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physical value, the fibre including at least one Bragg grating (12). The fibre is adapted so as to generate, in the amplification
medium, at Icast two optical waves (1, 2) having differcnt optical frcequencics, propagating in the same direction after retlection on
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Le domainc général de l'invention cst cclui des capteurs a fibre optique comprenant au moins une fibre optique (10) dc mesurce
comportant un milieu amplificateur dopé (11) pompé optiquement dont les caractéristiques optiques sont sensibles a une grandeur
physique, la fibre comportant au moins un réseau dc Bragg (12). La fibrc cst agencée dc fagon a générer dans lc milieu
amplificateur deux ondes optiques (1, 2) de fréquence optique différente, se propageant dans le méme sens apres réflexion sur le
réscau de Bragg ct ¢miscs par Ic milicu amplificatcur, lcs deux fréquences optiques dépendant de la grandeur physique. La
génération des deux ondes peut étre réalisée en utilisant soit une fibre a maintien de polarisation biréfringente, soit une cavité laser
dc type DBR (Distribucd Bragg Reflector). Ce capteur peut notamment &tre utilisé comme hydrophonc.
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Self-referenced optical fiber sensor and related sensor network

The field of the invention is that of fiber-optic sensors for
measuring physical quantities. Sensors based on optical fibers have been
studied for almost thirty years. On this subject, the reader may refer, for
example, to the publication by C. Menadier, C. Kissenger and H. Adkins
entitted “The photonic sensor”, Instrum. Control Syst. Vol. 40, 114 (1967).
They benefit from the advantages of optical fibers which, apart from their low
weight, compact size, cost and insensitivity to electromagnetic interference,
have low loss, have a high bandwidth and are suitable for multiplexing
techniques and for the use of distributed amplifiers or sensors.

BACKGROUND

The applications of fiber-optic sensors are diverse. Mention may
be made of the publication by B. Culshaw entitled “Optical fiber sensor
technologies: opportunities and - perhaps - pitfalls”, J. Light. Tech. Vol. 22,
No. 1, 39 (2004). The most frequent applications relate to stress, temperature
and pressure detection, but there are also applications in the field of
detecting current/voltage, displacement, torsion, acceleration, gases, etc.
The techniques employed are very varied, the ones most actively studied
relating to:

o fiber gyros (see, on this subject, V. Vali and R. W. Shorthill, “Fiber
ring interferometer”, Appl. Opt. Vol.15, No. 5, 1099 (1976));

e other interferometric methods (see P.Nash, “Review of
interferometric optical fiber hydrophone technology”, IEE Proc.
Radar Sonar Navig. Vol. 143, No. 3 (1996)); and

e backscattering techniques such as Raman, Brillouin or Rayleigh
scattering. The reader may refer, in particular, to L. Thévenaz et
al., “Monitoring of large structures using distributed Brillouin fiber
sensing”, Proceedings of the 13" International Conference on
optical fiber sensors (OFS-13), Korea, SPIE Vol. 3746, 345 (1999).

Almost half of the fiber sensors currently studied employ Bragg
gratings (S.W. James et al., "Simultaneous independent temperature and
strain measurement using in-fiber Bragg grating sensors"”, Elect. Lett. 32 (12)
1133 (1996)). In particular, the use of laser active sensors based on Bragg
gratings is widespread. These include DBR (Distributed Bragg Reflector)

7804619v1



10

15

20

25

30

35

lasers (see D. Kersey et al., "Fiber Grating Sensors"», J. Light. Techn.
Vol. 15, No. 8 (1997)) or DFB (Distributed FeedBack) lasers (see J. Hill et al.,
“DFB fibre-laser sensor developments”, OFS-17 Proc. SPIE Vol. 5855 p. 904
and US patent 8 844 927 entitled “Optical Fiber Distributed FeedBack Laser”
(1998)). The spectral purity of these lasers enables a substantial increase in
sensitivity to be achieved compared with passive Bragg grating devices.

In the case of fiber Bragg grating hydrophones, the quantity to be
measured is a strain applied to the sensor. The required sensitivity is such
that, whatever the type of fiber grating used (DBR, DFB, passive Bragg), the
interrogation system is complex. This is because the strain on the sensor
induces a phase shift on the optical wave which propagates therein. To
measure this phase shift requires comparing the phase of the signal in
question with a reference signal. Among the methods used, two technical
solutions may chiefly be distinguished for obtaining a reference wave. The
first solution consists in using a reference wave coming from a second
sensor similar to the first but isolated from interference. This method is
described in the article by C. Sun et al., “Serially multiplexed dual-point fiber-
optic acoustic emission sensor”, J. Light. Techn. Vol. 22, No. 2 (2004). The
second solution consists in splitting the signal of interest into two arms of
very different optical paths and in making these two arms interfere with each
other. In this case, the reference wave is a retarded copy of the signal wave.
The reader may refer to the publication by S. Abad et al., “Interrogation of
wavelength multiplexed fiber Bragg gratings using spectral filtering and
amplitude-to-phase optical conversion”, J. of Light. Techn. Vol. 21, No. 1
(2003) for all information about this second method.

The use of active sensors emitting two optical waves of different
frequencies is one conceivable solution for dispensing with interferometer
benches or an additional sensor. DFB-FLs (Distributed FeedBack Fiber
Lasers) oscillating on two polarization states or two propagation modes,
whether transverse or longitudinal, have already formed the subject of
patents and publications. Mention may be made of the following patents:
US 5844 927 from Optoplan (Norway) 1998 "Optical fiber DFB laser";
US 6 885784 from Vetco Gray Controls Ltd (UK) 2005 "Anisotropic DFB
fiber laser sensor”; and US 6 630 658 from ABB Research Ltd (Switzerland)
2003 "Fiber laser pressure sensor' and the publication by Kumar et al.,
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"Studies on a few-mode fiber-optic strain sensor based on LPy;-
LPo2 mode interference”, J. Light. Techn. Vol. 19, No. 3 (2001).

Starting from these principles, various laser DFB fiber hydrophone
architectures have been proposed. Details of these will be found in the
following publications: P. E. Bagnoli et al., "Development of an erbium-doped
fibre laser as a deep-sea hydrophone", J. of Optics A: Pure Appl. Opt. 8
(2006); D. J. Hill et al., “A fiber laser hydrophone array”, SPIE Conference on
Fiber Optic Sensor Technology and Applications Vol. 3860, 55 (1999); or
S. Foster et al., "Ultra thin fiber laser hydrophone research through
government-industry collaboration" OFS 2005-2006.

However, the proposed architectures are still complex.
SUMMARY

A need exists to make use of what are called "self-referenced"
fiber Bragg grating active sensors based on Bragg grating fiber lasers. What
is understood to be a "self-referenced" sensor is any sensor generating two
measurement signals carrying the information to be measured — in the
present case, the signals are two optical waves emitted at different optical
frequencies. The differential measurement of the variations between the
frequencies of the two signals is representative of the information to be
measured. Thus, the quantity to be measured is obtained directly by the
beats between these two optical waves and no longer requires either an
interferometer or a reference sensor. The fiber-optic sensor architectures are
thus considerably simplified by eliminating the interferometer modules with
which their interrogation benches are conventionally equipped. The devices
according to the invention are preferentially applicable to the production of
fiber-optic hydrophones, but they may be advantageously used for measuring
various physical quantities. In particular, they may be used as strain sensors:
the information about the quantity to be measured, for example the strain
applied to the sensor, is obtained via the beat frequency of the two waves
output by the sensor.

A first aspect of the present disclosure provides a fiber-optic
sensor for measuring a physical quantity, comprising at least: a
measurement optical fiber having at least one amplifying medium and a

7804619v1
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Bragg grating; optical pumping means for pumping said amplifying medium to
ensure population inversion of said medium; wherein: the optical fiber is a
birefringent polarization-maintaining fiber, having two eigenaxes having
respective refractive indices ne and ny;

e the sensor includes means for emitting an optical wave, said wave
creating, by interference of said optical wave with a reflected wave
generated by reflection of said optical wave on the Bragg grating, a
dynamic gain grating generating two optical waves having different
optical frequencies, the two optical frequencies depending on the
physical quantity; and

o the sensor includes means for analyzing the frequency difference
between the two optical waves.

Further, the present disclosure relates to a fiber-optic sensor
comprising at least:

e a measurement optical fiber comprising a doped amplifying
medium, the optical characteristics of which are sensitive to a
physical quantity, the fiber having at least one Bragg grating, in
which the fiber is designed to generate two optical waves having
different optical frequencies in the amplifying medium, which waves
propagate in the same direction after reflection on the Bragg
grating and are emitted by the amplifying medium, the two optical
frequencies depending on the physical quantity;

e optical pumping means for pumping said amplifying medium to
ensure population inversion of said medium and to generate the
two optical waves; and

o the sensor including means for analyzing the frequency difference
between the two optical waves.

There are two preferred embodiments of thepresent disclosure. In
a first embodiment, the optical fiber is a birefringent polarization-maintaining
fiber, having two eigenaxes having respective refractive indices ne and n,,
and the sensor includes means for emitting an optical wave, called a probe
wave, said wave creating, by interference with itself after reflection on the
Bragg grating, a dynamic gain grating generating two optical waves having
different optical frequencies.
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In a second embodiment, the fiber has a second Bragg grating,
the first and second gratings being separated by a section of amplifying fiber,
the assembly, consisting of the first Bragg grating, the section of amplifying
fiber and the second Bragg grating, forming a laser cavity of the DBR
(Distributed Bragg Reflector) type designed so that at least two modes with
different optical frequencies oscillate in the laser cavity.

The fiber is doped with rare-earth ions.

More particularly, the sensor is a strain sensor, the physical
quantity to be measured being a mechanical strain applied to the fiber. In this
context, the sensor may be a hydrophone.

In addition, the sensor may have a structure substantially in the
form of a cylinder around which the measurement optical fiber is wound, said
cylinder being made of a material having the lowest possible Young's
modulus so as to amplify the strain exerted on the fiber, the material of the
cylinder being, for example, polydimethylsiloxane.

A further aspect of the present disclosure relates to an array of
fiber-optic sensors as defined above, all the sensors being placed in series
on one and the same optical fiber and the array including a wavelength
multiplexer placed between said fiber and the analysis means.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood and other advantages will
become apparent on reading the following description given by way of
nonlimiting example and by virtue of the appended figures in which:

- figure 1 is a block diagram showing the general form of a fiber-
optic sensor according to the invention;

- figure 2 shows a first embodiment employing polarization-
maintaining fibers;

- figures 3 and 4 show a second embodiment employing a DBR
laser;

- figure 5 shows one particular embodiment of the sensor; and,
finally
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- figure 6 shows an array of fiber-optic sensors according to the

DETAILED DESCRIPTION

As illustrated in figure 1, a fiber-optic sensor according to the

invention comprises at least:

a measurement optical fiber 10 comprising a doped amplifying
medium 11, the optical characteristics of which are sensitive to a
physical quantity ¢, the fiber having at least one Bragg grating 12
and being designed so as to generate two optical waves 1 and 2 of
different optical frequencies denoted by v4(g) and v2(g) propagating
in the same direction after reflection on the Bragg grating 12 and
emitted by the amplifying medium 11, the two optical frequencies
depending on the physical quantity;

optical pumping means 20 for pumping said amplifying medium,
ensuring population inversion of said medium. This may be a diode
laser emitting at a frequency matched to the gain medium forming
the sensor. This wavelength may for example be 980 nm or
1480 nm if the fiber is an erbium-doped fiber. In this case, the
emission frequencies are close to 1550 nm;

the sensor includes splitter means 30, for splitting the incident and
reflected waves, and analysis means 40, for analyzing the
frequency difference between the two optical waves, the two waves
being received by a photodetector (not shown in figure 1).

The two emitted optical frequencies vi(g) and v,(g) create beats on

the detector at the frequency Av(e)= vi(e) - va(¢), which may also be

7804619v1
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expressed as Av(g) = vq-vo+dv(e). The two optical frequencies v4(e) and va(g)
and the value Av(e) are functions of the longitudinal strain € experienced by
the optical fiber of the sensor. Therefore, this strain induces a phase
modulation of the interference signal. Specifically, if E; and E; are the optical
fields of the waves at the frequencies vi and v, the photocurrent output by
the detector is given by:
i p (O-|E [ HE [ +2|E | E |cos[274v1]
ie. i) |E[ +|E,| +2|E|E,|cos[2av,t — 27v,1 + 2725u].

The signal to be processed appears directly as a frequency
modulation around a carrier wave at the frequency vs-v,. The two frequencies
are typically spaced apart by v4-v; of the order of a few GHz to a few tens of
GHz, which corresponds, in the near infrared, to a wavelength difference of
around 0.16 nm. The phase modulation &v(c) is obtained by heterodyne
detection using a local oscillator with a frequency close to v4-v,, enabling the
signal to be translated to low frequencies, more suitable for digital
processing. The local oscillator must have a sufficient spectral purity so as
not to limit the measurement of the signal &v(e), the amplitude of which may
be of the order of 1 mHz. Current commercial synthesizers have a stability of
around 2 x 107'%day, which is amply sufficient for this type of sensor.

One important industrial application of this type of sensor is for
strain measurement, and most particularly for strain measurement in the
special case in which the sensor is a hydrophone. In this case, it is
advantageous to determine the sensitivity of the sensors according to the
invention and to compare this with the quantity of interest in hydrophone
applications, namely the "deep sea state zero" (DSS0) noise. Thus, the
smallest signal that can be detected by the sensor must correspond to a
spectral pressure noise density of the order of P = 150 ,uPa/«/E at 1 kHz.

The longitudinal strain corresponding to an applied pressure of
150 pPa/ JHz onan optical fibre is obtained from the equation:

£, =(29-1)P/E
in which E is Young's modulus and ¢ is Poisson's ratio.

For silica, £=72x10°Pa and $=0.23, which corresponds to a
longitudinal strain equal to &, = -0.75x107 //Hz .

The existing devices allow optimum transfer of the acoustic wave
in elongation mode of the cavity, causing a gain in elongation of the order of
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40 dB, which is equivalent to a minimum pressure to be detected of the order

of 1 Pa, and therefore to a longitudinal strain equal to:
g, =-0.75x10"" /VHz .

All the devices according to the invention are based on Bragg
gratings in optical fibers. The shift 61, of the Bragg wavelength of the

sensors of this type is typically:
2

Ohy =2n,A¢, - 2ncA|:n?c((Pu + Plz)gr + png:)
E1)

where:
e ¢, and ¢, are the longitudinal and radial strains of the fiber (¢, = ¢,

in the isotropic case)

e n, is the effective refractive index of the fiber;
e A =4,/2n, is the period of the grating;
e p, and p, are the longitudinal and transverse elastooptic

coefficients of the fiber.
In the case of silica, n, =1.456, p,, =0.121 and p,, = 0.265.

The frequency shift of a Bragg grating fiber laser due to a static

longitudinal strain is deduced from equation E1. The shift is approximately
equal to 6v, = 0.78¢,v,, this equation being confirmed experimentally.

Assuming that this equation remains valid in dynamic mode, the
optical frequency shift v, emitted by a Bragg grating laser emitting a wave

at an optical frequency v4, subjected to a pressure equivalent to the deep sea
state zero, is A ~ 1.55 ym corresponding to a frequency v, ~192x10" Hz :

5v,0.78x0.75x107"°x192x10"? ~1 1 2mHz/\ Hz .

This corresponds, considering a mechanical amplification of
around 40 dB, i.e. to a longitudinal dynamic strain to be measured of the
order of 107" //Hz , to év,=I kHz/\Hz .

The interrogation system of the sensor must be capable of
measuring very small frequency shifts of the laser, of the order of
| kHz//Hz in the abovementioned case, i.e. it is necessary to have a
monofrequency laser with a very low noise in the acoustic frequency band of
the sensor.
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There are various methods for generating the two optical
frequencies v,(e) and v,(g). A first embodiment is derived from that described
in French patent application entitled "Capteur de grandeurs physiques a fibre.
optique insensible aux grandeurs statiques [Fiber-optic sensor for detecting
physical quantities but insensitive to static quantities]” filed under number
FR 07/01454.

The basic principle of the physical process of mixing two waves in
an amplifying medium, as described in the above application, is the following:
the sensor comprises a doped optical fiber optically pumped beforehand so
as to achieve population inversion between its energy levels. The fiber
includes a Bragg mirror. If what is called a "probe" wave at an optical

frequency v, =< (in which ¢ and A4 represent the velocity of light and the
'

wavelength in vacuum respectively) and of coherence length L, at least

equal to the length L of the fiber is injected, this wave is reflected on the
Bragg mirror and gives rise to a reflected wave in the same polarization state
and with the same wavelength. These two waves, denoted by wave 1 and
wave 1 enected, Propagate in the amplifying medium in opposite directions and
interfere with each other. This results in a periodic spatial variation of the total
intensity of the wave at the frequency v, in the medium, which results, in the
bright fringes, in periodic saturation of the gain in the amplifying medium. The
gain grating thus generated serves to diffract and couple the two waves that
have created it. Thus, wave 1 is diffracted on the gain grating which it has
written by interference with wave 1 eqecteq in Order to give a diffracted wave,
namely wave 1giracted, Propagating in the same direction as wave 1 efected.

The period of the gain grating is A=i'—= in which n represents the

2n 2ny,

refractive index of the amplifying medium seen by wave 1 and wave 1 eected-
Thus, this diffracted wave has a wavelength that depends on the optical
index, and therefore on the applied strain.

The first embodiment uses the principle of diffracted wave
generation described above. However, the optical fiber employed is a length
of highly birefringent fiber amplifier in which two-wave mixing is caused by
gain saturation. The use of this type of fiber is described notably in the
following publications: A. Brignon, G. Feugnet, J.-P. Huignard, and J.-P.
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Pocholle, "Efficient degenerate four-wave mixing in a diode-pumped
microchip Nd:YVO4 amplifier", Opt. Lett. Vol. 20, No. 6, 548-550 (1995) - P.
Yeh, "Two-wave mixing in nonlinear media", IEEE. J. Quantum Electr. Vol.
25, No. 3, 484-518 (1989) - S.T. Fisken, "Transient Bragg Reflection gratings
in erbium-doped fiber amplifiers”, Opt. Lett. Vol. 17, No. 24, 1776-1778
(1992) - B. Fischer, J.L. Zyskind, J.W. Sulhoff and D.J. DiGiovanni,
"Nonlinear wave mixing and induced gratings in erbium-doped fiber
amplifiers", Opt. Lett. Vol. 18, No. 24, 2108-2110 (1993).

One view of the fiber 10 according to this first embodiment is

shown in figure 2. The two eigenaxes of the polarization-maintaining fiber
amplifier are denoted by € and e, and the respective refractive indices by n,

and n,. It is assumed for example that the pump wave 1 propagates at the
frequency v, and is polarized along the axis &,. Its coupling in the amplifying
medium with the wave 1 gecteq reflected, i.e. reflected by the Bragg mirror,
generates a coherent gain grating 13 over the entire length of the fiber. This

device may be considered to be a laser cavity of the DFB (Distributed
FeedBack) type injected at the frequency v,. Some of the amplified

spontaneous emission photons polarized along the axis e, may derive from a
wave oscillating in this cavity. Said wave must satisfy the phase tuning
conditions of the DFB device. The refractive index seen by this wave is ne,
with differs from n,. Consequently, its tuning wavelength A, in the DFB

grating differs from A, and its optical frequency v, =i— differs from v, =—c—,

where ¢ and 4, are taken in vacuo. The phase tuning equation is given by:

A= ;’ for wave 1 and wave 1 efiected, and
n

e

A= EA?— for wave 2 and wave 2renected (WaVe 2renected COrresponding
n

o

to the reflection of wave 2 on the fixed DFB mirror).

Deduced from this is the optical frequency of wave 2 as a function
ne (Vl) v
— 12y
no(VZ)

The two waves 1' and 2' diffracted by the gain grating 13, at the
optical frequencies v4(g) corresponding to the injected wave and vy(g), the
nascent wave along the perpendicular polarization direction, give rise to

of the frequency of wave 1: v, =
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beats on the detector at the frequency Av(g) = v4(€) - va(€) = v4+8v4(g)-
v-3dvy(€). The frequency shift dv4(€)-6v2(€) around vi-v2 depends on the
strain € seen by the sensor.

To give an example, a commercially available fiber, the
birefringence An=n,—n_ of which lies in the range An=10~-10~, causes a
separation AA1=4, -1, between the two generated wavelengths of the order
of A1=0.1-1nm, i.e. a frequency difference Av=v, -v, lying in the window

An

Av =—v, =10-100 GHz. The frequency modulation of the beat signal is

nO

therefore around an RF carrier wave in the 10 -100 GHz band.

To calculate the order of magnitude of the optical frequency
variation &vi(e) experienced by each of the two waves output by this device,
equation (E1) is used. In the case of an isotropic fiber, the following may be
written:

6k, 1 nez.o

A, xg ) 2

This gives, for a birefringent fiber, considering that n, = 1.456 and
No = 1.457 and £ =-0.75x10"" /Hz :

Sv,(£)=2.318x10"* xv, and

2
pll - nc.oplZ *

5v,(£)=2325x10™ x 22y, =2323x10™ xv, .

na

The frequency shift &v4(g)-6vz(e) around vq-vo (where
vi = 192 x 102 Hz) is therefore of the order of 8v,(&)~6v,(&)=] Hz/\/Hz |

This shift may be amplified, for example, by applying a longitudinal
strain of different amplitude on each of the axes of the birefringent fiber
(&7 #&).

This sensor therefore combines a dynamic gain grating, by wave
mixing by saturation of the gain in a fiber amplifier, with the writing of a fixed
Bragg mirror using standard UV techniques the fiber amplifier being
birefringent. This sensor is therefore a two-frequency laser: two orthogonal
polarization modes of optical frequencies v, and v; are permitted to oscillate
in the cavity. These two modes are coupled since they share the same
population of excited ions: they possess a constant phase relationship. The
fiber section on which the fixed grating is written, which may be of the order
of a few centimeters in length, may be either the end of a doped polarization-
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maintaining fiber or a length of a standard polarization-maintaining fiber, the
ordinary and extraordinary refractive indices of which coincide with those of
the doped fiber. The dynamic grating is created in the doped fiber with the
phase tuning conditions imposed by the presence of the fixed Bragg mirror.
The device functions as a DFB laser.

This device may be produced on a great length of fiber, the length
of the sensor not being limited by the UV writing techniques used for
standard Bragg gratings, and may have a high spectral selectivity. The length
of the sensor is a parameter to be adapted to the intended application.
Specifically in the case of distributed sensors for a hydrophone antenna, the
wavelength of the submarine acoustic signals (~1.5 m to 1 kHz) imposes an
upper limit on the size of the sensor.

This device has the advantage of being insensitive to the static
pressure. The lifetime of the created gain grating determines the low cutoff
frequency of the sensor. In the conventional case in which the rare-earth
dopant of the fiber amplifier is an erbium ion, the lifetime of the excited state
is of the order of 1 to 10 ms depending on the saturation state of the medium.
The sensor presented here thus has a low cutoff frequency of the order of
100 Hz to 1 kHz. For slow perturbations corresponding to phase variations of
the incident wave, to local temperature variations or to local static pressure
variations, the grating adapts automatically. For higher-frequency
perturbations relating to the acoustic wave to be detected, the sensor
behaves as a conventional fixed Bragg grating, the elongation or
compression of which modulates the reflectivity.

The second embodiment of a sensor according to the invention is
based on the use of DBR lasers. One view of the fiber employing this second
principle is shown in figure 3. To produce sensors, DFB lasers are generally
used. Their use for this type of application (in particular for hydrophones) is
currently expanding rapidly. DFB lasers consist of a continuous Bragg grating

“etched in an optical fiber amplifier, typically doped with erbium or erbium-

ytterbium. They are preferred to DBR fiber lasers, formed from two Bragg
gratings 12 and 14 separated by a short length 11 of a few 100 ym of fiber
amplifier. This is because, in DBR geometry, the distance between the two
Bragg gratings allows the oscillation of several cavity modes lying within the
reflection band of the gratings. This multimodal aspect has proved to be
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deleterious in most hydrophone applications. However, this multimodal
aspect has certain advantages in the context of the sensors according to the
invention.

This is because if the fiber comprises a DBR laser in which two
longitudinal modes 1' and 2' having optical frequencies v4 and vz can
oscillate, any longitudinal strain of the laser cavity with an initial length Linta
toward a length Lsna modifies ‘its free spectral interval (FSL), where
FSL = ¢/2nLintiar (in Which c is the velocity of light and n is the refractive index
of the fiber), by an amount AISL = c/2nLijita-C/2nLfinal.

The difference between the two optical frequencies vi and v,
(AVinitial(€) = v1- v2) becomes Avgn,(€) = vi- vo + 8v(€) with 8v(€) = Avinitiar. AL/L
i.e. dv(€) = Aviniia -€ as illustrated in figure 4. In this figure, the solid arrows
represent the two emitted frequencies with no strain applied to the fiber, the
dotted arrows represent the two emitted frequencies with strain applied and
the curve shows the reflection band of the Bragg grating as a function of the
wavelength.

To give an example, if the effective cavity length is of the order of
one centimeter, corresponding to Avi,iia ~ 10 GHz, and in the case of a
hydrophone (&, = -0.75x10™" //Hz ), it is therefore reasonable to expect a
variation of the order of Sv(&)=10x10"x10"" ~100mHz/\/Hz . This variation

is perfectly detectable.

As seen, and in particular for applications of the sensor as a
hydrophone, the effects to be measured may be very small. It is therefore
advantageous to amplify the strain experienced by the fiber so as to obtain
larger frequency variations. The packaging of the fiber-optic sensors is an
important subject that has been solved in various ways as described in the
patents US 6 442 304 from Chevron U.S.A. Inc. (San Ramon, California),
Sensor Dynamics Ltd (Winchester, Great Britain) and University of
Southampton (Southampton, Great Britain) 2002 "Apparatus and method for
protecting devices, especially fiber optic devices, in hostile environments”
and US 6668 105 from Systems Planning & Analysis, Inc. (Greenbelt,
Maryland), 2003 "Fiber optic strain sensor”.

To amplify the strain experienced by the fiber, the sensor may
have a structure substantially in the form of a cylinder 50 around which the
measurement optical fiber 10 is wound, as illustrated in figure 5, said cylinder
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being made of a material having the lowest possible Young's modulus so as
to amplify the strain € exerted on the fiber. The optical fiber wound around a
cylinder therefore experiences an elongation proportional to the enlargement
in the diameter D of the cylinder, this enlargement being represented in
figure 5 by the cylinder drawn in fine lines. Such an arrangement
consequently makes it possible for the effect of the quantity to be measured,
directed along the axis of the cylinder, on the elongation of the fiber to be
amplified very simply.
The amplifying effect can be easily calculated. Let:

¢ L be the length of the optical fiber;

¢ N be the number of fiber turns around the cylinder;

e R be the radius of the cylinder,;

e P: be the applied pressure;

o 9. andE,  be the Poisson's ratio and the Young's modulus of the

silica used to produce the fiber; and

e & .andE_, be the Poisson's ratio and the Young's modulus of the
material used to produce the cylinder.

If the pressure is applied directly to the optical fiber, the relative
AL Px(z"gsilica _1)
z.simple = T = E ‘

elongation thereof is equal to: ¢
silica

If the pressure is applied along the axis of a cylindrical support
around which the optical fiber is wound, the relative elongation thereof is
_AL AR _Px(28,, -1

2,amplified — L R E
mat

The gain in elongation is therefore equal to:
gz,ampliﬁed — (2'9mal - 1) X E:ilica
£ (2%, - VXE,

silica

equalto: ¢

2,simple

To give an example, the gain in elongation when the material used
to produce the cylinder is an elastomer, such as for example PDMS
(polydimethylsiloxane) (see in this regard D. Armani, C. Liu and N. Aluru "Re-
configurable fluid circuits by PDMS elastomer micromachining”, This paper
appears in 12" IEEE international conference on Micro Electro Mechanical
Systems, (Orlando, Florida, USA), is more than 50 dB.
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=72x10° Paand 9., = 0.23 and for

silica

Specifically, for silica: £,
1:15 PDMS: E,,; ppus =3.6x10°Pa and 9, ,,,,s = —0.28,

which gives: M=5' 78"105.
z,simple

The size of the cylinder depends on the intended application. The
lower limit of its diameter depends partly on the losses and on the
birefringence of the fiber. It should also be noted that if the birefringent fiber
is wound in such a way that one of its two eigenaxes is preferentially
subjected to the strain, for example if this eigenaxis is perpendicular to the
axis of the cylinder over the entire length of the winding, the frequency
difference év+(g)-8v2(€) may be increased.

The above sensors may be easily multiplexed, as illustrated in
figure 6. To multiplex several sensors i according to the invention, a probe
laser 20 propagating in the same direction as the pump has to be added to
the device of figure 1. This probe laser is either a broad source operating
around 1.5 ym or a source that can be tuned around 1.5 ym matched to the
Bragg wavelength of the end wall mirrors of the cavity. The sensors may be
produced according to the embodiments described above. In this case, each
sensor i comprises a fiber 10; that emits two waves 1; and 2;' having the
frequencies v;; and v,.

The multiplexing, enabling the signals coming from the various
sensors to be discriminated, may be carried out by various techniques, for
example temporal multiplexing or spectral multiplexing.
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1. A fiber-optic sensor for measuring a physical quantity,

comprising at least:
a measurement optical fiber having at least one amplifying
medium and a Bragg grating, the optical fiber being a birefringent
polarization-maintaining fiber, having two eigenaxes having respective
refractive indices ne and no,;
optical pumping means for pumping said amplifying medium to
ensure population inversion of said medium;
means for emitting an optical wave, said wave creating, by
interference of said optical wave with a reflection of said optical wave on
the Bragg grating, a dynamic gain grating generating two optical waves
having different optical frequencies, the two optical frequencies depending
on the physical quantity; and

means for analyzing the frequency difference between the two optical
waves.

2. The fiber-optic sensor as claimed in claim 1, wherein the fiber-
optic sensor is a strain sensor, the physical quantity to be measured being a
mechanical strain applied to the fiber.

3. The fiber-optic sensor as claimed in claim 2, wherein the fiber-
optic sensor is a hydrophone.

4. The fiber-optic sensor as claimed in either claim 2 or 3, further
comprising a structure substantially in the form of a cylinder around which the
measurement optical fiber is wound, said cylinder being made of a material
having the lowest possible Young's modulus so as to amplify strain exerted
on the fiber.

5. The fiber-optic sensor as claimed in claim 4, wherein the
material of the cylinder is polydimethylsiloxane.

7804619v1
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6. An array of fiber-optic sensors as claimed in any one of the
preceding claims, wherein all the sensors are placed in series on one optical
fiber and

the array includes a wavelength multiplexer placed between said

5 fiber and the analysis means of the fiber-optic.

7. A fiber-optic sensor as claimed in any one of claims 1-5,
wherein the emitted optical wave is a probe wave.
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