shift component must then be taken into account to calculate the time delay

vetween the two signals counter-propagating through the sensor 40. A careful analysis of this
time delay gives At =~ 2Ln(w, )v [n(a) O =a’)—~ 1]/ ¢’. In the limit n, >> n (slow light), this

time delay 1s proportional to the ratio n./n, indicating that the sensitivity of this optical sensor
40 1s also enhanced by the use of slow light. Unlike the tangential velocity sensor 30
described above with regard to Figure 2, the physics of the optical sensor 40 schematically
illustrated by Figure 3 is not equivalent to that of the configuration of Figure 1.

[0042] In certain embodiments, the optical sensor 40 schematically illustrated by
Figure 3 senses the linear velocity of the optical waveguide 42. The first optical signal
traveling along the first optical path (e.g., clockwise through the interferometer of Figure 3)

-10-
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propagates through the optical waveguide 42 in a direction generally parallel to the linear
velocity of the optical waveguide 42 and the second optical signal traveling along a second
optical path (e.g., counterclockwise through the interferometer of Figure 3) propagates
through the optical waveguide 42 1n a direction generally opposite to the linear velocity of the
optical waveguide 42. The linear movement of the optical waveguide 42 modifies the
interference between the first optical signal and the second optical signal detected by the
detector D. In certain embodiments, the optical sensor 40 has a sensitivity to the velocity of
the optical waveguide 42 which is dependent on the group velocity (e.g., 1s inversely
proportional to the group velocity). In certain embodiments, the optical sensor 40 can be
used 1n any system 1n which velocity is to be measured, and in certain embodiments, the
optical sensor 40 can be formed 1n a microelectromechanical system (MEMS) configuration.
[0043] Knowledge of the optical velocity sensors discussed above can be used to
analyze the sensitivity of a conventional fiber-optic gyroscope (FOG) 50. In its simplest
form, as schematically illustrated by Figure 4, the FOG 50 comprises a fiber coil 52 (e.g.,
having a plurality of loops), a light source S, a detector D, and at least one optical coupler 54.
In certain configurations, the at least one optical coupler 54 comprises a first beam splitter or
fiber coupler to couple the optical signals from the source S into the coil 52, and a second
beam splitter or fiber coupler to tap the optical signals returning from the coil 52 to the
detector D. The source S sends two counter-rotating signals into the coil 52, which, after
traveling around the coil 52, are recombined at the detector D. In the FOG 50 schematically

tllustrated by Figure 4, everything inside the dashed box can rotate at the same rate {2 about

the main symmetry axis of the coil 52, and everything else is stationary with respect to the
fixed laboratory frame. When everything inside the dashed box is rotated, the two counter-
rotating signals accumulate different phase shifts via the nonreciprocal Sagnac etffect, which
lecads to interference between the two optical signals at the detector D. The interterence
affects the detected power, which is indicative of (e.g., depends on) €2.

[0044] Despite at least one claim to the contrary (U. Leonhardt and P. Piwnick,
“Ultrahigh sensitivity of slow-light gyroscope,” Phys. Rev. A, Vol. 62, 055801 (2000)), it has
been conclusively proven from first principles (see, e.g., H.J. Arditty and H.C. Letevre,

“Sagnac effect in fiber gyroscopes,” Opt. Lett., Vol. 6, No. 8, 401 (1981)).
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that the sensitivity of this conventional FOG 50 is independent of both the phase index » and
the group index #, of the mode of the fiber from which the FOG 50 is constructed. The
physical reason for this independence, which can be demonstrated from the equations cited
above, is that as the phase index of the light propagating in the coil 52 changes (e.g,
increases), two opposing effects take place. One effect is that the phase increases
proportionally to the phase index. As a result of this effect, increases of the phase index
results in increases of the differential phase change due to rotation between the two counter-
propagating waves. The other effect is that the light traveling in the direction of the rotation
gets dragged by the Fresnel-Fizeau drag effect and travels a little faster, while light traveling
against the direction of the rotation is dragged with the opposite sign, so it travels a little
slower. As a result of this effect, the differential phase change due to rotation between the
two counter-propagating waves decreases. H.J. Arditty and H.C. Lefevre, cited above, have
shown mathematically that these two effects of opposite sign have exactly the same
magnitude, so they exactly cancel one another. Thus, for the conventional FOG 50
schematically illustrated by Figure 4, the rotation sensitivity is independent of the phase
index. It is hence also independent of its derivatives (e.g., group index) and the group
velocity. However, as described more fully below, in a configuration in which the group
index or group velocity is explicitly in the equations, an optical sensor can exhibit a
sensitivity which is dependent on the group index or group velocity.

[0045] The FOG 50 of Figure 4 is sensitive to absolute rotation of the FOG 50,
and it is used in commercial applications for inertial navigation (e.g., in aircraft). As
described with regard to the examples below, in certain embodiments, gyroscope
configurations slightly different from the one in Figure 4 are considered. In these other
configurations, different parts of the FOG can rotate relative to one another, unlike in a
conventional FOG 50, in which typically the whole device rotates. In these other
configurations, the FOG has a sensitivity to relative rotation (e.g., rotation of one part ot the
device relative to another) Certain such embodiments are advantageously used for
applications in which only extremely small rotations are applied to a portion of the FOG
(unlike inertial navigation of an airplane or automobile, in which the FOG is routinely called

to make full turns about at least one rotation axis).

_12 -



CA 02687687 2009-11-17

WO 2008/157405 PCT/US2008/066986

[0046]  The sensitivity of a conventional FOG 50 1s not changed by slow light,
whereas the sensitivity of the optical velocity sensor 40 discussed above can be made
proportional to the group velocity v, or the group index #,. In certain embodiments, a two-
wave interferometer has a sensitivity which is affected by slow light when the frequencies of
the two waves are different when measured in the matenal’s frame of reference. In other
words, the optical sensor of certain embodiments described herein has one or more optical
pathlengths which change in response to the perturbations applied to the optical sensor. By
having relative motion between two portions of the optical sensor which change the one or
more optical pathlengths, certain embodiments described herein exhibit a Doppler shift of
frequencies between two optical signals. This distinction between configurations which have
a slow-light-enhanced sensitivity and configurations which do not is illustrated by the
following configurations. Many more embodiments are also possible to be designed from
this same basic principle for sensitivity which is enhanced by slow light.

{0047]) Figure 5 schematically illustrates an FOG 60 having a coil 62 and at least
one optical coupler 64. For the FOG 60 of Figure 5, the source S and the detector D are fixed
in an inertial reference frame, and the rest of the FOG 60 rotates at a rate ). As the rotation
occurs, the pathlengths between the at least one optical coupler 64 and the source S and the
detector D do not change (e.g., the optical waveguides are merely deflected). The FOG 60
behaves exactly like the conventional FOG 50 shown in Figure 4. There is no Doppler shift
in the configuration of Figure 5, and the at least one optical coupler 64 serves as the effective
light source for the FOG 60. This FOG 60 does not have a sensitivity which benefits from
slow light.

[0048] Figure 6 schematically illustrates an FOG 70 having a coil 72 and at least
one optibal coupler 74. For the FOG 70 of Figure 6, the at least one optical coupler 74 is
moved outside the dotted box, indicating that the at least one optical coupler 74 1s stationary
as well as the source S and the detector D. As the rotation occurs, the pathlengths between
the at least one optical coupler 74 and the coil 72 do not change (e.g., the optical waveguides
are merely deflected). The FOG 70 also behaves in the same way as the two FOGs 50, 60 of
Figures 4 and 5. The light coming out of the at least one optical coupler 74 has the same
frequency measured at either point 4 or point B, which means that this FOG 70 behaves just
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as if the at least one optical coupler 74 were co-rotating with the loop 72. The sensitivity of
the FOG 70 is independent of the group velocity and the group index, and it does not benefit
from the use of slow Light.

[0049]  Figure 7A schematically illustrates an example FOG 80 in accordance
with certain embodiments described herein. The FOG 80 comprises an optical waveguide 82
(e.g., a fiber coil comprising a plurality of loops) and at least one optical coupler 84 (e.g., a 3-
dB fiber coupler). The optical waveguide 82 is in optical communication with the at least
one optical coupler 84. The optical waveguide 82 is configured to receive a first optical
signal from the at least one optical coupler 84. The first optical signal has a group velocity
and a phase velocity while propagating through at least a portion of the optical waveguide 82,
with the group velocity less than the phase velocity. Interference between the first optical
signal and a second optical signal is affected by perturbations to at least a portion of the FOG
80.

[0050] In certain embodiments, the optical waveguide 82 1s in a coiled
configuration with a plurality of loops (e.g., 100 or more loops) which are generally parallel
with one another. At least a portion of the optical waveguide 82 supports slow light
propagation (e.g., at least a portion of the optical waveguide 82 comprises a Bragg fiber or a
photonic-bandgap fiber), and in certain embodiments, the optical waveguide 82 supports
slow light propagation along its entire length.

[0051] As schematically illustrated by Figure 7A, in certain embodiments, the
FOG 80 further comprises a light source S and a light detector D. The source S, detector D,
and the at least one optical coupler 84 of certain embodiments are stationary, and the optical
waveguide 82 1s configured to move relative to the stationary source S, detector D, and at
least one optical coupler 84. In certain such embodiments, the perturbations comprise a
rotation of the optical waveguide 82 relative to another portion of the FOG 80 (e.g., the
source S, the detector D, and the at least one optical coupler 84). In certain embodiments, the
rotation 1s about an axis of symmetry of the coiled optical waveguide 82.

[0052] In certain embodiments, the at least one optical coupler 84 1s mechanically
decoupled from the optical waveguide 82 such that the at least one optical coupler 84 and the

optical waveguide 82 can be moved relative to one another. For example, 1n certain
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embodiments, the optical waveguide 82 is configured to move along a first direction (e.g.,
rotated clockwise about a symmetry axis of the coiled optical waveguide 82), as
schematically illustrated by Figure 7. During this rotation of the optical waveguide 82, the
first optical signal from the at least one optical coupler 84 propagates through the optical
waveguide 82 in the first direction (e.g., clockwise through the coiled optical waveguide 82)
and the second optical signal from the at least one optical coupler 84 propagates through the
optical waveguide 82 in a second direction generally opposite to the first direction (e.g.,
counterclockwise through the coiled optical waveguide 82).

{0053] In certain embodiments, as schematically illustrated by Figure 7A, the at
Jeast one optical coupler 84 comprises a first port 85 and a second port 86, and the coiled
optical waveguide 82 comprises a first end 87 and a second end 88. The first port 85 1s
optically coupled to the first end 87 and the second port 86 is optically coupled to the second
end 88. In certain such embodiments, the FOG 80 comprises a first gap between the first port
85 and the first end 87 such that optical signals traveling between the first port 85 and the
first end 87 propagate in free space. The FOG 80 of certain such embodiments comprises a
second gap between the second port 86 and the second end 88 such that optical signals
traveling between the second port 86 and the second end 88 propagate in free space. In
certain other embodiments, the FOG 80 comprises a first lengthwise stretchable optical
waveguide (e.g., a waveguide comprising a polymer material) between the first port 85 and
the first end 87, and a second lengthwise stretchable optical waveguide between the second
port 86 and the second end 88.

[0054]) The changing optical pathlengths of the region between the first port 85
and the first end 87 and the region between the second port 86 and the second end 88 affect
the sensitivity of the FOG 80 significantly. In certain such embodiments, the system 1s
analogous to the interferometric velocity sensor 40 schematically illustrated in Figure 3. If L
denotes the length of the coiled optical waveguide 82 and v = RQ2 denotes the velocity of the
optical waveguide 82, then the time delay between the counter-propagating signals for the

FOG 80 1is also the same as for the interferometric velocity sensor 40, e.g.,

At =~ 2Ln(w, v [n(a) Jl—-a')- 1]/ ¢’. Therefore, the FOG 80 is an optical sensor which has

a sensitivity advantageously enhanced by slow light. In certain embodiments, the FOG 80
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has a sensitivity to rotation of the coiled optical waveguide 82 which 1s dependent on the
group velocity or the group index.

[0055] In certain embodiments, the FOG 80 can be used as a practical rotation
sensor in applications where the applied rotation has a finite excursion, for example to detect
flexing of large structures such as sea platforms or buildings, or to detect movement of
mechanical parts, such as mirrors in a bulk-optic interferometer. As the coiled optical
waveguide 82 rotates, a first optical pathlength between the first port 85 of the at least one
optical coupler 84 and the first end 87 of the coiled optical waveguide 82 changes and a
second optical pathlength between the second port 86 of the at least one optical coupler 84
and the second end 88 of the coiled optical waveguide 82 changes. The FOG 80 1s
responsive to changes of the first optical pathlength, the second optical pathlength, or both
the first and second optical pathlengths.

[0056]  Figure 7B schematically illustrates a reciprocal configuration of the FOG
80 of Figure 7A utilizing at least one optical coupler comprising a first fiber coupler 84a and
a second fiber coupler 84b. Figure 7C schematically illustrates another reciprocal
configuration of the FOG 80 of Figure 7A utilizing at least one optical coupler 84 comprising
a first fiber coupler 84a and a three-port circulator 84c having ports pl, p2, and p3. Other
configurations of optical couplers are also compatible with various embodiments described
herein.

[0057] Figure 8A schematically 1llustrates another example FOG 90 1n
accordance with certain embodiments described herein. The FOG 90 of Figure 8A comprises
a coiled optical waveguide 92 (e.g., at least a portion of which comprising a Bragg fiber or a
photonic-bandgap fiber) and at least one optical coupler 94 which is evanescently coupled to
the optical waveguide 92 (e.g., a prism coupler), with the coiled optical waveguide 92
rotating relative to the at least one optical coupler 94. The FOG 90 i1s analogous to the
optical sensor 10 depicted in Figure 1, with the flowing fluid 12 replaced by the rotating
optical waveguide 92, and the fixed beam splitter 16 replaced with the at least one optical
coupler 94 (e.g., prism coupler). As described above, the interferometric fluid velocity sensor

10 has a sensitivity which depends on the group index of the fluid, and the use of slow light
provides enhancements of the sensitivity. The FOG 90 of Figure 8A has a sensitivity which
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depends on the group index or group velocity of light in the optical waveguide 92, and the
use of slow light provides enhancements of the sensitivity.

[0058] Figure 8B schematically illustrates the FOG 90 in a reciprocal
configuration in which the at least one optical coupler 94 comprises a first coupler 94a and a
second coupler 94b. In certain such embodiments, the light returning from the Sagnac loop
is collected at the reciprocal output port, which is the port into which light is launched into
the loop. (See, e.g., H Lefevre, The Fiber-Optic Gyroscope, Artech House, Boston, Ch. 3,
1993.) This can be accomplished in a straightforward manner by placing a coupler (e.g., a
fiber coupler) on the light input port, and collecting the return light at the fourth port of the
coupler, as schematically illustrated in Figure 8B. In certain other embodiments, a similar
change can be made to the optical sensors described herein for reciprocal operation, which
leads to better stability of the optical sensor. Figure 8C schematically illustrates another
reciprocal configuration of the FOG 90 of Figure 8A utilizing at least one optical coupler 94
comprising a first fiber coupler 94a and a three-port circulator 94c¢ having ports pi1, p2, and
p3. Other configurations of optical couplers are also compatible with various embodiments
described herein.

[0059] The FOG 90 of Figures 8A-8C can have the same kind of applications
as does the FOG 80 of Figures 7A-7C. In certain embodiments, the at least one optical
coupler 94 rotates about an axis generally perpendicular to the optical waveguide 92 such
that the at least one optical coupler 94 and the optical waveguide 92 move relative to one
another. The FOG 90 is responsive to relative rotations between the at least one optical
coupler 94 and the optical waveguide 92.

[0060] Other types of sensors that can be enhanced by the use ot slow light are
fiber strain sensors and temperature sensors. As described below, the phase sensitivity of an
idealized fiber (modeled as a simple homogeneous cylidrical rod) to changes in longitudinal
strain and temperature are considered simultaneously. In these calculations, the fiber cross-
section is uniform along its length, and the slow light is due to the transverse structure of the
fiber (e.g., as in a Bragg fiber; see, e.g., C. Lin, W. Zhang, Y. Huang, and J. Peng, “Zero
dispersion slow light with low leakage loss in defect Bragg fiber,” Appl. Phys. Lett., Vol.
90, 031109 (2007)). Both temperature and strain
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atfect the fiber in three ways: changing its longitudinal dimension, changing its transverse
dimension, and changing its index of refraction. These changes are discussed more fully
below.

10061] It the length of an optical waveguide (e.g., fiber) is changed (e.g., by
applying a temperature change or a strain) from L, to Ly + AL, then the change in the phase of
a signal of wavelength A propagating through the waveguide can be expressed by

AD, =2m AL/ A . If the length change is induced by a temperature change AT, AL can be

expressed by the thermal expansion of the waveguide as AL = alLyA7, where « is the thermal
expansion coefficient of the waveguide. If the change of length is induced by a longitudinal
strain ¢, then the change in length can be expressed by AL = gl,. Neither of these effects
depends on the group index or the group velocity, so while an optical sensor can be
responsive to changes of the length of the waveguide, the sensitivity of the optical sensor to
such changes 1s not enhanced by the use of slow light.

[0062] Suppose a waveguide mode has an effective index n(4). When the
transverse dimension of the waveguide is scaled uniformly (e.g., as occurs due to either a
strain or a change in temperature) by a factor (1 + 9), the effective index of the mode is scaled

as well: 1t becomes n_.(A(1+75)). That is, the mode of the scaled waveguide has the same

effective index at wavelength (1 + J)4 as the original waveguide had at wavelength 4. This
means that even if the signal frequency is constant, the effective (normalized) frequency of
the signal is changed due to the change in the waveguide's transverse dimension. This causes

the group index to appear in the effective index: An g =(n,—n,)o and hence

L . L.
AD.,. = an(n , — N, )0 . If the transverse dimension is changed by a temperature change,

then 6 = ¢AT . If the transverse dimension change is induced by a longitudinal strain &, then
0 = —¢gv, where v is Poisson’s ratio of the waveguide. Therefore, in certain embodiments,
the sensitivity of a waveguide to either a strain and a temperature change depends on the
group index or the group velocity of light propagating through the waveguide, and a more

sensitive temperature or strain fiber sensor can advantageously be achieved by using slow

light.

_18-



CA 02687687 2015-03-26

[0063] Figure 9 schematically illustrates an example optical sensor 100 having a
Mach-Zehnder configuration in accordance with certain embodiments described herein. The
optical sensor 100 comprises at least one optical coupler (e.g., a first optical coupler 102 and
a second optical coupler 104) and an optical waveguide 106 (e.g., in a sensing arm 108 of the
optical sensor 100) in optical communication with the at least one optical coupler. The
optical waveguide 106 is configured to receive a first optical signal (e.g., a first portion of an
optical signal received by the first optical coupler 102 from the source S) from the at least
one optical coupler. The first optical signal has a group velocity and a phase velocity while
propagating through at least a portion of the optical waveguide 106, with the group velocity
less than the phase velocity. An interference between the first optical signal and a second
optical signal is affected by perturbations (e.g., change of longitudinal strain, changes of
temperature) applied to the optical waveguide 106.

[0064] In certain embodiments, as schematically illustrated by Figure 9, the
second optical signal comprises a second portion of the optical signal received by the first
optical coupler 102 from the source S. The second optical signal propagates through a
conventional optical waveguide 110 (e.g., having a group velocity equal to the phase
velocity) in a reference arm 112 of the optical sensor 100. The first optical signal and the
second optical signal are received by the second optical coupler 104 and interterence
between the first and second optical signals is detected by the detector D. In certain
embodiments, the sensitivity of the optical sensor 100 to the perturbations is inversely
proportional to the group velocity.

[0065] The application of either a strain (via the elasto-optic effect) or a
temperature change (via the thermo-optic effect) can change the waveguide’s index of
refraction. For a change in material index An, the change in the effective mode index n. 18
Aney= (ng /n.z)oAn (see, e.g., M. Soljacic, S.G. Johnson, S. Fan, M. Ibansecu, E. Ippen and
J.D. Joannopoulos, “Photonic-crystal slow-light enhancement of nonlinear phase sensitivity,”

J. Opt. Soc. Am. B, Vol. 19, No. 9, 2052-2059 (2002)) where ¢ denotes the fraction of the

mode power carried in the material whose index is being altered. This leads to a phase
change A®; = 2n(L/A)(ns / n.g)oAn . For the thermo-optic effect, An= yAT, where vy is the

thermo-optic coefficient.
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10066] The complete picture in a real optical fiber is significantly more
complicated than this simple analysis, however. An optical fiber is in general composed of
several matenals, each with different mechanical and thermal properties. For example, in a
conventional single-mode fiber, the core, the cladding, and the jacket all have different
mechanical and thermal properties. Similarly, in a photonic-bandgap fiber, the core, the
lattice, the silica cladding, and the acrylate jacket have different properties. The same is true
of a Bragg fiber, which 1s made of materials with dissimilar properties. Thus, when the
temperature of a real fiber 1s changed, the different materials expand differently, which leads
to non-uniform thermally-induced strains in the fiber. In certain such embodiments, these
strains perturb the refractive indices of the various materials via the elasto-optic ettect, which
in turn changes the fiber effective index. For example, an extensive analysis of these eftect in
air-core photonic-bandgap fibers (PBFs) is provided by V. Dangui, H.K. Kim, M.J.F.
Digonnet, and G.S. Kino, “Phase sensitivity to temperature of the fundamental mode in air-
guiding photonic-bandgap fibers” Opt. Express, Vol. 13, No. 18, 6669-6684 (2005). While
actual fibers are more complex than the simplified first-order model described herein and
some differences are expected, the results of these calculations are instructive for predicting
the general properties of actual optical sensor systems.

[0067] For example, for an optical waveguide comprising a Bragg fiber with an
air-core (e.g., as discussed by V. Dangui, H.K. Kim, M.J.F. Digonnet, and G.S. Kino, “Phase
sensitivity to temperature of the fundamental mode in air-guiding photonic-bandgap fibers,”
Opt. Express, Vol. 13, No. 18, 6669-6684 (2005)), the longitudinal component of the strain 1s
slightly greater than that of a conventional fiber (having the same cladding thickness and
material). The transverse component of the strain is a more complex function of temperature
due to the more complex and heterogeneous nature of the fiber cross-section. As mentioned
above, this transverse component of the strain was not included in the modeling described
herein due to its complexity. However, it was calculated for an air-core photonic-bandgap
fiber (PBF) by Dangui et al, cited above, and it is slightly weaker. A similar trend 1s
expected towards a slight reduction in the case of an air-core Bragg fiber. In addition, in an

air-core Bragg fiber, the thermo-optic term is much lower because the thermo-optic
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coetficient of air 1s much lower than that of a solid. This result is independent of the group
velocity of the light. This term 1s so much weaker 1n air that a large percentage of the total
phase change with temperature in an air-core PBF has been shown theoretically and
experimentally to be significantly lower than that of a conventional fiber (see, Dangui ef al.
cited above). For example, in the particular PBF studied by Dangui et al. (obtained from
Crystal Fibre of Denmark), the reduction in the temperature dependence of the phase on
temperature 1s by about a factor of seven. As a result of its similarity to this air-core PBF, a
similar trend 1s expected for an air-core Bragg fiber. Therefore, another benefit of using an
air-core Bragg fiber to generate siow light and enhanced sensitivity in an optical sensor is
that its temperature sensitivity 1s reduced (e.g., by a factor of three or more) since the mode is
mostly guided 1n air.

[0068] As discussed above, in certain embodiments, the application of a strain
causes a change in the fiber index, which changes the effective mode index in the fiber. As in
the case of thermally-induced strains, calculations of the strain profile in a real fiber
constructed from several materials having different mechanical properties 1s complicated. To
somewhat simplify the analysis, the effect of strain in a conventional single-mode solid-core
fiber can be considered (see, e.g., G.B. Hocker, “Fiber-optic sensing of pressure and
temperature,” Appl. Opt., Vol. 18, No. 19, 1445 (1979)). While there are no known ways at
present to induce slow light in a conventional fiber, this analysis 1s still informative to derive
general trends.

[0069] The strain-induced index change in a conventional single-mode fiber is
An = -n'[e(l - w)p12 — nepn)/2 , where py; and p, are components of the strain-optic tensor.
For silica, p;; = 0.121 and p;; = 0.27. Using the formula An.4= (n, /n.»)cAn from above, the
change in the effective index in a solid-core fiber can be calculated for various values of n.4
and ng.

[0070] To provide a numerical example of how the strain and thermal phase
sensitivities of a fiber depend on its group index, the case of a solid-core fiber with mean
refractive index n = 1.45 is considered. The analysis of the thermal expansion i1s simplified
by assuming that the mechanical properties of all parts of the fiber are the same (e.g., no

jacket) and the strain-induced index change is given by the above equation. It is also
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assumed that the group index can be freely changed (ng 1s treated as a free variable) without

changing the thermal or mechanical properties of the fiber. For simplicity, 1t 1s assumed that
o= 1, corresponding to all of the power being carried within the solid material of the fiber.

[0071] Figure 10 plots the normalized phase changes that resuit from changing the
temperature of this fiber. The solid line is the phase change caused by the thermo-optic
effect, the dashed line is the phase change due to transverse expansion of the fiber, and the
dotted line is the phase change from the longitudinal expansion of the fiber. In accordance
with the above derivations, both the thermo-optic and transverse expansion phase delays
exhibit enhancement when #, 1s large.

[0072]  Figure 11 plots the normalized phase changes that result from changing the
strain applied to the same fiber as used for Figure 10. The solid curve 1s the phase change
caused by the elasto-optic effect, the dashed curve is due to changes in transverse dimension
of the fiber, and the dotted curve is the phase change from the longitudinal expansion of the
fiber. To compare the various effects on a log-log scale, the absolute value of each phase
change is plotted, although they do not all have the same sign. As was shown for the thermal
phase sensitivity plotted in Figure 10, the terms plotted in Figure 11 which are due to change

in index and transverse dimension also exhibit enhancement with increasing n, when n, 1s

large.

[0073] Figure 12 is a plot that compares the strain and thermal sensitivities of the
solid-core fiber as its group index is allowed to vary. Both the strain response (solid line) and
the tempeature response (dashed line) show increasing sensitivity as the group index 1s
increased. Figure 13 is a plot of the ratio of the phase sensitivities to strain and to
temperature. As shown in Figure 13, the ratio of strain to thermal sensitivity 1s munimized for
ng between about 10 and 11, and the ratio of the two sensitivities becomes constant as n, gets
larger than this range (slower light), since the terms proportional to ne dominate. This
calculation was made with regard to an idealized, homogeneous solid-core fiber, however it
illustrates the general phenomenon of a range of values of the group index where the slow-
light enhancement of the strain sensitivity of the optical sensor is reduced as compared to the

slow-light enhancement of the temperature sensitivity of the optical sensor. In certain
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embodiments, the group index is selected to provide a predetermined ratio of the strain
sensitivity to the temperature sensitivity.

[0074] For example, as shown in Figures 12 and 13, for a strain sensor having a
solid-core fiber (o = 1), no value of ng causes the strain sensitivity to be greatly increased over
the thermal sensitivity. Therefore, in certain embodiments, a strain sensor having a solid-
core fiber advantageously has a low group index. For a temperature sensor, however, the
reverse is true: the thermal sensitivity is greatest compared to the strain sensitivity for ng
between 10 and 11. In this range of group indices, the temperature sensor advantageously has
a reduced sensitivity to strain. Therefore, in certain embodiments, a temperature sensor
having a solid-core fiber advantageously has a group index between 10 and 11. Air-core
fibers, including air-core Bragg fibers, are expected to exhibit similar behavior (although the
actual group index values will be different than those discussed above with regard to solid-
core fibers) such that the group index can be selected to provide a predetermined ratio of the
strain sensitivity to the temperature sensitivity.

[0075] Among the fiber sensors identified herein as having a sensitivity (to a
particular measurand) that is enhanced by slow light, at least some, if not all, of them also
have a sensitivity to temperature that is enhanced by slow light. This feature can be
accounted for in the design and fabrication of the optical sensor to tailor the optical sensor for
the particular measurand. In certain embodiments, an optical sensor having a first sensitivity
to changes of a first measurand (e.g., strain) and a second sensitivity to changes of a second
measurand (e.g., temperature) is fabricated. The method comprises providing an optical
waveguide through which light is configured to propagate with a group velocity and a phase
velocity, the group velocity less than the phase velocity. A first enhancement of the first
sensitivity and a second enhancement of the second sensitivity are both dependent on the
group index of the optical waveguide. The method further comprises selecting the group
index such that the first enhancement is greater than the second enhancement.

[0076] In certain embodiments, an optical sensor using slow light to enhance the
sensitivity to a measurand other than temperature advantageously corrects or otherwise
reduces the effects of the increase in temperature sensitivity using one of the many existing

techniques (e.g., maintaining a stable temperature of the optical sensor, particularly of the
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optical waveguide through which the slow light propagates) or techniques to be developed.
For example, in certain embodiments of a strain fiber sensor using a solid-core fiber with a
group 1ndex larger than about 10-11, the sensitivity to strain increases with the slowness of
light 1in the same way as does the sensitivity to temperature. Although this dependence on
temperature 1s not beneficial, it can be corrected or otherwise reduces the effect by using
avatlable techniques, and the increased sensitivity to strain can be extremely beneficial.
[0077] Conversely, 1n certain other embodiments, a very sensitive temperature
sensor with a slow-light fiber can beneficially be made. For example, the optical sensor of
certain embodiments uses a solid-core fiber which has a group index between approximately
10 and 11, thereby increasing the sensitivity to temperature with comparatively reduced
strain sensitivity. In certain such embodiments, it 1s desirable to control the effects of strain,
since sensitivity to strain would also be enhanced, using one of the many existing techniques
(e.g., mounting the optical sensor, particularly the portion of the optical sensor through which
the slow light propagates, on a material having a low coetficient of thermal expansion so that

induced changes of strain are reduced) or techniques to be developed.

[0078]) Various embodiments have been described above. Although this
invention has been described with reference to these specific embodiments, the descriptions
are mtended to be illustrative of the invention and are not intended to be limiting. Various
modifications and applications may occur to those skilled in the art without departing from

the scope of the invention as defined by the claims.
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What 1s claimed 1s:

1. An optical sensor comprising:

at least one optical coupler; and

an optical waveguide in optical communication with the at least one optical
coupler, the optical waveguide configured to receive a first optical signal from the at
least one optical coupler, wherein the first optical signal has a group velocity and a
phase velocity while propagating through at least a portion of the optical waveguide,
the group velocity less than the phase velocity, wherein an interference between the
first optical signal and a second optical signal is affected by perturbations to at least a
portion of the optical sensor, wherein the perturbations comprise a change of strain, a
change of temperature, or both a change of strain and a change of temperature of the
at least a portion of the optical waveguide, the optical sensor has a strain sensitivity to
the change of strain and a temperature sensitivity to the change of temperature, and
the at least a portion of the optical waveguide has a group index such that a ratio of
the strain sensitivity to the temperature sensitivity is at or near a minimum.
2. The optical sensor of Claim 1, wherein the interference has a sensitivity to the

perturbations which is dependent on the group velocity.

3. The optical sensor of Claim 1, wherein the optical waveguide comprises a
Bragg fiber.
4. The optical sensor of Claim 1, wherein the optical waveguide comprises a

photonic-bandgap fiber.

5. The optical sensor of Claim 1, wherein the optical waveguide comprises a

hollow-core optical fiber.

6. The optical sensor of Claim 1, wherein the group velocity is less than 50% of

the speed of light in vacuum.

7. The optical sensor of Claim 1, wherein the group velocity is less than 20% of

the speed of light in vacuum.
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