Office de la Propriete Canadian

Intellectuelle Intellectual Property
du Canada Office

Un organisme An agency of
d'Industrie Canada Industry Canada

CA 2923251 A1 2015/04/16

(21) 2 923 251

(12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
(13) A1

(86) Date de depot PCT/PCT Filing Date: 2013/10/07

(87) Date publication PCT/PCT Publication Date: 2015/04/16
(85) Entree phase nationale/National Entry: 2016/03/04

(86) N° demande PCT/PCT Application No.: US 2013/063638
(87) N° publication PCT/PCT Publication No.: 2015/053736

(51) Cl.Int./Int.Cl. GOTN 21/45 (2006.01),
G01B 11/00 (2006.01), GO1V 8/16 (2006.01)

(71) Demandeur/Applicant:
HALLIBURTON ENERGY SERVICES, INC., US

(72) Inventeurs/Inventors:
BARFOOT, DAVID ANDREW, US;
MAIDA, JOHN L., US

(74) Agent: PARLEE MCLAWS LLP

(54) Titre : PROCEDE DE LIMITATION DE PUISSANCE OPTIQUE UTILISANT LA DIFFUSION BRILLOUIN STIMULEE DANS DES

GUIDES D'ONDES A FIBRE OPTIQUE

(54) Title: OPTICAL POWER LIMITING METHOD USING STIMULATED BRILLOUIN SCATTERING IN FIBER OPTIC WAVEGUIDES

LA LEAR

(57) Abrege/Abstract:

A fiber optic sensor interrogation system with inbuilt passive power limiting capabillity based on stimulated Brillouin scattering that

provides Improved safety performance for use in explosive atm

ospheres.

SRR f f f [ ]
R RN N
: "c‘:‘? R - e
AR =0y g s ¥, "'.’
e ATy

RO §

I*I ) . Prven, B
C an ad a http:/opic.ge.ca + Ottawa-Hull K1A 0C9 - atip.://eipo.ge.ca OPIC 48 & 2%% ;g

OPIC - C]

o) 3 4\
SRS v n o n - - -
SRS ‘-g;}:zq
4
3

PO 191




CA 02923251 2016-03-04

Organization

International Bureau
l —

(43) International Publication Date nnﬂ/

16 April 2015 (16.04.2015) WIPO I PCT

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

(10) International Publication Number

WO 2015/053736 Al

(1)

(21)

(22)

(25)

(26)
(71)

(72)

(74)

(81)

wO 2015/053736 A1 IH}]0F0H 00 N AR 010 0 O O 0 A O A

International Patent Classification:
GOIN 21/45 (2006.01) GO1V 8/16 (2006.01)
GO0IB 11/00 (2006.01)

International Application Number:
PCT/US2013/063638

International Filing Date:
7 October 2013 (07.10.2013)

Filing Language: English
Publication Language: English

Applicant: HALLIBURTON ENERGY SERVICES,
INC. [US/US]; 10200 Bellaire Blvd., Houston, TX 77072

(US).

Inventors: BARFOOT, David, Andrew; 628 Bayland
Ave., Houston, TX 77009 (US). MAIDA, John, L.; 10420
Memorial Dr., Houston, TX 77024 (US).

Agent: ERVIN, Michael, A.; 8202 Talbot Cove, Austin,
TX 78746 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

(84)

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
IN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
AYS

Designated States (unless otherwise indicated, for every
kind of regional protection available). ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant's entitlement to apply for and be granted a

patent (Rule 4.17(i1))

of inventorship (Rule 4.17(iv))

Published:

with international search report (Art. 21(3))

(54) Title: OPTICAL POWER LIMITING METHOD USING STIMULATED BRILLOUIN SCATTERING IN FIBER OPTIC

(57) Abstract: A fiber optic sensor inter-
rogation system with inbuilt passive power
limiting capability based on stimulated

Brillouin scattering that provides improved
safety performance for use m explosive at-
mospheres.

WAVEGUIDES
2t 319 320 130
375 R ; :
h\\‘j /»m; ;
570 dewenn e *
:
!
............... | R :
368 350 E
348-
FIG 3




CA 02923251 2016-03-04

WO 2015/053736 PCT/US2013/063638

Title of the Invention

Power limiting methods using stimulated Brillouin scattering in fiber
5 optic waveguides

Background
10
Fiber optic systems are used in many applications. One of the types of
applications can be described as fiber optic sensor interrogators. In a
typical fiber optic sensor interrogator, light is emitted from an interrogation
unit containing a laser and other optical devices. The laser may be a
15 continuous wave (CW) laser, it may be a pulsed laser, which may include
a separate amplifier and pulse generator. Or it may be a naturally pulsed
laser (for example a Nd:YAG laser) without need of separate amplification
or pulsing circuitry. In addition, in a typical sensing application the
interrogation system may contain an optical receiver to receive back-
20 scattered signals from the sensor in order to make a measurement. In
many applications, light that is emitted from the interrogator will reflect off
of a sensor and return to the interrogator, for example a Fabry-Perot cavity,
or fiber Bragg grating. Another method of sensing is to use the intrinsic
backscattering of the fiber through scattering processes including Rayleigh,
25 Brillouin, and Raman scattering. The scattering processes will provide a
return signal back to the interrogator that is received at the detector to
make a measurement of parameters like strain, vibration, and temperature.

An important design consideration in many fiber optic sensor interrogators
30 is in applications in which the light from the interrogation unit passes into

regions that that may contain explosive atmospheres, such as the

subsurface environments of oil and gas wells.
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Achileving intrinsic safety with any complex electrical device is very difficult
because it requires that the available electrical energy at the device be
limited below the level required for ignition. This requires that only low
voltages and currents are used and that no significant energy storage can
occur within the device. With a fiber optic sensor, the interrogator may be
placed many tens or hundreds of meters away from the hazardous region
with only the fiber optic cable and passive optical sensor being within the
explosive atmosphere. For years it was thought that the energy present in
fiber optic sensing systems was not high enough to cause ignition and
additionally, all energy was contained inside the glass fiber, therefore it
was safe to use in explosive atmospheres. However, in recent years, tests
have been performed that demonstrate that in explosive atmospheres
ideal for ignition, it is possibie for a relatively low-power optical signal, on
the order of 10s or 100s of milliwatts average power, to cause ignition. In
the case of a broken fiber, optical power can exit the fiber and be
absorbed by a small dust particle. The dust particle may absorb most of
the optical power and due to its low surface area, heat can accumulate in
the particle rapidly until the particle reaches a high enough temperature to

cause ignition.

The optical power required for ignition depends on many factors including:
core size of the fiber and beam diameter, puilse duration if pulsed light,
wavelength of the light, components of the flammable gas mixture, and the
presence of target particles. A number of experiments have been
performed to determine a safe power threshold, below which ignition
cannot occur even with the most explosive gas mixtures. A power level of
35mW has been accepted as a safe threshold level, below which ignition

due to optical radiation cannot occur.

These ignition power levels are not a concern for most fiber optic sensing
systems when they are operating with normal power levels required for
sensing. However, the capability exists within many of some interrogator
designs to generate much higher power if a fault were to occur in the

.7 -
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system. For example, a distributed sensing method like Distributed
Temperature Sensing (DTS), Distributed Acoustic Sensing (DAS), eftc.
may interrogate a fiber optic Sensing cable using an optical time domain
reflectometry method whereby a short pulse of light, on the order of tens of
nanoseconds or less, is sent into the fiber repeatedly at up to tens of
kilohertz repetition rate. Typically, an electrical control circuit is used to
generate the timing pulse, which is sent to an optical component that
controls the timing and duration of the optical pulse. i a malfunction were
to occur in this pulse generating circuit due to an electronics fault, or a
fault in software/firmware that may be controlling the electronics, it will be
possible for the optical pulse length to exceed the desired duration. In
extreme cases, the pulse duration may grow to 10s or 100s or 1000s of
times the normal duration, which will have the effect of Increasing the
average optical power by a proportional amount and may exceed the safe
optical power level for operating in explosive atmospheres. Another
possible fault may occur in any optical amplification component, for
example an erbium-doped fiber amplifier (EDFA). The EDFA is given a
control signal to set the gain to a desired level that is normally below the
maximum gain that the EDFA is capable of generating. A fault in the
electronics, firmware, or software controlling the EDFA may allow the gain
level to exceed the desired level, allowing optical power levels to be
emitted that are much higher than desired and may exceed the safety

threshold for explosive atmospheres.

Prior art methods of power regulation, for example in fiber optic telecom
systems, have been to use a device to monitor the power of the
transmitted light by using a circulator/coupler to redirect a small
percentage of the light to an optical detector. When the power indicated
by the optical detector increases beyond a threshold value, an optical
switch or variable optical attenuator is adjusted to attenuate the outgoing
light. An electronic control circuit is used to coordinate these components.

A disadvantage of such approaches though is that they involve active
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devices that have their own failure modes. If any one of these three
components were to fail to operate properly, the safety mechanism may
fail to operate.

5 There is a need then to move beyond these active systems to find in fiber
optic interrogator systems that are more fail safe.
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Brief Description of the Drawings
Figure 1 illustrates a prior art high-level optical interrogator schematic.
Figure 2 illustrates a prior art optical electronic safety circuit.

Figure 3 illustrates a fiber optic sensor interrogator schematic with an
Inserted passive power limiting fiber to provide enhanced safety.

Figure 4 illustrates the use of a baseline reference configuration to test the
effect of power excursions in a fiber interrogator system.

Figure 3 illustrates the use of an added Brillouin Stimulation configuration
to test the effect of power excursions in a fiber interrogator system.

Figure 6 illustrates the test results based on a side-by-side comparison of
the power profile measured from a fiber optic interrogator system with and
without an added passive power limiting fiber.

Figure 7 illustrates the test results based on a side-by-side comparison of
the power profile measured from a fiber optic interrogator system with and
without an added passive power limiting fiber.

Figure 8 illustrates the test results based on a side-by-side comparison of
the power profile measured from a fiber optic interrogator system with and
without an added passive power limiting fiber.

Figure 9 illustrates the test results based on a side-by-side comparison of
the power profile measured from a fiber optic interrogator system with and
without an added passive power limiting fiber.
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Figure 10 illustrates the test resuits based on a side-by-side comparison of
the power profile measured from a fiber optic interrogator system with and
without an added passive power limiting fiber.

Figure 11 illustrates the test results based on a side-by-side comparison of
the power profile measured from a fiber optic interrogator system with and
without an added passive power limiting fiber.

Figure 12 illustrates the test results based on a side-by-side comparison of
the power profile measured from a fiber optic interrogator system with and
without an added passive power limiting fiber.

Figure 13 illustrates the test results based on a side-by-side comparison of
the power profile measured from a fiber optic interrogator system with and

without an added passive power limiting fiber.

Figure 14 illustrates the test results based on a side-by-side comparison of
the power profile measured from a fiber optic interrogator system with and
without an added passive power limiting fiber.

Figure 15 illustrates the test results based on a side-by-side comparison of
the power profile measured from a fiber optic interrogator system with and
without an added passive power limiting fiber.

Figure 16 illustrates the overall effect of power limitation of the passive

power limiting fiber.

Detailed Description
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In this description then we offer a new approach by proposing a much
safer fiber sensor interrogator than the prior art approaches.

In the following detailed description, reference is made that illustrate
embodiments of the present disclosure. These embodiments are
described in sufficient detail to enable a person of ordinary skill in the art to
practice these embodiments without undue experimentation. It should be
understood, however, that the embodiments and examples described
herein are given by way of illustration only, and not by way of limitation.
Various substitutions, modifications, additions, and rearrangements may
be made that remain potential applications of the disclosed techniques.
Therefore, the description that follows is not to be taken in a limited sense,
and the scope of the disclosure is defined only by the appended claims.

We refer first to a high-level optical interrogator schematic provided in
Figure 1, labeled as prior art. The diagram provided in Figure 1 is given as
an example for discussion only and does not represent the properties or
components of all possible fiber optic interrogator designs. The important
principle to note is that such systems can be divided into a light-emitting
path (upper path), and a light-receiving path (lower path). The light-
emitting path performs the functions of sending the out-going or
interrogating light signal into a region of interest and the light-receiving
path receives an incoming or returned signal for measurement and
processing. The upper path usually begins with the light source 15, often a
laser. In the case of pulsed laser systems an optical amplifier 25 and an
optical pulse generator 35 may follow this. The resulting pulsed light
source 30 then passes to a passive optical device 45 for separating the
interrogating pulsed light source light from any returning light. The
outgoing light pulse source 40 then travels out into the region of interest
for sensing. The returned light source, representing backscattered light
signals from the region of interest also enters passive optical device 45

and is redirected 50 into the light-receiving path (lower path). Passive
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optical device 45 may be a coupler, a splitter, or a non-reciprocal optical
device like a circulator or wavelength division multiplexer (WDM). It will be
referred to in this disclosure as a circulator/coupler. It should be noted that
optical amplifier 25, pulse generator 35, and laser 15 may be separate
components, or combined into a single component with the ampilifier and
pulser being optional. Additional optical amplifiers, switches, filters, etc.,
may also be present in the light emitting path and may require control
signals in order to operate properly.

Turning now to the light-receiving path (lower path) the returned back-
scaftered signals 50 from the region of interest are fed to an optical
receiver/detector 55 that may contain photo-detectors as well as hardware
and/or software needed to detect and analyze the returmed signals. The
analog signals from receiver/detector 5 may then pass to an analog-to-
digital (ADC) converter 65 that feeds back 60 into an electronic controller
75.

The electronic controller 75 may act to control the operating parameters of
the optical components. The electronic controiler can be one or more of a
microprocessor, field programmable gate array (FPGA), application
specific integrated circuit (ASIC), operational amplifiers, comparators, or
any other electrical components capable of providing control signals. One
control signal 70 from electronic controller 75 may consist of parameters
like the gain of an amplifier, which may be given as a voltage level or
digitally encoded as a command sent to the amplifier module to control
optical power emitted by the ampilifier, for example, an erbium-doped fiber
amplifier (EDFA). Another control signal 80 may be a timing signal in the
form of a rising or falling edge of an electrical pulse sent to the optical
pulse generator to control the timing and length of any optical pulses
emitted by the pulse generator that may, for example, be in the form of a

semiconductor optical amplifier (SOA).
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The diagram of Figure 2 provides an example of a prior art safety method
used in fiber optic telecom systems. In this particular telecom system is
shown a laser 200 feeding through a semiconductor optical amplifier
(SOA) 210 and an erbium-doped fiber amplifier (EDFA) 220. In this
approach an optical safety circuit 230 is inserted in the scheme before a
circulator 270. Safety Circuit 230 uses a power meter 240 to monitor the
energy level and via a control circuit 260 an optical switch or variable
optical attenuator (VOA) 250 adjusts the power of the outgoing light. In this
type of telecom system returned light 275 enters a receiver EDFA 280 and
on to detector 290. As mentioned previously a disadvantage of such prior
art optical safety circuit methods is that each component of the optical
safety circuit is an active device with a possible failure mode. If any one of
these three components were to fail to operate properly, the safety
mechanism may fail to operate. The use of such systems requires testing
and approval from a certification body, which can be a costly exercise.

Ideally, the power limiter will function to prevent the optical power leaving
the enclosure from exceeding a threshold, but otherwise not interfere with
the emitted light. Additionally, the ideal optical power limiter will be a
passive device that limits the optical power automatically through an
Intrinsic physical property of the limiter. The ideal power limiter will provide
a level of reliability and safety that otherwise would be cost prohibitive to
achieve and validate using an actively controlled power limiting device.
Finally, an ideal optical power limiter will be fully reversible, such that when
the input power is reduced below the safety threshold, the optical power
passes through the device undisturbed.

A well known non-linear scattering mechanism in fiber optic waveguides is
called stimulated Brillouin scattering (SBS). In the SBS process, a pump
wave generates acoustic waves through the process of electrostriction.
The electrostriction causes a periodic modulation of the refractive index of
the glass that creates an acoustic grating. The grating scatters the light in
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the reverse direction of propagation as a Raman Stokes wave. Eventually,
as the optical power of the pump is increased, more of the pump power is
scattered in the reverse direction until nearly all of the pump power is
being scattered back toward the optical source. In the description to follow,
we propose using the SBS process in a short (less than 1 km) coil of fiber
that has been designed for a lower SBS threshold power than standard
SMF28 fiber. This power limiting fiber and its placement in the overall
scheme is illustrated in Figure 3.

In Figure 3 we see a high-level optical interrogator schematic similar to
Figure 1 in which the power limiting fiber coil is placed in the light-emitting
path (upper path) after the optical pulse generator and before the
circulator/coupler.

As described previously the light emitting path may consist of a laser 300,
an optical amplifier 310, and an optical pulse generator 320, all located
before passive optical power limiter 330. As mentioned previously, the light
emitting path may also be a laser only in the case of continuous wave
(CW) systems or naturally pulsed laser systems. The proposed passive
optical power limiter device 330 is the coil of fiber discussed previously
that has been designed for a lower SBS threshold power. The coil may
have a fixed attenuation to the optical energy passing through it when the
optical power level is below a threshold and have a larger attenuation
when the optical energy passing through it is above a threshold. As the
Input power into the coil increases beyond the threshold level, the power
that Is transmitted through the coil will remain at or near the threshold level
or fall off. The coil attenuation may be fully reversible when power levels
return to below the threshold level. Additionally, and importantly, coil 330
will be located in the interrogator system such that it only affects the light
emitted by the interrogator light from the light-emitting path, but has no
effect on the sensor light that is returning to the interrogator and is directed
to the light-receiving path. This is important because the sensing light

returning to the interrogator is typically weaker than the transmitted light

-10 -
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and may even be many orders of magnitude weaker than the transmitted
light, and thus any additional attenuation will degrade the sensing signal.
Additionally, any disturbance to the returned light through mechanisms like
wavelength selective attenuation or other non-linear effects may negatively
affect sensing parameters like accuracy, resolution, and repeatability.

Turning now to the light-receiving path (lower path) the returned back-
scattered signals 348 from the region of interest 345 are fed to an optical
receiver/detector 350 that may contain photo-detectors as well as
hardware and/or software needed to detect and analyze the returned
signals. The analog signals from receiver/detector 350 may then pass to
an analog-to-digital (ADC) converter 360 that feeds back into an electronic
controller 370.

The electronic controller 370 may act to control the operating parameters
of the optical components. The electronic controller can be one or more of
a microprocessor, field programmable gate array (FPGA), application
specific integrated circuit (ASIC), operational amplifiers, comparators, or
any other electrical components capable of providing control signals. One
control signal 375 from electronic controller 370 may consist of parameters
like the gain of an amplifier, which may be given as a voltage level or
digitally encoded as a command sent to the amplifier module to control
optical power emitted by the amplifier, for example, an erbium-doped fiber
amplifier (EDFA). Another control signal 380 may be a timing signal in the
form of a rising or falling edge of an electrical pulse sent to the optical
pulse generator to control the timing and length of any optical pulses
emitted by the pulse generator that may, for example, be in the form of a
silicon-optical amplifier (SOA).

One method for designing a fiber with low SBS threshold is by using a
single-mode fiber with high numerical aperture to produce a smaller mode-
field diameter. Specialty fibers are available from major fiber vendors with

-11 -
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reduced mode field, and thus also reduced SBS threshold. More exotic
specialty fibers may be used for orders of magnitude reduction in SBS.
For example, chalcogenide glass fibers as reported by Sanghera, et al.
‘Nonlinear Properties of chalcogencide giass fibers” [Journal of
Optoelectronics and Advanced Materials, Vol 8, No. 6, December 2008, pg.
2148].

A desirable quality of the power limiting fiber is that its Brillouin scattering
side-bands do not coincide with Brillouin side-bands of the sensing or
transmitting fiber that may be connected externally, otherwise the Brillouin
scattering energy produced in the power limiting device may effectively
reduce the optical power capacity of the external fiber under normal
operating power levels.

To validate the concept, an experiment was performed using high
numerical aperture singie-mode fiber made by OFS Specialty Fibers.

A test was performed to determine the viability of using the stimulated
Brillouin scattering effect that is intrinsic to optical fiber to selectively
attenuate puises that exceed a safe average optical power level. To
perform these tests, two optical configurations were used: a reference
configuration containing a 3-meter patch cable, shown in Figure 4 and the
test configuration containing 1 Km of high-NA fiber with low SBS threshold,
shown in Figure 5. In Figure 4 (the test configuration) a fiber interrogator
400 is fed through a 3 meter patch cable 450, then trough a variable
optical attenuator 410 and an optical receiver module 420 with the results
displayed on an oscilloscope 430. The test configuration is almost identical
with the 3-meter patch cable now replaced by the high—NA fiber 550. The
other elements - fiber interrogator 500, variable optical attenuator 510,
optical receiver module 420, and oscilloscope 530, are identical with their

counterparts 400, 410, 420, and 430 in Figure 4.

-12 -
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For launching the optical pulses into the fiber, a fiber sensor interrogator
was configured such that the receivers were disconnected inside the box
to eliminate the chance of damage to the receivers due to strong
reflections. The launch EDFA was set to its maximum gain setting level of
300mA. To change the pulse power, the length of the pulse was
Increased, starting at 1000ns, going up to 80 microseconds. The following
figures 6 through 15 show comparison results between the two
configurations side by side using the same launch pulse power and width
with the left side being configured with the 3-meter patch cable and the
right side using the high-NA fiber spool.

In each of the figures is shown the test results on a Tectronix oscilloscope.
The vertical (y-axis) scale is voltage marked off in major increments of 0.5
volts. The horizontal (x-axis) scale is time marked off in major increments
of 500 nanoseconds for Figures 6-11 and 1000 nanoseconds for Figures
12-15. As the te'st proceeds from Figures 6 thru Figure 15 it can be seen
that the SBS in the high-NA fiber begins attenuating the pulse after its full-
width half-max duration exceeds the maximum allowed width of 500ns
(results on right). On the left, where the 3-meter patch cable is used, the
natural decay of the EDFA gain shows a gradual decline in power, but
remains well above baseline for the entire pulse duration. However, after
going through the high-NA fiber spool on the right, the pulse after 500ns
remains attenuated to near baseline even when its duration is increased to
6 microseconds.

To further clarify these results Figure 16 is a plot in which the same tests
were performed as in figures 6 — 15 but the Optiphase V-600 optical
receiver (420, 520) is replaced by an EXFO FPM-600 optical power meter.
The data from the optical power meter is shown in Figure 16 with optical
power in milliwatts on the vertical axis and pulse width in nanoseconds on
the horizontal axis. The plot clearly shows that while the upper plot from
the 3-meter patch cable configuration shows a near linear increase in

-13 -
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power as the pulse width increases (slightly less than linear due to EDFA
roll-off), however the lower plot shows that with the high-NA fiber acting as
a power limiter, the optical power transmitted to the power meter increases
In sync with the 3m path cable configuration until about 3mW, where it
begins to asymptotically approach a power limit imposed by the power
limiting fiber.

The results clearly show that the proper use of a high-NA fiber with low
SBS threshold in a fiber provides an effective passive optic sensor
interrogator. This approach is distinctive because it provides a passive,
simple, and low-cost method of optical power limiting. Because this
approach is passive and based on fundamental physical principles of glass
waveguides, it provides a highly reliable, low-cost mechanism for optical
power limiting. Whereas other methods, based on active devices and
control circuits will require very costly testing and certification before being
approved for use with fiber interrogators in hazardous areas.

Although certain embodiments and their advantages have been described
herein in detail, it should be understood that various changes, substitutions
and alterations could be made without departing from the coverage as
defined by the appended claims. Moreover, the potential applications of
the disclosed techniques is not intended to be limited to the particular
embodiments of the processes, machines, manufactures, means, methods

and steps described herein. As a person of ordinary skill in the art will
readily appreciate from this disclosure, other processes, machines,
manufactures, means, methods, or steps, presently existing or later to be
developed that perform substantially the same function or achieve
substantially the same result as the corresponding embodiments
described herein may be utilized. Accordingly, the appended claims are
intended to include within their scope such processes, machines,

manufactures, means, methods or steps.

-14 -
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What is Claimed

1. In a fiber optic sensor interrogation systems that includes at least a
5 light emitting path for sending interrogation light signals and a light
receiving path for receiving returned light signals, a method for
enhancing safety by:

a. sending the interrogation light signals from the light emitting

path through a circulator/coupler device out into a region of
10 interest to be measured,;

b. returning backscattered light from the region of interest
through the circulator/coupler device into the light receiving
path; and

c. placing a passive power limiting fiber with a low stimulated

15 Brillouin scattering threshold in the light emitting path before
the circulator/coupler device.

2. The method for enhancing safety of claim 1 wherein the returning of
backscattered light from the region of interest through the
20 circulator/coupler into the light receiving path further includes at
least;
a. feeding the backscattered light into an optical
receiver/detector to detect and analyze the returned signals.

25 3. The method for enhancing safety of claim 1 wherein the passive
power limiting fiber with a low stimulated Brillouin scattering
threshold is a single-mode fiber with high numerical aperture to
produce a smaller mode-field diameter.

30 4. The method for enhancing safety of claim 1 wherein the passive
power limiting fiber with a low stimulated Brillouin scattering

threshold is a chalcogencide glass fiber.
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. The method for enhancing safety of claim 1 wherein the sending of

the interrogation light signals includes at least;
a. providing a light signal;
b. providing optical amplification to that light signal.

. The method for enhancing safety of claim 5 wherein the sending of

the interrogation light signals further comprises;
a. providing pulse generation to that light signal.

. The method for enhancing safety of claim 6 wherein the returning of

backscattered light from the region of interest through the
circulator/coupler into the light receiving path further includes at
least;
a. feeding the backscattered light into an opticai
receiver/detector to detect and analyze the returned signals.

. The method for enhancing safety of claim 7 wherein the passive

power limiting fiber with a low stimulated Brillouin scattering
threshold is a single-mode fiber with high numerical aperture to
produce a smaller mode-field diameter.

. The method for enhancing safety of claim 7 wherein the passive

power limiting fiber with a low stimulated Brillouin scattering
threshold is a chalcogencide glass fiber.

10. A fiber optic sensor interrogation system with inbuilt passive power

limiting capability comprising:
a. a light source;
b. optical amplification circuitry acting on that light source;
c. pulse generation circuitry acting on that amplified light

Source,
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d. wherein the light source, optical amplification circuitry and
pulse generation circuitry represent a light emitting path for
the fiber optic interrogation system;

e. a circulator/coupler that directs light from the light emitting
path for the fiber optic interrogation system into a region of
interest for sensing, and receives and redirects
backscattered light from the region of interest;

f. a passive power limiting fiber with a low stimulated Brillouin
scattering threshold placed in the light emitting path before

the circulator/coupler device.

11.The fiber optic sensor interrogation system with inbuilt passive
power limiting capability of claim 10 further comprising:
a. an optical receiver/detector that receives the redirected
backscattered light from the region of interest.

12.The fiber optic sensor interrogation system with inbuilt passive
power limiting capability of claim 11 further comprising:
a. an electronic control system for providing control parameters
to the optical amplification circuitry acting on the light source
and the pulse generation circuitry acting on the light source.

13. The fiber optic sensor interrogation system with inbuilt passive
power limiting capability of claim 12 wherein the passive power
limiting fiber with a low stimulated Brillouin scattering threshoid is a
single-mode fiber with high numerical aperture to produce a smaller
mode-field diameter.

14.The fiber optic sensor interrogation system with inbuilt passive
power limiting capability of claim 12 wherein the passive power
limiting fiber with a low stimulated Brillouin scattering threshold is a

chalcogencide glass fiber.
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15.The fiber optic sensor interrogation system with inbuilt passive
power limiting capability of claim 10 wherein the laser, optical
amplification circuitry and pulse generation circuitry are combined
Into a single component.

16. The fiber optic sensor interrogation system with inbuilt passive
power limiting capability of claim 15 further comprising:
a. an optical receiver/detector that receives the redirected
backscattered light from the region of interest.

10
17. The fiber optic sensor interrogation system with inbuilt passive

power limiting capability of claim 16 wherein the passive power

limiting fiber with a low stimulated Brillouin scattering threshold is a

single-mode fiber with high numerical aperture to produce a smaller
15 mode-field diameter.

18. The fiber optic sensor interrogation system with inbuilt passive
power limiting capability of claim 16 wherein the a passive power
limiting fiber with a low stimulated Brillouin scattering threshold is a
20 chalcogencide glass fiber.

19. A fiber optic sensor interrogation system with inbuilt passive power
limiting capability comprising:
a. a light source;
25 b. a circulator/coupler that directs light from the light emitting
path for the fiber optic interrogation system into a region of
Interest for sensing, and receives and redirects
backscattered light from the region of interest;
C. a passive power limiting fiber with a low stimulated Brillouin
30 scattering threshold placed in the light emitting path before
the circulator/coupler device.
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20. The fiber optic sensor interrogation system with inbuilt passive
power limiting capability of claim 19 further comprising:
a. an optical receiver/detector that receives the redirected
backscattered light from the region of interest.

21. The fiber optic sensor interrogation system with inbuilt passive
power limiting capability of claim 19 wherein the passive power
limiting fiber with a low stimulated Briliouin scattering threshold is a
single-mode fiber with high numerical aperture to produce a smaller
mode-field diameter.

22.The fiber optic sensor interrogation system with inbuilt passive
power limiting capability of claim 19 wherein the passive power
limiting fiber with a low stimulated Brillouin scattering threshold is a

chalcogencide glass fiber.
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