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Abstract

Abstract

Due to their light weight, small diameter, immunity against electro-magnetic noise,
etc., optical fiber sensors have been increasingly required for monitoring diverse civil
structures, such as buildings, dams, levees, bridges, pipelines, tunnels, and aircraft
wings. Above all, Brillouin scattering-based fiber-optic sensors have been extensively
studied because they can measure strain/temperature distribution along the fibers. To
date, only glass optical fibers have been used for their sensor heads, but they are quite
fragile and cannot withstand strains of approximately 3%. As one method of solving this
problem, employing polymer/plastic optical fibers (POFs) in such Brillouin sensors has
attracted considerable attention, which have extremely high flexibility and can
withstand > 50% strain. POFs also have a unique feature called the “memory effect”,
with which the information on the applied large strain can be stored owing to their
plastic deformation.

In this dissertation, we study on distributed strain and temperature sensing based on
Brillouin scattering in POFs. To begin with, we clarify the unique Brillouin properties in
POFs. We then provide the first demonstration of distributed sensing. Besides, we
conduct some research related to its performance improvement. In the following
paragraphs, we describe these three topics in detail.

As for the clarification of the Brillouin properties in POFs, first, we observe the
non-monotonic dependence of Brillouin gain spectra (BGSs) on relatively large strain of
< 20%. Subsequently, we investigate the BGS dependence on larger strain of up to 60%
and observe abrupt upshift of the Brillouin frequency shift (BFS), which phenomenon

we name the “BFS hopping.” Finally, we experimentally show that, after this effect
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Abstract

occurs, Brillouin scattering in POFs is applicable to extremely high-precision
temperature sensing with low strain sensitivity.

As for the first demonstration of distributed strain and temperature sensing using
POFs, we succeed in achieving a centimeter-order spatial resolution and a high
signal-to-noise ratio (SNR) by employing Brillouin optical correlation-domain
reflectometry (BOCDR). We then clarify the performance limitation of this system and
develop two configurations of simplified BOCDR setups, both of which are
experimentally shown to work appropriately.

The additional achievements related to the performance improvement of the
POF-based distributed sensors consist of the following five parts: (i) clarification of the
stimulated Brillouin scattering properties in POFs for SNR enhancement; (ii) estimation
of the Brillouin properties in PMMA-POFs toward higher-sensitivity temperature
sensing; (iii) fast flaw detection in POFs using infrared thermometry for efficient
selection of high-quality POFs to be used as sensor heads; (iv) observation of BGS in
tapered POFs toward implementation of a memory function regarding temperature; and
(v) observation of a fiber fuse phenomenon in POFs toward understanding of the

performance limitation of POF-based Brillouin sensors.

In Chapter 1: “Introduction,” the time-, frequency-, and correlation-domain
techniques are reviewed as the background of this work. The characteristics of POFs are
then explained. Brillouin scattering in POFs is also described with some recent progress.
The ultimate performance of POF-based Brillouin sensors is theoretically estimated.

In Chapter 2: “Brillouin properties in large-strain applied POFs,” in Section 1:
“Brillouin gain spectrum (BGS) dependence on large strain,” first, we investigate the
dependence of BGS on large strain of > 20% in a perfluorinated graded-index (PFGI-)
POF at 1.55 um, and prove that the dependence of BFS is highly non-monotonic. We

predict that temperature sensors even with zero strain sensitivity can be implemented by
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use of this non-monotonic nature. Meanwhile, the Stokes power decreases rapidly when
the applied strain is > ~10%. This behavior seems to originate from the propagation loss
dependence on large strain. By exploiting the Stokes power dependence, we can probably
solve the problem of how to identify the applied strain, when the identification is difficult
only by BFS because of its non-monotonic nature.

In Chapter 2, Section 2: “Brillouin frequency shift hopping,” we investigate the BGS
dependence on large strain of up to 60% in a POF, and find that the BFS abruptly
changes from ~2.7 GHz to ~3.2 GHz. We name this phenomenon “BFS hopping,” and
find it to originate from the varied acoustic velocity induced by the stepwise change in
the core diameter of the POF. This is because of the yielding of the overcladding layer
composed of polycarbonate. Then the use of the Stokes power ratio (defined as the ratio
of the Stokes power of the new peak to that of the initial peak) to determine the large
strain applied to the POF is discussed. After the occurrence of the BFS hopping
phenomenon, the BFS dependence coefficients on strain and temperature in the POF are
measured to be —65.6 MHz/% and —4.04 MHz/K respectively. These values indicate that,
compared to an unstrained POF, further higher-precision temperature sensing with lower
strain sensitivity is feasible.

In Chapter 3: “Distributed strain and temperature sensing using POFs,” in Section 1:
“First demonstration based on BOCDR,” we present the first demonstration of distributed
strain/temperature sensing with a high spatial resolution in POFs based on BOCDR. A
50-cm-long strained (or heated) POF section is clearly detected with a theoretical spatial
resolution of 34 cm, a high sampling rate of 3.3 Hz, and a high SNR. A 10-cm-long
heated POF section is also successfully detected with a theoretical resolution of 7.4 cm.
The performance limitation of this system is then discussed.

In Chapter 3, Section 2: “Simplification of experimental setup,” first, we develop
simplified (S-) BOCDR, where the light Fresnel-reflected at a partial reflection point (or

the fiber end) is used as reference light and an additional reference path used in standard
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implementations can be removed. This configuration is useful for practical application
and enhancement of SNR in BOCDR. Then, we implement S-BOCDR using a POF as a
fiber under test, which provides the following advantages over S-BOCDR using a
standard silica single-mode fiber (SMF): (1) the Fresnel-reflected light can be stably
returned at the interface between the POF and an SMF (the pigtail of an optical
circulator), and (2) the effect of the Oth correlation peak can be easily and effectively
suppressed by exploiting a so-called BFS-hopping phenomenon. We then experimentally
demonstrate a distributed measurement and detect a 0.46-m-long heated POF section.

In Chapter 4: “Relevant work for improvement of POF-based Brillouin sensors,” in
Section 1: “Characterization of stimulated Brillouin scattering in POFs,” we observe
stimulated Brillouin scattering in POFs using a pump-probe technique without lock-in
detection, and fully investigate the dependences of the BGS on POF length, pump power,
probe power, and temperature. Since the POF has relatively high propagation loss of 250
dB/km at 1.55 um, an optimal POF length exists for SBS observation, which is found to
be approximately 3.8 m with 21.1-dBm pump and 22.2-dBm probe waves. As the probe
and pump powers are increased, the Stokes power is also raised but nonlinearly. The
temperature dependence of the BFS is —4.02 MHz/K, which agrees well with the
previous report. These results indicate that the Brillouin signal in POFs observed with
this technique can be directly applied to the development of POF-based Brillouin optical
time-domain analysis systems for high-precision temperature sensing.

In Chapter 4, Section 2: “Estimation of Brillouin properties in PMMA-POFs,” first,
in order to confirm the validity of this method, we show that the estimated BFS of a
PFGI-POF of ~2.9 GHz at 1.55 um moderately agrees with the actual value previously
reported. Then, we measure the acoustic velocity in a poly(methyl methacrylate)-based
(PMMA-) POF with a 980 pm core diameter to be 2.8 x 10°m/s, from which its BFS is
estimated to be ~5.4 GHz at 1.55 um and ~13 GHz at 650 nm. We also find that the BFS

varies linearly depending on temperature with a coefficient of approximately —17 MHz/K

Thesis 2015, Tokyo Institute of Technology v



Abstract

at 650 nm pump. Since this value is —7.1 times larger than that of silica fibers at 650 nm
(2.4 MHz/K), and is even 1.7 times larger than that of PFGI-POFs at 650 nm (-10.0
MHz/K), we think that PMMA-POFs are potentially applicable to high-precision
temperature sensing.

In Chapter 4, Section 3: “Fast flaw detection in POFs using infrared thermometry,”
we demonstrate a fast and cost-effective method of detecting flaws in POFs using an
infrared thermometer. The optical loss dependence of the measured temperature at the
flaw is found to be linear with a proportionality constant of approximately 0.74 °C/dB
when the propagating light is 24.5 dBm (282 mW) at 1.55 um. The propagating optical
power dependence of the measured temperature at the flaw with a fixed loss also shows a
linear behavior, which predicts that a high optical input power is preferable to precise
estimation of the loss.

In Chapter 4, Section 4: “Observation of BGS in tapered POF,” we report on the first
observation of the BGS in a PFGI-POF tapered by a heat-and-pull technique. The Stokes
power is slightly enhanced by tapering probably on account of higher optical power
density in the core. In addition, the BFS is decreased by ~40 MHz, which is
experimentally verified to be partially caused by high heating temperature applied to the
POF during the taper fabrication process. We anticipate that our findings will provide a
basic principle of temperature sensing with “memory” function.

In Chapter 4, Section 5: “Observation of POF fuse,” we report on the observation of
POF fuse phenomenon. Although optical fibers with a high transmission capacity are in
demand, the problem of the fiber fuse phenomenon needs to be resolved to prevent the
destruction of fibers. Here, we experimentally demonstrate a fuse propagation velocity of
21.9 mm/s, which is 1-2 orders of magnitude slower than that in standard silica fibers.
The achieved threshold power density and proportionality constant between the
propagation velocity and the power density are 1/180 of and 170 times the values for

silica fibers, respectively. An oscillatory continuous curve instead of periodic voids is
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formed after the passage of the fuse. An easy fuse termination method is also presented.
These results provide a useful guideline for the performance limitation of POF-based
Brillouin sensors from the aspect of highest incident power.

In Chapter 5: “Conclusions,” we summarize the achievements of this work and give

some open problems and future prospects.
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1. Introduction

1 Introduction

This Chapter describes the overall background and the purpose of this thesis. We start

by reviewing the history of optical fibers and their sensing applications called “fiber-optic

nerve systems.” A basic principle of fiber-optic sensors based on Brillouin scattering is

also described. Then, three sensing technologies such as time-, frequency-, and

correlation-domain techniques are explained. Finally, the history, physical properties, and

the Brillouin scattering in POFs are overviewed.

1.1 Background
1.1.1 Birth of optical fibers

The history of the optical fibers is showed in Table 1.1. In 1966, Charles K. Kao [1]

made a discovery that led to a breakthrough in fiber optics. He carefully calculated how

Table. 1.1. History of optical fibers

Year Events

1966 Optical transmission capability theoretically predicted [1]

1970 Optical communication experimentally demonstrated [5]
(but with high propagation loss)

1979 Propagation loss drastically improved to 0.2 dB/km [7]

2009 C. K. Kao awarded the Nobel Prize in Physics
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1. Introduction

to transmit light over long distances via optical glass fibers. With a fiber of purest glass it
would be possible to transmit light signals over 100 km, compared to only 20 m for the
fibers available in the 1960°s [2-4]. Kao’s enthusiasm inspired other researchers to share
his vision of the future potential of fiber optics. The first ultra-pure fiber with a loss below
20 dB/km was successfully fabricated just four years later, in 1970 [5]. Further progress
in fabrication technology [6] resulted in a loss of only 0.2 dB/km in the 1.55-um
wavelength region [7], a loss level limited mainly by the fundamental process of Rayleigh
scattering. The availability of low-loss silica fibers led not only to a revolution in the field
of optical fiber communications [8-11] but also to the advent of the new field of optical
fiber sensors [12-17]. In 2009, the Nobel Prize in Physics was awarded for two scientific
achievements that have helped to shape the foundations of networked societies. They have
created many practical innovations for everyday life and provided new tools for scientific

exploration.

1.1.2 Optical fiber sensors

Monitoring of structures, such as buildings, bridges, highways, tunnels, dams,
pipelines, containers, airplanes, etc., is useful from the economic and security points of
view; and so is monitoring of materials [18-22]. To date, such monitoring has been
conventionally based on visual inspection [23]. The drawbacks of this method include a
long measurement time (caused by the limited range for inspection) and the infeasibility
of measuring the internal defects in structures at a glance. One way to overcome these
drawbacks is to use electrical or fiber-optic sensors. Electrical sensors are widely used
due to their high accuracy, fast measurement speed, high reliability, and low cost [24].
The problem with these sensors is that they cannot be cascaded or multiplexed using a
common interrogation unit. Since each strain gauge requires two wires for power supply,
some wires for the signal path (in most cases), and an amplifier unit, the sensor system is

quite complex, especially when employed to monitor large buildings. Other problems
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( Strain/temperature
Rotation/acceleration
( Non- { Oscillation
distributed
Optical Pressure
fiber < \ Humidity
sensors

\ distributed { Strain/temperature

Figure 1.1 Classification of optical fiber sensors.

with strain gauges apart from their poor multiplexing capability are susceptibility to
electromagnetic interference (EMI), long-term degradation, and sometimes a restricted
temperature range. Meanwhile, fiber-optic sensors have various advantages such as light
weight, small size, immunity to EMI, high-temperature tolerance, broad bandwidth, and
environmental robustness, and feasibility of completely distributed measurement [25].
Here, sensor types are classified into two: non-distributed and distributed sensors, as
shown in Fig. 1.1. Non-distributed sensors have been used to measure a variety of
physical parameters including strain/temperature [26-28], rotation/acceleration [29,30],
oscillation [31], pressure [32], and humidity [33]. In the meantime, strain and temperature
have also been measured using distributed sensors based on nonlinear phenomena such
as Rayleigh scattering, Raman scattering, and Brillouin scattering, which will be
explained in the next section.

For the health monitoring of the civil structures, optical fiber sensors based on
Brillouin scattering have been widely studied so far. After explaining the principle of
Brillouin scattering in Section 1.2, conventional distributed sensing techniques based on
Brillouin scattering, such as time-, frequency-, and correlation-domain techniques, are

reviewed in Section 1.3. In Section 1.4, the history, physical properties, and Brillouin
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properties of POFs are explained. In Section 1.5, the performance of POF-based Brillouin
sensors was estimated. In Section 1.6, the purpose and the constitution of this thesis are

described.

1.2 Brillouin scattering

Light scattering in optical fibers is omnipresent irrespective of the amount of optical
power present in the fibers. It can be categorized into two regimes: spontaneous and
stimulated scatterings [34]. Spontaneous light scattering refers to the process under
conditions such that the optical material properties are unaffected by the presence of the
incident electric field. For input optical fields of sufficient intensities, spontaneous light
scattering becomes quite intense; thus in the stimulated regime the nature of the scattering
process grossly modifies the optical properties of the material system and vice versa.
Spontaneous and stimulated scattering in optical fibers can result from Raman, and
Brillouin scattering phenomena. Each scattering process is always present in optical fibers,
because no fiber is free from microscopic defects or thermal fluctuations which originate
the three processes. For a monochromatic incident lightwave at frequency fo, the three
processes are well described in Fig. 1.2.

These scattering phenomena physically correspond to two main cases: elastic
scattering and inelastic scattering. In elastic scattering, that is, Rayleigh scattering, the
scattered photons maintain their energy and thus have the same frequency of the incident
light. On the other hand, in inelastic scattering, that is, Brillouin scattering (interaction
with acoustic phonons) and Raman scattering (interaction with optical phonons), the
scattered photons lose or gain energy and thus undergo a frequency shift. In “Stokes-type”
scattering, the photons lose energy and their frequency is down-shifted; in “anti-Stokes-
type” scattering, the photons gain energy with their frequency up-shifted. Here we should

note that there is large difference in frequency shift between these scatterings for either
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Brillouin Brillouin
\ 7 | o \ /) Freqt'Jency
Y |
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Figure 1.2 Schematics of the spectra of the reflected light due to Rayleigh,
Brillouin, and Raman scattering in silica fibers at 1.55 pm.

Stokes-type or anti-Stokes-type scattering, though we made a combined depiction of them
in Fig. 1.2.

Among the three scatterings, Brillouin scattering is especially suitable for making
distributed sensors, because its frequency shift is linearly dependent on both strain [35]
and temperature [36], as described later. So, in this thesis, we will focus on Brillouin
scattering. Brillouin scattering is a photon-phonon interaction, in other words, it is based
on the annihilation of a pump photon that creates a Stokes photon and a phonon
simultaneously. The phonon is the vibrated modes of atoms, which is also called a
propagation density wave or an acoustic phonon. The Brillouin frequency shift (BFS) is
about 11 GHz in silica fibers, and the Brillouin-scattered light is dominantly down-shifted
in frequency due to the Doppler effect associated with the forward-moving acoustic

waves.
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Figure 1.3 Schematics of (a) spontaneous Brillouin scattering,
and (b) stimulated Brillouin scattering.

The spectrum of the Brillouin-scattered Stokes light is called Brillouin gain spectrum
(BGS), which includes three important parameters: the Brillouin gain peak coefficient ggo,
the BFS, and the Brillouin bandwidth Avs. The gain peak coefficient gso lies in the range
of 1.5-3x10** m/W [37, 38]. The BFS fs (or vB) is given by [34]

2 2n [E
f5 =M Vg =7n i (1.1)

where n is the effective refractive index of the fiber, and va is the effective longitudinal
acoustic velocity, E the Young’s modulus, and p the density. Both n and va. are
determined by the waveguide structures of the optical modes and the longitudinal modes,
which are related to the silica dopant materials and their distributions along the cross

section of the fiber [39]. The Brillouin bandwidth Aws is originally decided by the
damping lifetime z,, (=1/T") of acoustic phonons as

r

Avg =—
® or

, (1.2)

where 7"denoted the decay rate of the acoustic phonons in the fiber. The typical value of
Awg is about 30 MHz.
As is already mentioned, Brillouin scattering is classified into two configurations:

spontaneous Brillouin scattering and stimulated Brillouin scattering (SBS). The
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1. Introduction

configuration for spontaneous Brillouin scattering is shown in Fig. 1.3(a), where only one
pump light beam is injected into one end of the fiber. Its reflectivity is —90 dB/m, which
is even lower than Rayleigh scattering. In contrast, the reflectivity of stimulated Brillouin
scattering is about —50 dB/m. In order to induce stimulation, a probe light beam is injected
to the other end of the fiber in addition to the pump light, as shown in Fig. 1.3(b).

In general, the Stokes power grows higher with increasing pump power. When the
pump power becomes higher than a certain power called Brillouin threshold, the Stokes
power begins to drastically increase due to the transition from SpBS to SBS. The Brillouin

threshold Py, is expressed as [40]
__ 21bAest

- I} 1.3
KgpLeft (1:3)

th

where Aeff IS the cross-sectional area and b is the correction factor for MMFs, which
can be treated as 2 when the numerical aperture (NA) is ~0.2. K is the polarization
factor [41,42], which is 1 if the polarization is maintained and 0.667 otherwise. Lest

is the effective length, which is defined as [34]

Lege = [1 = exp(—aLl)]/a (1.4)
(o, propagation loss; L, fiber length). gs is the Brillouin gain coefficient, which is given
by [42]

2npin’

9B = (1.5)

cAZpuaAvg '
where p12 is the longitudinal elasto-optic coefficient, n is the refractive index, c is the light
velocity, 4, is the optical wavelength, p is the density, and Avs is the Brillouin linewidth;
va is the acoustic velocity, which is a function of BFS.

Around 1990, it was clarified that the BFS has a good linear dependences on strain

[35] and/or temperature [36], which can be expressed by
ABFS = f, — f,, =C_-Ac+C, -AT , (1.6)
where C. and Cr are the strain and temperature coefficients of the BFS in the fiber; fgo is

the BFS at room temperature and in loose state as a reference point. Although the strain
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1. Introduction

and temperature coefficients even in single-mode fibers (SMFs) are slightly different
among each fiber, their typical values are C: ~ 0.04-0.05 MHz/pe and Ct ~1.0-1.2 MHz/K
at 1.55-um wavelength. These linear dependences of the BFS on strain and temperature
are the basic principles to measure the magnitude of strain and temperature change in

Brillouin scattering-based optical fiber sensors.

1. 3 Distributed optic-fiber sensing techniques
1.3.1 Time-domain techniques

While the efficiency of spontaneous Brillouin scattering is extremely low, SBS allows
much stronger signals to be produced. The first concept of Brillouin scattering-based
distributed sensing was demonstrated by Horiguchi et al. and was named Brillouin optical
time-domain analysis (BOTDA) [43-45]. In their configuration, as shown schematically
in Fig. 1.4, a short pump pulse is sent into one end of the fiber under test (FUT), while a
continuous wave probe beam with a frequency offset corresponding to the nominal BFS
is launched into the other end of the FUT. The continuous wave (CW) probe light
experiences Brillouin gain at the locations in the FUT where the frequency offset is
matched to the peak Brillouin gain. Thus, the time dependence of the detected CW light
provides the gain profile experienced by the probe light as the pump pulse passes along
the FUT. Measurements carried out with a wide range of frequency offsets allow a full
picture of the Brillouin frequency for each location in the FUT to be achieved. As a
consequence, the distribution of strain and temperature can be derived within the spatial

resolution determined by the width of the pump pulse =, as
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Figure 1.4 Schematic of basic BOTDA system.
Az =S (1.7)
2n
where c is the light velocity in a vacuum.

Horiguchi et al. [46, 47] demonstrated 1-m spatial resolution with an 11-km SMF
using 10-ns optical pulses generated by modulating 1.55-um distributed-feedback laser
diode (DFB-LD) with a combination of a fast electro-optic modulator (EOM) and an
acousto-optic modulator (AOM). In their experiment, the linewidth of the measured BGS
was about 80 MHz, which is about twice of that of spontaneous Brillouin scattering in the
SMF. This is because the 10-ns optical pulse is comparable in bandwidth to the intrinsic
BGS, and the frequency-convolved spectrum between the wide pulse and the BGS suffers
broadening. As a consequence, it becomes difficult to accurately diagnose the BFS, and
the reported accuracy was ~ 5 MHz corresponding to ~ 100 pe. Hence, the ultimate spatial
resolution of BOTDA is in principle limited to ~ 1 m [48,49].

To date, many researchers have been improving BOTDA systems to achieve
enhanced spatial resolution [55-60] and extended measurement range [61,62]. As for the
spatial resolution enhancement, Nikles et al. [53] proposed a method to stabilize the

distribution of BGS and BFS by using an EOM to modulate a DFB-LD at 1.55 um and
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thus generate the pump and the probe light beams from the same DFB-LD source. They
achieved 80-cm spatial resolution and 1-km measurement range simultaneously, with a
frequency resolution of 1 MHz corresponding to 20 ue. Bao et al. [54] developed a
Brillouin-loss-based BOTDA by reversing the functions of the coherent pulse laser and
CW light. In this configuration, the strong CW light acts as a Brillouin pump wave, and
the optical pulse with a scanned down-shifted frequency from that of the CW light works
as a probe wave. By monitoring the Brillouin loss profile due to Brillouin interaction
between the two light beams as a function of time or position along the FUT, they reported
25-cm spatial resolution [55] with a strain resolution of ~ 40 ue. Recently, a “pulse pre-
pump BOTDA” system was proposed [56,57], where ~10-ns pulse followed by 1-ns pulse
was used to pre-excite the phonon field and obtain a resolution of ~10 cm. A “dark-pulse
BOTDA” system with 2-cm spatial resolution was also developed [58,59], and was
achieved. In 2010, BOTDA was implemented exploiting a Brillouin dynamic grating
[60], in which 1-cm spatial resolution was achieved. This is one of the highest spatial
resolutions ever reported in BOTDA systems. As for the measurement range extension,
Soto et al. [61] achieved a measurement range of up to 120 km (with a spatial resolution
of 5 m) by exploiting Raman amplification and optical pulse coding. Bao et. al. [62]
obtained a 150-km measurement range by combined use of frequency-division
multiplexers and in-line erbium-doped fiber (EDF) amplifiers.

Spontaneous Brillouin scattering-based fiber-optic distributed sensors called
Brillouin optical time-domain reflectometry (BOTDR) was also explored [63,64]. Their
schematic is shown in Fig. 1.5. One of the biggest advantages of BOTDR is that it works
by light injection only from one end of the fiber. The techniques for BOTDR can be
classified into two: the direct detection [63] and the coherent (heterodyne) detection [64].
In direct detection [63], the Brillouin signal must be optically separated from the large
Rayleigh component before its detection, using FPIs, Mach-Zehnder interferometers,

FBG-based optical filters, etc. Since the BFS is small, these optical filters must be highly
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Figure 1.5 Schematic of basic BOTDR system.

stabilized.

In coherent detection [64], a strong narrow-linewidth reference oscillator such as part
of the pump lightwave is employed, which allows excellent electrical selection of the
Brillouin component as well as a greater dynamic range. The coherent detection had been
achieved by the methods that employ frequency shift between the reference oscillator and
the sensing pulses that is approximately equal to the BFS, bringing the signal-reference
beat frequency within the bandwidth of a conventional photo-detector (PD). This
frequency shift of the reference oscillator was attained by an AOM [64] or an EOM [65].
However, thanks to the development of electronics, recently PDs with extremely wide
bandwidths (20 GHz or higher) have become commercially available. So, nowadays we
do not necessarily employ the frequency shifter in the reference path.

The performance of BOTDR has also been improved. As was explained in the case of
BOTDA [48,49], the spatial resolution of basic BOTDR is also limited to 1 m, because
the BGS broadens rapidly as the optical pulse width decreases below 10 ns. However, a
“double-pulse BOTDR” system was proposed by Koyamada et al. [66-68] to enhance the

spatial resolution further, where double optical pulses are transmitted into the FUT instead
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of a conventional single optical pulse. So far, they have experimentally obtained 20-cm
resolution. Wang et. al. [69] have experimentally achieved a 0.1-m spatial resolution in a
1-km FUT using complex data processing which they call the iterative subdivision
method. To enlarge the measurement range, Raman amplification was employed to
BOTDR with the coherent detection, resulting in 150-km range [70]. A new BOTDR

system based on optical-pulse coding has also been proposed and studied [71,72].

1.3.2 Frequency-domain techniques

An alternative technique to build Brillouin scattering-based distributed sensors was
demonstrated based on frequency-domain method, and was named Brillouin optical
frequency-domain analysis (BOFDA) [73-76]. It employs a CW probe beam and a pump
beam with sinusoidally-modulated intensity. When SBS occurs, the probe signal acquires
an intensity modulation at the same frequency of the pump, and the induced modulation
is measured by a vector network analyzer for a range of modulation frequencies. The
baseband transfer function provides information similar to the pulse response measured
in BOTDA or BOTDR. This frequency-domain approach seems to permit improvement
of the signal-to-noise ratio (SNR) due to a synchronous detection, but the data analysis is
still performed in the time domain after an inverse Fourier transform of the measured
huge-size data. To date, Bernini et. al. [77] have achieved 3-cm spatial resolution using

the iterative subdivision method.

1. 3.3 Correlation-domain techniques

In order to mitigate the limitation of the spatial resolution and the measurement time
in other techniques, a novel correlation-domain technology named Brillouin optical
correlation-domain analysis (BOCDA) was proposed by Hotate et al. [78-100]. BOCDA
is based on the technique called the synthesis of the optical coherence function (SOCF)
[101-114], where the correlation between frequency-modulated lightwaves is controlled.

The SOCF technique has so far been employed to develop FBG-multiplexed sensing
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Figure 1.6  Schematic of basic BOCDA system. AC, alternating current; DAQ, data
acquisition; DC, direct current; DFB-LD, distributed-feedback laser diode; EDFA,
erbium-doped fiber amplifier; EOM, electro-optic modulator; FUT, fiber under test;
GPIB, general-purpose interface bus; PC, personal computer; PD, photo-detector.

[103-105], optical coherence tomography [106,107], dynamic grating in EDFs [108-110],
lateral-force sensing based on polarization-mode coupling [111,112], and Rayleigh
scattering-based reflectometry [113,114] as well.

The basic experimental setup of BOCDA is depicted in Fig. 1.6. In BOCDA, the
frequencies of counter-propagating pump and probe lightwaves are sinusoidally
modulated. They are synchronous in phase because the two lightwaves are obtained by
dividing the same light source except for a frequency difference, which can be expressed

as

fomo = To+Afsin(24 t) (1.8)

pump

f f,— fy +Af sin(2£,t) , (1.9)

probe =
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where fo is the optical frequency of the laser source without frequency modulation, fn the
sinusoidal-modulation frequency, Af the sinusoidal-modulation amplitude, and fg the
frequency difference between pump and probe lightwaves, which is around the BFS of
the FUT.

The synchronously-modulated pump and probe lightwaves generate beat power
spectra and then intensify the acoustic phonons due to electrostriction effect that interact
with the probe amplification from the pump light. The beat spectra have a delta-function-
shaped distribution along the fiber due to the SOCF effect [101,102] as shown in Fig. 1.7.
According to Hasegawa et al.’s detailed calculations [78,79], the observed BGS is
expressed, by a 2-dimensional convolution of the beat spectra and the local BGS

concerning frequency f and position z, as
G(z, f)=B(z, f)®g(z,f) . (1.10)
where B(z, f) is the synthesized beat spectra given by

B(z, )= F|[Epl2 OBy 2. | (111

Figure 1.7 Schematic of the correlation peak in BOCDA.
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Here F[ - ] denotes the operation of Fourier transform, and g(z, f) is a local intrinsic BGS

given by

o i oA 012

The spatial resolution Az is determined by the relation between the broadened beat
spectra and the intrinsic BGS. Meanwhile, the measurement range dm is determined by
the interval between two correlation peaks, because only one correlation peak should exist
within the range of the FUT to correctly resolve the strain-applied positions. According

to detailed calculations [78,79], the spatial resolution Az and the measurement range dm

are given by
Az Yo Ave (1.13)
2 T Af
V
d,=—2 . 1.14
Y (1.14)

where vg (= c/n) is the light velocity in the FUT. By sweeping fm, the position of the non-
Oth correlation peaks can be scanned along the FUT, and thus a distributed measurement
becomes feasible.

Up to now, the performance of BOCDA has been improved from a great variety of
aspects [83-100,115]. First, the polarization diversity scheme was employed to suppress
the polarization-dependent BGS fluctuations and thus to enhance the stability of the
measurement [83]. A simultaneous use of Brillouin gain and loss was then demonstrated
to improve the SNR [115]. Apodization based on intensity modulation was also
implemented to enhance the dynamic range [84, 85]. Then, a low-coherence BOCDA
system was proposed to resolve the trade-off between the spatial resolution and the
measurement range [86,87]. The temporal gating scheme was also developed to mitigate
this trade-off [88, 89]. Furthermore, extremely high nominal resolutions up to 1.6 mm
were achieved using a single-sideband modulator (SSBM) instead of an EOM based on

the double-lock-in scheme [90] and the beat-lock-in scheme [91]. To reduce the cost, a
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simplified BOCDA (S-BOCDA) system, in which an SSBM is not used, was
implemented [92]. As for the sampling rate, it was enhanced to 1 kHz by employing an
unbalanced Mach-Zehnder delay line to the S-BOCDA [93]. A discriminative
measurement of strain and temperature has also been performed by Zou et al. [94, 95]
with BOCDA using a novel acoustic dynamic grating. Finally, a quasi-one-end-access
BOCDA system called “in-line BOCDA” was developed, with a mirror located at one
end of the FUT [96]. Recently, many experiments from practical application standpoints
have also been performed with fruitful results, such as health monitoring of aircraft and
tunnels [97-100].

Thus, BOCDA is a powerful distributed sensing technology with an extremely high
spatial resolution (cm- or mm-order) and a high sampling rate (~ 1 kHz). However, if part
of the FUT cracks, the measurement can no longer be performed because two lightwaves
must be injected into both ends of the FUT. In 2008, to resolve this problem of BOCDA,
a novel sensing technology named Brillouin optical correlation-domain reflectometry
(BOCDR) was proposed, which can measure the distribution of strain and/or temperature
along an FUT by light injection only from one end of the fiber. BOCDR operates based
on the combination of spontaneous Brillouin scattering and the correlation control of
continuous lightwaves.

The conceptual schematic of the proposed BOCDR system is shown in Fig. 1.8 [116].

Scan
fO (Center freq.) Correlation peak ‘ \ 3
Laser II @-:I
N >

> FUT
lRet' Pump (
Bias-Tee AC Stokes
fO fO = fB

DC
delay
Computer Self-
7 Y heterodyne
DAQ scheme

ESA € Balancec:l PD

Figure 1.8 Conceptual schematic of BOCDR system [116].
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A light beam from a laser is divided into pump and reference light beams. The pump light
is injected into the FUT, and the Stokes light is directed into a heterodyne receiver
composed of two balanced PDs. The reference light is used as an optical local oscillator.
The electrical beat signal of the two light beams is monitored by an electrical spectrum
analyzer (ESA). Since there is, without any additional frequency shifters, a frequency
difference of about 11 GHz between the Stokes light and the reference light, this
configuration is called self-heterodyne scheme.

In order to resolve the position in the FUT, the optical frequency of the light beam
from the laser is directly modulated in a sinusoidal wave by modulating the injection
current to the laser. From the viewpoint of time averaging, the correlation (or coherence)
function is synthesized into a series of periodical peaks [18,102], whose period is
inversely proportional to the frequency of the sinusoidal modulation fm. We control fy, to
leave only one correlation peak within the range of the FUT, so that only the Brillouin
scattering generated at the position correspondent to the peak has high correlation with
the reference light, and then gives high heterodyne output. The peak frequency observed
in the ESA gives the BFS caused at the position. By sweeping fm, the correlation peak is
scanned along the FUT to obtain the distribution of BGS or BFS. The spatial resolution
Az and the measurement range dm (distance between the neighboring correlation peaks)
of BOCDR are given by the same equations as those for BOCDA [79]. Then, the spatial
resolution of BOCDR is given well by the same expression as that of BOCDA [79].

Here, we discuss the limitations of the spatial resolution and sensing points.
Considering that fm higher than Avs does not contribute to the enhancement of Az [117],
and that Af is practically limited to a half of BFS (vg) of the fiber because of the Rayleigh
noise [116,117], the limitation of the spatial resolution Azmin iS given by

c

AZpin = —— (1.15)

nmnvg
The number of effective sensing points Nr, which can be regarded as an evaluation

parameter of the system, is given by the ratio of dm to Az, as
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Ng =%m =28/ (1.16)

T Az Avg'
To obtain higher Nr, Af needs to be raised but it should be lower than vg/2; Nr is thus

limited to

mVp

Nrmax = (1-17)

2Avg
In the first experiment by using the BOCDR, 40-cm spatial resolution has been
experimentally demonstrated with 50-Hz sampling rate and 100-m-long FUT [116]. In
2009, a spatial resolution of 13 mm was experimentally demonstrated with a sampling
rate of 50 Hz and 5-m-long FUT [118]. By use of a tellurite fiber, the spatial resolution
has been enhanced up to approximately 6 mm [119]. In terms of enlargement of the
measurement range, 27-cm resolution and 1.5-km measurement range have been achieved

[120,121].

1.4 Polymer/plastic optical fibers (POFs)

To date, glass optical fibers have been mainly used to develop Brillouin fiber sensors,
which cannot, however, measure large strain of < 10%. One method for overcoming this
problem is to implement such Brillouin sensors using POFs. They offer easy connection,
high safety, and high flexibility with which they can withstand strain of > 50%. Therefore,
our purpose is to implement distributed temperature and strain sensors based on Brillouin
scattering in POFs. In this Section, we review the birth, physical properties, and Brillouin

scattering in POFs.

1.4.1 Properties of POFs

The first prototype of POFs was developed by “Dupont” in U.S.A. in 1960 [122]. In
1975, the first product of POFs named “Eska” was commercialized by “Mitsubishi Rayon”
in Japan. However, POFs had a serious problem that their propagation loss is extremely

high (440 dB/km at 650 nm). In 1990, Keio University succeeded in improving the loss
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by inducing graded-index structure into the core of POFs and low loss (180 dB/km) was
achieved. In 2000, the loss was improved even to 40 dB/km by the same group, using
perfluorinated polymer as core materials [123].

POFs have attracted considerable attention for the past several decades due to their
extremely easy and cost-effective connection [124, 125], high safety, and high flexibility
[126] compared to conventional glass fibers. Owing to their propagation loss higher than
that of silica glass fibers, POFs have been made use of in medium-range communication
applications such as home networks and automobiles [127] as well as in high-strain
monitoring applications [126,128]. In addition, a so-called “memory effect” [126] has
been proposed as their new advantage. Commercially-available POFs are classified into
two types: poly(methyl methacrylate) (PMMA)-based POFs and perfluorinated graded-
index (PFGI-) POFs, the physical properties of which are described in 1.4.1.1 and 1.4.1.2.

1.4.1.1 Poly(methyl methacrylate) Based (PMMA-) POFs

After explaining the physical characteristics of PMMA-POFs, we mention the
difficulty in measuring Brillouin scattering in PMMA-POFs.

One of the commercially-available PMMA-POFs is composed of PMMA
(Plexiglass®), which is an organic compound based on a polymerized material with an
amorphous structure and glass transition temperature (Tg) close to 100 °C. The PMMA
comprises several methyl (methacrylate) (MMA) monomers, as shown in Fig. 1.9 [129].

The PMMA-POFs have high propagation loss (200 dB/km at 650 nm) [124].
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Fig. 1.9 Molecular geometry and bonding of the Plexiglass® [129].

The PMMA-POFs are cost-effective and widely used in communication applications,
and so the observation of Brillouin scattering in PMMA-POFs is important for predicting
the performance as sensors but difficult for the following two reasons: (1) the Brillouin
signal is extremely small due to their large core diameter (typically 980 um), and (2) it is
not easy to prepare all the optical devices operating at ~650 nm, where the propagation

loss of PMMA-POFs becomes lowest.

1.4.1.2 Perfluorinated graded-index (PFGI-) POFs

One of the commercially-available PFGI-POFs is composed of cyclic transparent
optical polymer (CYTOP®), which is an amorphous fluoropolymer with Tg close to
108°C. The CYTOP® comprises only C-F bonds as shown in Fig. 1.10 [129]. Thus the
PFGI-POFs have lower propagation loss (15 dB/km at 1300 nm) [124] than that of the

PMMA-POFs.
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Fig. 1.10 Molecular geometry and bonding of the Plexiglas® [129].
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Since not only visible light but also telecom wavelength light at up to 1550 nm can
be transmitted though the PFGI-POFs, the relatively inexpensive optical devices

operating at ~1550 nm can be used to observe their Brillouin scattering signal.
1. 4.2 Optical fiber sensors using POFs

Refractive index

Pressure
Non-
distributed Chemical substances
POF < Strain/temperature
sensors

Strain/temperature
(Only relative values)

distributed

Fig. 1.11 Classification of optical fiber sensors using POFs.

Sensing applications using POFs are classified into two types: non-distributed and
distributed sensing, as shown in Fig. 1.11. Non-distributed sensors have been used to
measure a variety of physical parameters including refractive index [130], pressure [131],
chemical concentration (or substance itself) [132-134]. Strain and temperature have
been also measured by non-distributed sensors based either on fiber Bragg gratings [135]
or on modal interference [136]. In the meantime, strain and temperature have been
mainly measured using distributed sensors [126, 137]. These distributed sensors,

however, were not capable of measuring the absolute values of strain and temperature.

1. 4.3 Brillouin scattering in POFs
Many theoretical studies on Brillouin scattering in POFs had been reported [138,139],
and thus its significance and usefulness had been recognized by a number of researchers.

Nevertheless, no one had succeeded in experimentally observing Brillouin scattering in
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POFs. However, the scattering has not been observed experimentally because there are
three reasons as follows; namely, (1) since the core diameter of the POFs is ~100 times
larger than that of standard single-mode glass fibers, the power density becomes much
lower in POFs, which drastically reduces the efficiency of Brillouin scattering (= one of
the nonlinear phenomena), (2) at the visible wavelength, where the propagation loss of
standard POFs becomes minimal, some of the optical devices (circulator, amplifier, etc.)
required to perform the Brillouin experiment do not exist (or are too expensive). To tackle
these difficulties, Y. Mizuno et al. (1) employed graded-index POFs in which lightwave
Is concentrated at the core center, (2) employed perfluorinated POFs with relatively low
propagation loss even at telecom wavelength, and also implemented an original

experimental setup fully exploiting self-heterodyne detection as depicted in Fig. 1.12.
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Fig. 1.12 Experimental setup based on original self-heterodyne detection [148].

After making these efforts, in 2010, Mizuno et al. finally succeeded in observing Brillouin

scattering in POFs for the first time in the world [132], as shown in Fig. 1.13.
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Fig. 1.13 Brillouin signals in a POF measured
for the first time in the world [132].

In this observation, significant values of the scattering were clarified that the BFS of
PFGI-POFs was measured 2.83 GHz, and the Brillouin gain coefficient was estimated to
be 3.09x10 m/W, which was almost the same as that of a silica SMF. This success set

the stage for other significant steps forward as follows:

[1] Clarification of Fundamental Properties

(1) BFS dependences on strain and temperature in POFs [141]; they showed negative
dependences with coefficients of —121.8 MHz/% and —4.09 MHz/K, respectively,
which are —0.2 and —3.5 times as large as those in silica fibers. These unique BFS
dependences indicate that the Brillouin scattering in PFGI-POFs has a big potential for
highly sensitive temperature sensing with strain insensitivity.

(2) Fresnel reflection (FR) properties at the ends of POFs [142]; the FR spectra at the
ends of a step-index (SI-) multimode fiber (MMF) and a graded-index (Gl-) MMF
were investigated with heterodyne detection, and compared with that of a SMF. The

FR spectra of the MMFs were found to spread broader than that of the SMF, and the
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FR spectrum of the SI-MMF was even broader than that of the GI-MMF. It was also
demonstrated that the observation of the BGS in a POF is severely influenced by the
FR spectrum. This information will be a useful guideline for the design of robust
Brillouin sensing systems using MMFs including POFs.

(3) Influence of core diameter and fiber length on Brillouin spectra in POFs [143];
the BGS properties of PFGI-POFs with 62.5-m core diameter were investigated. The
Stokes power was extremely high compared to that of a PFGI-POF with 120-pum core,
and the Brillouin threshold power for 5-m PFGI-POF was estimated to be 53.3 W. It
was also shown that employing a PFGI-POF longer than m is not an effective way to
enhance the Stokes signal. In addition, it was theoretically found that it is difficult to
reduce the Brillouin threshold power of PFGI-POFs at 1.55-um wavelength below that
of long silica SMFs even if their core diameter is sufficiently decreased to satisfy the
single-mode condition. Finally, the Brillouin linewidth narrowing effect was
confirmed.

(4) Influence of fiber fabrication method on Brillouin spectra in POFs [144]; the BGS
in three PFGI-POFs fabricated by different manufacturers at 1.32 and 1.55 pm was
investigated. For all the PFGI-POFs, the Stokes power measured at 1.32 um was higher
than that at 1.55 um due to the lower propagation loss, but striking difference in Stokes
power was observed among the three. Then the optical time-domain reflectometry
measurement was performed to clarify the reason for the difference, and it was showed
that the actual propagation loss of the PFGI-POFs plays an extremely important role

in BGS observation.

[2] Signal Improvement for Sensing Applications
(1) Induction of stimulated Brillouin scattering with pump-probe technique [145];
SBS in a PFGI-POF with 120-um core diameter was experimentally observed for the

first time, to the best of our knowledge, at 1.55 um wavelength with the pump-probe

Thesis 2015, Tokyo Institute of Technology 24



1. Introduction

technique. Compared to spontaneous Brillouin scattering previously reported, the BGS
was detected with an extremely high signal-to-noise ratio, even with a short POF (1
m) and scrambled polarization state. The BGS dependences on probe power and
temperature were also investigated.

(2) Enhancement of Brillouin signal using pulsed optical pump [146]; a new scheme
for enhancing Brillouin Stokes power was developed, which exploits pulsed pump
light and a low-power erbium-doped fiber amplifier. First, it was theoretically shown
that, even when the pulsed pump light has low average power, the temporally averaged
Stokes power can be enhanced if its peak power is higher than the Brillouin threshold
power. Then, in the experiment, when a pulsed pump light with an average power of
20 mW, a duty ratio of 20%, and a pulse period of 2 us was injected into a silica SMF,
the Stokes power was enhanced by 25 dB relative to that with continuous-wave pump
light having the same average power. This method will provide a useful and cost-
effective way of characterizing the Brillouin scattering properties in POFs, such as
BFS and its dependence on strain, temperature, moisture, and core materials.

(3) Improvement of coupling efficiency at POF/SMF boundary [147]; a simple,
efficient, and cost-effective method to enhance a Brillouin scattering signal in PFGI-
POFs was proposed and demonstrated. In this method, instead of the conventional butt-
coupling of a POF to a SMF, a MMF with a proper mode-field diameter of the
fundamental mode is additionally inserted between the two fibers to improve the
optical coupling efficiency from the POF to the SMF. After theoretical analysis, it is
experimentally shown that the Brillouin signal in the POF is clearly enhanced simply
by inserting standard MMFs, which are commercially available at affordable cost.

(4) Method for efficient butt-coupling of different-type optical fibers [148]; by
monitoring and maximizing the power of the Brillouin-scattered light, highly efficient
butt coupling between an SMF and GI-MMFs was clarified to be easily achievable.

The usefulness of this method was confirmed by the experimental results with three
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different GI-MMFs. Then, it was found that the BFS also depends on the relative core
position due to the excitation of many higher order modes. This Brillouin-based core
alignment method will greatly help GI-MMFs including GI-POFs to be utilized as
sensing heads in fiber-optic sensing systems.

(5) Fresnel-assisted self-heterodyne detection [149]; it was experimentally shown that
by utilizing the Fresnel-reflected light as the reference light, Brillouin signals in POFs
can be observed with a higher SNR than those measured with standard self-heterodyne
detection. This method was basically the same in setup as direct detection, leading to
an additional advantage of system simplicity. Moreover, it was demonstrated that the
Brillouin signal in a 1 cm-long POF can be observed with a moderate SNR using this
technique, indicating a potential feasibility of POF-based distributed Brillouin
measurement with millimeter-order spatial resolution.

(6) Fiber-optic interferometry: influence on Brillouin measurement [150]; an
interference pattern was observed using a simple fiber-optic interferometer consisting
of an ESA and a narrowband light source, which was commonly employed for
observing the Brillouin gain spectrum. This interference pattern expanded well beyond
the frequency range corresponding to the Brillouin frequency shift in silica fibers.
Using both silica SMFs and POFs, we then experimentally proved that the distinctive
noise in a self-heterodyne-based Brillouin measurement with an unoptimized
polarization state originates from the interference between the reference light and the
Fresnel-reflected light. This noise can be almost completely suppressed by employing
a delay line that is longer than the coherence length of the light source and by

artificially applying a high loss near the open end of the sensing fiber.

Thus, towards the first demonstration of distributed strain and temperature sensing
based on Brillouin scattering in POFs, steady and innovative progress have been made

from the viewpoints of clarification of fundamental properties and development of novel
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methods for signal improvement. However, in order to achieve the goal, further research

IS required.

1.5 Performance estimation of POF-based Brillouin sensors

In this Section, before presenting the purpose and the constitution of this dissertation,
we theoretically estimate the ultimate performance of POF-based Brillouin sensors, such
as sensitivity, dynamic range, measurement range, and spatial resolution.

The strain and temperature sensitivities, i.e., their dependence coefficients of the BFS,
can be theoretically calculated by differentiating Equation (1) with respect to strain and
temperature [151]. Then we know that these coefficients are dependent on the changes in
Young’s modulus, refractive index, and Poisson’s ratio caused by strain and temperature
change. Among the three parameters, the change in Young’s modulus is reported to have
the largest contribution. The theoretical strain coefficient of the BFS in standard PMMA-
based POFs is calculated to be —160.6 MHz/%, which is ~0.3 times larger than that in
silica SMFs [151]. As is easily guessed, this difference originates from the difference of
the strain dependence of Young’s modulus [151]. In the same way, the temperature
coefficient is calculated to be —6.72 MHz/K, which is ~6 times larger than that in silica
SMFs [151]. This difference also originates from the difference of the Young’s modulus
dependence on temperature [151]. Thus, it is expected that, in POFs, the temperature
sensitivity is much higher while the strain sensitivity is much lower than those in silica
SMFs.

Next, the dynamic range of strain can be estimated as follows: first, by clarifying the
fracture strain and the elastic-to-plastic transition in PMMA-POFs using the stress-strain
curve, and then, by investigating the BFS dependence on large strain of >1% using the
measured acoustic velocity in PMMA-POFs. As will be detailed in Section 2 in Chapter

4, by measuring the stress-strain curve, we find that the elastic-to-plastic transition occurs
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at 2% strain and that the fracture strain is 55%. We also find the estimated BFS
dependence on large strain is non-monotonic in the plastic region, which leads to the fact
that to discriminate the strains of > 2% and < 2% is difficult, if only the BFS dependence
on large stain is used. In this sense, the dynamic strain range will be less than 2%. We
believe, however, that this limitation will be further enhanced by exploiting other physical
parameters, such as the Stokes power and Brillouin bandwidth.

The limitation of the measurement range is also discussed, which is highly related to
the effective length of the FUT. The effective length of the PFGI-POF is calculated to be
~18 m at 1.55-um wavelength by substituting a sufficiently long FUT length to the
Equation (1.4), and so the measurement range will be limited to several tens of meters.
This value will be elongated by using shorter optical wavelength at which the propagation
loss is lower. For instance, by employing the light at 0.98 um (the effective length can be
up to ~400 m), the limitation will be enhanced to several hundreds of meters.

Finally, we discuss the spatial resolution, which depends on distributed sensing
techniques. Here, we assume BOCDR, which we believe the most suitable for POF-based
distributed sensing, as detailed in Section 1 in Chapter 3. Using Equation (1.15), the
theoretical limitation of the spatial resolution of POF-based BOCDR is calculated to be
23 mm. This value is about a quarter of that of silica-based BOCDR, which is mainly
caused by the difference in BFS. In terms of the practical applications, this resolution is
sufficiently high because the sensing heads of Brillouin sensors are generally fixed to
some structures with 0.5-1.0 m intervals. We should note that the resolution is in the
trade-off relation with the measurement range. More detailed discussion will be found in

Section 1 in Chapter 3.

1.6 Purpose and constitution of this dissertation

The major purpose of this dissertation is to develop POF-based distributed strain and
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temperature sensors. This dissertation consists of the following five chapters: “I.
Introduction,” “2. Brillouin properties in large-strain applied POFs,” “3. Distributed strain
and temperature sensing using POFs,” “4. Relevant work for performance improvement
of POF-based Brillouin sensors,” <5. Conclusions.”

In Chapter 2, we clarify the BGS dependence on large strain (< 20%) in POFs, and
observe unique phenomenon named BFS hopping. In Chapter 3, we demonstrate the
distributed sensing using POFs, and simplify its experimental setup. In Chapter 4, we
perform the following six experiments to improve the performance of the POF-based
distributed sensors: (i) clarification of the SBS properties in POFs for SNR enhancement,
(i) estimation of the Brillouin properties in PMMA-POFs toward higher-sensitivity
temperature sensing, (iii) fast flaw detection in POFs using infrared thermometry for
efficient selection of high-quality POFs to be used as sensor heads, (iv) observation of
BGS in tapered POFs toward implementation of a memory function regarding
temperature, and (v) observation of a fiber fuse phenomenon in POFs toward
understanding of the performance limitation of POF-based Brillouin sensors. Finally, in
Chapter 5, we present our concluding remarks of this dissertation and describe remaining

problems and outlook for the future.
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2  Brillouin properties in large-strain applied
POFs

In this chapter, first, we measure a stress-strain curve of a plastic/polymer optical fiber
(POF), and investigate the Brillouin gain spectrum (BGS) dependence on large strain of
< 60%. We then observe and clarify a unique phenomenon named Brillouin frequency

shift (BFS) hopping in POFs.

2. 1 Brillouin gain spectrum (BGS) dependence on large
strain

In this Section, first, we obtain a stress-strain curve of a perfluorinated graded-index
(PFGI-) POF, and show that the elastic-to-plastic transition occurs at approximetely10%
strain. Then we investigate the dependence of Brillouin gain spectra (BGSs) on large
strain of > 20% in the PFGI-POF, and prove, for the first time, that the dependence of
BFS is highly non-monotonic. We predict that temperature sensors even with zero strain
sensitivity can be performed by use of this non-monotonic nature. Meanwhile, the Stokes
power decreases rapidly when the applied strain is > approximetely10%. This behavior
seems to originate from the propagation loss dependence on large strain. By exploiting
the Stokes power dependence, we can most likely solve the problem of how to identify
the applied strain, when the identification is difficult merely by BFS because of its non-

monotonic nature.
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2.1.1 Introduction

Brillouin scattering in PFGI-POFs has already been experimentally observed, since
various optical devices are available at telecom wavelength [140]. The BFS dependence
on strain in PFGI-POFs has been measured to be linear with a coefficient of —121.8
MHz/%, but, in our previous experiment, the applied strain ranged merely from 0% to
0.8% [141]. Putting their memory effect in perspective, the BFS dependence on large
strain in PFGI-POFs needs to be clarified.

In this Section, we experimentally investigate the dependence of BGS on large strain
of up to 20% in a PFGI-POF. The BFS dependence is found to be non-monotonic, which
agrees with our prediction concerning PMMA-POFs in Chap. 4, Section 2. By exploiting
this non-monotonic nature, temperature sensing even with zero strain sensitivity will be
feasible. As for the Stokes power, it is found to decrease drastically when the applied
strain is larger than 10%. We show that this behavior is well explained by the propagation
loss dependence on large strain. Utilizing the Stokes power dependence is one way to
solve the problem of how we should identify the applied strain, when it is difficult merely

by BFS due to its non-monotonic nature.

2.1.2 Experimental setup

We employed a 1.27-m-long PFGI-POF as a fiber under test (FUT), which had
numerical aperture (NA) of 0.185, core/cladding diameter of 50 um, cladding diameter
of 100 um, over cladding diameter of 750 pum, core refractive index of approximetely1.35,
and propagation loss of approximetely250 dB/km at 1.55 um. The experimental setup for
investigating the BFS dependence on large strain in the PFGI-POF was basically the same
as that previously reported in [140], where the BGS can be observed with a high
resolution (3 MHz in this experiment) by self-heterodyne detection. One end of the PFGI-
POF was butt-coupled to a silica SMF via an SC connector, and the other end was guided

to an optical power-meter. Polarization state was adjusted for each measurement with
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polarization controllers so that the Stokes power may be maximal. Different strains of up
to 20% were applied to the whole length of the PFGI-POF fixed on two translation stages.

The temperature was kept at 27°C for all the measurements.

2.1.3 Experimental results

Fig. 2.1.1 shows a stress-strain curve of a 0.1-m PFGI-POF of the identical type,
which was obtained with the same method (strain-applying speed: 100 mm/min) as in
Chap. 4, Section 2. The cross-sectional area was assumed to be constant during the
measurement. Fracture strain of the PFGI-POF was 71% and its elastic-plastic transition
was apparently induced at several % strain [152]. The initial peak up to approximately
10% indicates the elastic-to-plastic transition [153].

The measured BGS dependence on large strain of up to 18.3% in the PFGI-POF is
shown in Fig. 2.1.2(a). It took tens of seconds to manually apply a specific strain to the

PFGI-POF; then, a few minutes later, the BGS measurement was performed.
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Fig. 2.1.1 Measured stress-strain curve of the PFGI-POF.
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Fig. 2.1.2 Measured large-strain dependences of (a) the BGS, (b)
the BFS, and (c) the Stokes power in the PFGI-POF.

When the strain was 2.6%, a small peak was clearly observed at approximately 2.8 GHz.
This peak was caused by a 6-cm portion of the PFGI-POF end connected to the silica
SMF, to which proper strain was not applicable. From this measurement, the dependences
of the BFS and the Stokes power on large strain can be plotted as shown in Figs. 2.1.2(b)
and (c), respectively. In Fig. 2.1.2(b), the BFS dependence on strain was non-monotonic;
with the increasing strain, the BFS shifted at first toward lower frequency (0-2.6%) (this

shift agrees well with the result under small strain [141]), then toward higher frequency
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(2.6-8.1%), and finally became almost constant (8.1-18.3%). This behavior may be
caused by the Young’s modulus dependence on large strain [141]. In Fig. 2.1.2(c), with
the increasing strain, the Stokes power decreased, and its reduction grew drastic when the
strain was over approximately 10%. At approximately 20% strain, the Stokes power
became so low that the target BGS was buried by the noise, i.e., by the BGS of the small
portion of the PFGI-POF without strain applied. The fluctuations in the Stokes power
were caused by the unstable polarization state. The dependence of the Brillouin linewidth
on large strain is also a significant property, but we did not evaluate it because the Stokes
power was so small that its fair measurement was not feasible. The repeatability of the
results above has been confirmed by performing the same measurements for other
samples.

To clarify the origin of the Stokes power dependence on strain given in Fig. 2.1.2(c),
the propagation loss was also measured as a function of strain as shown in Fig. 2.1.3(a).
The loss drastically increased when the strain was over approximately 10%. Then, based
on this figure, the strain dependence of the effective length was calculated using Eq. (1.4),
which is given in Fig. 2.1.3(b). With the increasing strain, the effective length started to
decrease drastically when the strain was over approximately 10%, which is in good
agreement with the Stokes power dependence. In Fig. 2.1.3(b), when the strain was
smaller than 5%, the effective length was slightly increased with the strain, because the
actual fiber length was elongated owing to the strain and it compensated for the increase
in the loss. This behavior is different from that in the Stokes power dependence in Fig.
2.1.2(c), but it is valid if we consider that the small peak at approximately 2.8 GHz caused
by the small portion of the PFGI-POF was overlapped with the target BGS at such small
strains. Thus, we presume that the reduction of the Stokes power in the PFGI-POF with

strain is attributed to that of the propagation loss.
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Fig. 2.1.3 Measured large-strain dependences of (a) the
propagation loss and (b) the effective length in the PFGI-POF.

By exploiting these unique Brillouin features of PFGI-POFs, some useful devices and
systems will be developed. For instance, the BFS in a PFGI-POF to which 10-15% strain
is applied has no strain dependence, and consequently it may be used for temperature
sensing with almost zero strain sensitivity. We must note that, due to the non-monotonic
nature of BFS, the identification of the applied large strain is sometimes difficult only by
BFS. We may solve this problem by applying approximately 2.6% strain beforehand

and/or by using the Stokes power dependence on strain as well.

2.1.4 Conclusion

By applying large strain of up to 20%, the strain dependence of BGS in the PFGI-
POF was measured in detail. The BFS exhibited a non-monotonic nature, with which
temperature sensing even with zero strain sensitivity will be feasible. The Stokes power
drastically dropped when the applied strain was larger than approximetely 10%. This

behavior is probably caused by the large-strain dependence of the propagation loss. The
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identification of the applied strain is sometimes difficult only by BFS due to its non-
monotonic nature; in that case, using the Stokes power dependence will be one of the
solutions. Since this nature may vary depending on the time of applying strain or the types
of the POFs (PMMA-POFs, partially-chlorinated POF, etc.), further investigation is
required on this point. We believe that these results are of great significance in developing

large-strain sensors based on Brillouin scattering in POFs.

2.2 Observation of Brillouin frequency shift hopping

From this Section, we investigated the BGS dependence on large strain of up to 60 %
in a POF at 1.55 um, and found that the BFS abruptly changes from approximetely2.7
GHz to approximetely3.2 GHz. We named this phenomenon “BFS hopping,” and found
it to originate from the varied acoustic velocity induced by the stepwise change in the
core diameter of the POF. This is because of the yielding of the overcladding layer
composed of polycarbonate. We also discuss the use of the Stokes power ratio (defined
as the ratio of the Stokes power of the new peak to that of the initial peak) to determine
the large strain applied to the POF. After the occurrence of BFS hopping phenomenon,
the BFS dependence coefficients on strain and temperature in the POF were measured to
be —65.6 MHz/% and —4.04 MHz/K respectively. These values indicate that, compared
to an unstrained POF, further higher-precision temperature sensing with lower strain

sensitivity is feasible.

2.2.1 Introduction

We have recently measured the BGS dependence on large strain of up to 20% (see
Chap. 2, Section 1), and found that at approximately 10% strain the Brillouin Stokes
power starts to decrease. We attributed the reason for this behavior to an increased

propagation loss leading to a shortened effective length (see Chap. 2, Section 1). However,
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the drastic decrease (approximetely60%) in the Stokes power at 20% strain is not fully
explained by only approximetely30% reduction of the effective length.

From this Section, we investigate the BGS dependence on even larger strain of up to
60% in a PFGI-POF at 1.55 um, and find that the BFS abruptly changes from
approximately 2.7 GHz to approximately 3.2 GHz. This provides a reasonable
explanation for the phenomenon described above. We name this “BFS hopping,” the
origin of which is shown to be the varied acoustic velocity induced by the stepwise change
in the core diameter. We also discuss the use of the Stokes power ratio (defined as the
ratio of the Stokes power of the new peak to that of the initial peak) to determine the large
strain applied to the POF. Further, from our measurements we found the strain- and
temperature-dependence coefficients of the BFS in the slimmed-down POF (after the BFS
hopping) to be —65.6 MHz/% and —4.04 MHz/K respectively, indicating that with lower

strain sensitivity, higher-precision temperature sensing can be achieved.

2.2.2 Experimental setup

We employed a 0.6-m-long PFGI-POF with 50 um core diameter. The core and
cladding layers are composed of doped and undoped polyperfluorobutenylvinyl ether
(trademark: CYTOP). The refractive index at the center of the core, the numerical
aperture, and the propagation loss at 1.55 um are 1.356, 0.185, and approximately 250
dB/km respectively. The polycarbonate reinforcement overcladding layer (diameter of
490 um) reduces micro-bending losses and increases the load-bearing capability. Instead
of the standard experimental setup based on self-heterodyne detection [140], we used a
newly developed Fresnel-assisted setup [154], which can detect the BGS in POFs with a
higher signal-to-noise ratio. Large strain was applied to the POF with two computer-

controlled motorized stages at a room temperature of 20°C.
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2.2.3 Experimental results

First, we measured the BGS dependence on large strain of up to 60% in the POF, as
shown in Fig. 2.2.1(a). The pump power was 26 dBm, and the strain rate was 200 pm/s.
The Brillouin peak observed at approximetely 2.8 GHz in the absence of strain shifted to
lower frequency at < 2.3% strain, and then shifted to a higher frequency; its peak power
gradually reduced with increasing strain (> 10%). This behavior has been reported earlier
in Ref. [155]. However, we first report the appearance of an additional peak at
approximetely3.2 GHz when strain was > 7.3% (Fig. 2.2.1(a). At 31% strain, the power
of the two peaks is almost the same, and at 60% strain, the initial peak almost disappeared
(note that the peak at approximetely 2.85 GHz originated from the approximetely3-cm-
long unstrained POF section near the connector). The BFS of the two peaks were then

plotted as functions of strain, as shown in Fig. 2.2.1(b). The dependence of the initial peak
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Fig. 2.2.1. Measured large-strain dependence of (a) BGS, (b) BFS,
and (c) Stokes power ratio in POF. In (b), the BFS of the initial peak
was not accurately measured at strain of > 20 % (colored in gray).
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showed the same non-monotonic behavior as previously reported [155] (> 20%, the BFS
cannot be accurately measured). The BFS of the newly appeared peak was almost
independent of the applied strain in this range. The strain dependence of the Stokes power
ratio (defined as the ratio of the Stokes power of the new peak to that of the initial peak)
can be plotted as shown in Fig. 2.2.1(c). The power ratio drastically increased when the
strain was over approximately 3%. The strain at which the power ratio can be plotted was
limited to approximately 60%, because the whole length of the strained section is slimmed
at approximately 60%. The fluctuations in the power ratio were caused by the unstable
polarization state. We speculate that large-strain sensing (< 60%) will be feasible by using
this behavior, i.e., strain of up to ~10% can be determined using the BFS values (by
applying 3% strain to the POF in advance), whereas strain of over 10% can be determined
using the power ratio.

Next, side views of the POF in the presence of ~7.3% strain are shown in Fig. 2.2.2(a).
Several sections were slimmed down in a stepwise manner, and with increasing strain,
the slimmed sections grew longer (i.e., spread along the POF), while their outer diameter

was maintained. This explains the independence of BFS from large strain (> 7.3%)
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Fig. 2.2.2. (a) Side views of the slim-down process of
the POF (taken every 4 s), and (b) cross-sectional view of
the slimmed-down POF.
described above. The core diameter of the slimmed-down POF was estimated to be 0.84

times of that of the unstrained POF from a cross-sectional view shown in Fig. 2.2.2(b).

This phenomenon is probably caused by the yielding of the overcladding layer made up
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of polycarbonate, and not because of the core or cladding layers. The upper yield point of
~8.0% (see Fig. 6 in Ref. [156]) agrees with the strain at which the POF was slimmed
down (according to the specification sheet, the upper yield point of CYTOP composing
the core and cladding layers is approximately 20%). This abrupt change in the core
diameter seems to have induced the change in the acoustic velocity, therefore resulting in
the BFS hopping. Further, note that the unstable stress-strain curve of the PFGI-POF in

the range from ~ 10 to 60% (see Fig. 2.2.1 in Ref. [155]) can also be explained by this

phenomenon.
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Fig. 2.2.3. Measured strain dependence of BGS (a) and BFS (b), and
temperature dependence of BGS (c) and BFS (d) of the slimmed-
down POF.

Finally, after the whole length of the POF was slimmed down at 60% strain, its

BGS/BFS dependence on strain and temperature was investigated after the strain was
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released, and the results are shown in Figs. 2.2.3(a)—(d). Their BFS dependence
coefficients were found to be —65.6 MHz/% and —4.04 MHz/K (Fig. 2.2.3(b) and
(d)), which are 0.5 times [141] and 1.3 times [157] the value of an unstrained POF.
This result indicates that further higher-precision temperature sensing with lower
strain sensitivity is feasible by exploiting the Brillouin signals in the slimmed-down

POFs.

2.2.4 Conclusion

The BGS dependence on large strain of up to 60% in a PFGI-POF was investigated
at 1.55 um, and an abrupt change in BFS from approximetely 2.7 GHz to approximetely
3.2 GHz was observed. We showed that this “BFS hopping” is probably caused by the
varied acoustic velocity induced by the stepwise change in the core diameter (because of
the yield of polycarbonate-based overcladding layer). We also discussed the use of the
Stokes power ratio to determine the large strain applied to the POF. Subsequently, the
strain- and temperature-dependence coefficients of the BFS in the slimmed-down POF
were —65.6 MHz/% and —4.04 MHz/K respectively, which indicates the possibility of
higher-precision temperature sensing with lower strain sensitivity. We believe that the
physical aspects of these results are interesting and will be of great significance in

developing POF-based large-strain sensing systems in the near future.
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3 Distributed strain and temperature sensing
using POFs

In this chapter, first we demonstrate distributed strain and temperature sensing using
polymer/plastic optical fibers (POFs) based on correlation-domain technique. We then

simplified the experimental setup.

3. 1 First demonstration based on correlation-domain
technique

In this Section, we present the first demonstration of distributed strain/temperature
sensing with a high spatial resolution in POFs based on Brillouin optical correlation-
domain reflectometry. A 50-cm-long strain-applied (or heated) POF section is clearly
detected with a theoretical spatial resolution of 34 cm, a high sampling rate of 3.3 Hz (per
measured point), and a high signal-to-noise ratio. A 10-cm-long heated POF section is
also successfully detected with a theoretical resolution of 7.4 cm. The performance

limitation of this system is then discussed.

3.1.1 Introduction

Very recently, Minardo et al [158] have demonstrated low-resolution distributed
temperature sensing in a POF based on Brillouin optical frequency-domain analysis
(BOFDA). They detected a 4-m-long heated section—Ilocated at one end—of a 20-m-
long POF, but the spatial resolution and signal-to-noise ratio (SNR) were not sufficiently

high for practical use; relatively high cost of the devices such as a vector network analyzer
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and a microwave generator is also a problem. Although a 3-cm spatial resolution has been
obtained by BOFDA in a silica single-mode fiber (SMF), such a high resolution has not
been achieved in a POF not only because of the high propagation loss but also because of
the weak Brillouin signal resulting from its large core diameter and multimode nature.

In this Section, we report on the first demonstration of distributed strain and
temperature sensing with a centimeter-order spatial resolution in a POF based on
Brillouin optical correlation-domain reflectometry (BOCDR), which is highly cost-
effective. A 10-cm-long heated section—Ilocated away from both ends—of a 1.3-m-long
POF is successfully detected with a theoretical spatial resolution of 7.4 cm and a sampling
rate of 3.3 Hz per measured point (corresponding to a measurement time of approximately
1 minute, if the number of measured points is 200). We also discuss how the
characteristics of POFs (Brillouin frequency shift (BFS), Brillouin bandwidth,

propagation loss, etc.) affect the sensing performance of BOCDR.

3.1.2 Experimental setup

POFs employed in the experiment were PFGI-POFs with a numerical aperture of
0.185, a core diameter of 50 um, a cladding diameter of 100 um, an overcladding diameter
of 500 um, a core refractive index of approximately 1.35, and a propagation loss of
approximately 250 dB/km at 1.55 um. The core/cladding layers and the overcladding
layer were composed of amorphous perfluorinated polymer and polycarbonate,
respectively.

The schematic setup of BOCDR for distributed measurement in a POF is shown in
Fig. 3.1.1, which is basically the same as that previously reported in [116]. All the optical
paths except the POF were silica SMFs. A distributed-feedback laser diode at 1.55 um
with 1-MHz linewidth was used as a light source, and its output frequency was

sinusoidally modulated by direct modulation of the driving current. Its output was divided
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3. Distributed strain and temperature sensing using POFs

into two light beams with a coupler. One was directly used as the reference light of
heterodyne detection, after passing through a 1-km delay fiber to adjust the correlation
peak order, and an erbium-doped fiber amplifier (EDFA) to enhance the beat signal. The
other beam was amplified with another EDFA, and injected into the POF as the pump
light (incident power: 27 dBm). The optical beat signal between the Stokes light and the
reference light was then converted to an electrical signal with a photo detector (PD),
which was finally monitored with an electrical spectrum analyzer (ESA) with a 300-kHz
frequency resolution. Polarization state was optimized with a polarization controller (PC)
at the beginning of each distributed measurement so that the Rayleigh noise was minimal

[159].

Vo
(Center freq.) PC POF

Correlation
peak

Fig. 3.1.1. (Color online) Schematic setup of BOCDR. EDFA, erbium-
doped fiber amplifier; ESA, electrical spectrum analyzer; FG, function
generator; PC polarization controller; PD, photo detector.

3.1.3 Experimental results

First, we demonstrate distributed strain and temperature sensing with a moderate
spatial resolution but with a high SNR. The modulation frequency fn was swept from
11.654 to 11.698 MHz, corresponding to the measurement range dm of 9.5 m according
to Eq. (1.14). The modulation amplitude Af was set to 0.9 GHz, resulting in the theoretical

spatial resolution Az of 34 cm from Eq. (1.13) (the Brillouin bandwidth Avg is
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approximately 100 MHz in a POF). Their ratio Nr was 28. The 56th correlation peak was
used. The overall sampling rate of single-location measurement was 3.3 Hz.

Fig. 3.1.2 shows the structure of a 2-m-long POF to be measured, in which strains of
< 1.2% were applied to a 50-cm-long section fixed on a translation stage, or the same
section was heated up to 65°C. One end of the POF was butt-coupled to a silica SMF
(second port of the circulator) via an SC connector, and the other end was cut at 8 degrees
to suppress the Fresnel reflection. The room temperature was 18°C.

The measured BFS distribution when strain was applied is shown in Fig. 3.1.3(a). The
measurement time was approximately 1 minute (200 points), which can be set shorter by
reducing the measured points. The 50-cm-long strain-applied section was successfully
detected. The BFS shifted to lower frequency with increasing strain with a proportionality
constant of —115.3 MHz/%, which was moderately consistent with that previously
reported (—121.8 MHz/% [141]). The BFS changed even along the strain-free sections by

about +10 MHz, which indicates that the strain measurement error is £0.09%.

Strain / Temperature

Butt coupling A
80 cm 50 cm 70 cm
i L J
T

2 m POF

Fig. 3.1.2. Structure of POF under test (1).

The measured BFS distribution when temperature was changed is also shown in Fig.
3.1.3(b), where the 50-cm-long heated section was clearly detected. The measurement
time was also about 1 minute. The proportionality constant of temperature dependence
was —3.27 MHz/°C, which is in good agreement with previous result (—3.2 MHz/% [160]).

The temperature measurement error was evaluated to be approximately +3.1°C.
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Fig. 3.1.3. (Color online) Measured BFS distributions with a 50-
cm-long section (a) strain-applied, and (b) heated.

Next, we demonstrate distributed temperature sensing with a centimeter-order spatial
resolution. The modulation configurations of the light source were: fn = 53.321 — 53.451
MHz and Af = 0.9 GHz, corresponding to dm of 2.1 m and Az of 7.4 cm (Nr = 28). Fig.
3.1.4 shows the structure of a 1.3-m-long POF employed, where a 10-cm-long section
was heated to 40°C.

Fig. 3.1.5(a) shows the measured distribution of normalized BGS along the POF, and
Fig. 3.1.5(b) shows the BGS examples at non-heated and heated positions (relative
positions of 67 cm and 104 cm, respectively). Fig. 3.1.5(c) shows the BFS distribution
corresponding to Fig. 3.1.5(a). The measurement time was approximately 40 seconds
(130 points). The BFS clearly downshifted at the 10-cm-long heated section. The amount
of the BFS shift was approximately 26 MHz, which agrees well with the actual
temperature (40°C). The gradual BFS changes at the relative positions of approximately
90 cm and approximately 115 cm were probably caused by the overlap of two broad BGSs

(Avg approximately 100 MHz) from the sections with and without temperature changed.
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Fig. 3.1.4. (Color online) Structure of POF under test (2).
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Fig. 3.1.5. (Color online) (a) Normalized BGS distribution, (b)
examples of BGS (Z1: at 67 cm (room temperature); Z»: at 104 cm
(heated)), and (c) BFS distribution measured with cm-order
resolution.

Finally, we compare the performances of POF-based BOCDR with those of silica
SMF-based BOCDR. First, according to Eq. (1.15), the highest spatial resolution Azmin
theoretically achievable in POF-based BOCDR (vg approximately 2.8 GHz; n
approximately 1.35) is calculated to be 23 mm, which is approximately 1/4 of that in

SMF-based BOCDR (vg approximately 10.8 GHz; n approximately 1.46). However, a
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weak Brillouin signal in a POF [141], leading to a low SNR, practically limits the spatial
resolution, as shown in the aforementioned experiment. Next, according to Eq. (1.17), the
maximal number of effective sensing points Nrmax 0f POF-based BOCDR (Avs
approximately 100 MHz) is calculated to be 44, which is approximately 1/13 of that of
SMF-based BOCDR (Avg approximately 30 MHz). This problem can be mitigated by
employing so-called temporal-gating [120] and double-modulation schemes [121]. Note
that the measurement range dm itself is limited not only by its trade-off relation to 4z but
also by the high propagation loss (250 dB/km at 1.55 pum) of the POF. Currently, the
practical limitation of dm is several tens of meters (depending on 4z, incident power, and
many other parameters); we believe it can be elongated to several hundreds of meters by
using shorter pump wavelengths at which the propagation loss is much lower. As for the
sampling rate of single-location measurement, 3.3 Hz demonstrated in the experiment is
restricted by the speed of signal acquisition from the ESA via a general-purpose interface
bus, which might be further enhanced by use of faster data acquisition methods that have
been implemented in SMF-based BOCDR and BOCDA.. Highly accurate discriminative
sensing of strain and temperature [161] using POFs is another important problem to be

tackled.

3.1.4 Conclusion

Distributed strain and temperature sensing with a centimeter-order spatial resolution
in a POF was demonstrated for the first time using a cost-effective BOCDR technique. A
10-cm-long heated section of a 1.3-m-long POF was successfully detected with a
theoretical spatial resolution of 7.4 cm and a sampling rate of 3.3 Hz (per measured point).
The limitation of the sensing performances was discussed. We believe that our results
have overcome a stereotype of perceiving POF-based Brillouin distributed sensing with

a high resolution and/or a high SNR as almost infeasible.
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3.2 Simplification of experimental setup

In this Section, first, we develop simplified (S-) BOCDR, where the light Fresnel-
reflected at a partial reflection point (or the fiber end) is used as reference light and an
additional reference path used in standard implementations can be removed. This
configuration is useful for practical application and enhancement of SNR in BOCDR.
Then, we implement S-BOCDR using a POF as a fiber under test, which provides the
following advantages over S-BOCDR using a standard silica single-mode fiber (SMF):
(1) the Fresnel-reflected light can be stably returned at the interface between the POF and
an SMF (the pigtail of an optical circulator), and (2) the effect of the Oth correlation peak
can be easily and effectively suppressed by exploiting a so-called BFS-hopping
phenomenon. We then experimentally demonstrate a distributed measurement and detect

a 0.46-m-long heated POF section.

3.2.1 Introduction

One of the practical advantages of BOCDR is a system simplicity and cost efficiency;
the experimental setup of its basic configuration does not include relatively expensive
devices, such as electro-optic modulators (optical-pulse generators, single-sideband
modulators, etc) and vector network analyzers (cf. Brillouin optical frequency-domain
analysis (BOFDA). Further simplification of the BOCDR system will greatly enhance its
utility.

In this work, first, we develop an even simpler experimental setup of BOCDR, named
S-BOCDR (S-BOCDR-1), which exploits as reference light the Fresnel-reflected light
from an open end of a sensing fiber and does not include an additional reference path used
in standard implementations. After clarifying the theoretical limitations of spatial

resolution, measurement range, and their ratio, we demonstrate a distributed strain
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measurement with a < 100-mm spatial resolution and a 4.1-m measurement range. Then,
we focus on two disadvantages of S-BOCDR: (1) measurement can be performed only
along half of the FUT length (distal from the open end), and (2) measurement cannot be
continued when the FUT has even one breakage point. To overcome these drawbacks, we
here develop an alternative configuration of S-BOCDR (S-BOCDR-2) where the light
Fresnel-reflected at a partial reflection point (artificially produced near an optical
circulator) is used as reference light. With this configuration, measurement of another half
of the FUT length (proximal to the open end) is possible, which is more convenient for
practical applications. Even when the FUT has a breakage point, measurement can be
conducted at least up to that point. We demonstrate a distributed measurement for
detecting a 1.46-m-long strained section with a high signal-to-noise ratio (SNR). Finally,
by implementing S-BOCDR-2 using a POF, we mitigate the two problems still remaining
in S-BOCDR-2: (1) the unstable power of the Stokes light that propagates through the
partial reflection point (such as an air gap; extensive disturbance makes a distributed
measurement difficult), and (2) the need for preparation of optical fibers with sufficiently
different BFS values, which are inserted around the partial reflection point to suppress
the influence of the Oth correlation peak. As for problem (1) mentioned above, the Stokes
light can be stably returned from the POF through the interface between the POF and the
silica SMF; this structure is simpler and more robust than that of previous S-BOCDR-2.
As for problem (2), the BFS in the POF can be irreversibly upshifted by approximately
300 MHz only by applying large strain (named BFS hopping). A distributed measurement
is experimentally demonstrated, in which a 0.46-m-long heated POF section is

successfully detected.

3.2.2 Principle
A basic BOCDR setup is depicted in Fig. 3.2.1(a) in Ref. [116]. The beat signal of
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Stokes and reference lights is detected as a BGS. By sinusoidal modulation of the laser
frequency, correlation peaks are periodically distributed along the FUT; the distance
between the adjacent peaks is set to be longer than the FUT length, so that only one
correlation peak exists in the FUT. Correlation peaks of any order can be located in the
FUT by controlling the optical path-length difference between the pump and the reference
paths. The correlation peak position can be scanned along the FUT by sweeping the
frequency of the sinusoidal modulation; thus, a distributed BGS measurement can be
performed. As has been discussed in detail and summarized in Ref. [117], the
measurement range, spatial resolution, theoretical value of the highest resolution, range-
to-resolution ratio (effective number of sensing points), and theoretical value of the
highest ratio are expressed as Chap. 1, Section 3.3.

Fig. 3.2.1(b) shows a setup of S-BOCDR. In Fig. 3.2.1(b), the laser output is injected
directly into the FUT, and the reflected light (consisting not only of the Brillouin-Stokes
light but also of the reference light that is Fresnel reflected at the FUT open end) is
detected. When the laser frequency is subject to sinusoidal modulation, correlation peaks
are generated along the FUT. As the Oth correlation peak is fixed at a zero-optical-path-
difference point, i.e., at the FUT open end, some loss is artificially applied near the open
end to suppress its influence. The initial configuration of S-BOCDR has two drawbacks:
(1) the measurement range is limited to half of the FUT length (distal from the open end)
and (2) the measurement becomes non-feasible when the FUT has a breakage point. The
measurement range, spatial resolution, theoretical value of the highest resolution, range-

to-resolution ratio, and theoretical value of the highest ratio are given by

L

dsgocpr = P (3- 1)

AVB (L - l)

ol (3.2)

Azg gocpr =
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ZAVB (L - l)

Az&ocpr = ——Brs (3.3)
Af

Ns-gocor = z”A—vB’ (3.4)
X 1T BFS

Ng’Bocpr = 2ivp (3.5)

respectively, where L is the FUT length, and | is the sensing position in the FUT.

Two configurations of S-BOCDR will be presented in this Section; one (S-BOCDR-
1) uses the light Fresnel-reflected at the open end of the FUT, while the other (S-BOCDR-
2) uses the light Fresnel-reflected at the partial reflection point artificially induced near
an optical circulator. When the laser frequency is subject to sinusoidal modulation,
correlation peaks are generated along the FUT. As the Oth correlation peak is fixed at a
zero-optical-path-difference point, i.e., at the FUT open end (S-BOCDR-1) or at the
partial reflection point (S-BOCDR-2), its influence needs to be suppressed, for example,
by applying some artificial loss near the open end (S-BOCDR-1) or by replacing the
nearby fibers with fibers that have different BFS values (S-BOCDR-2). The measurement

0th

Pump  Correlation peak Pump cor. peak cor. peak

V,
—)0 Scan —O) ! Sean Loss iFixed
Laser H—- [ Laser | @ N\—§ )
o FUT FUT
R:;I l Stokes /_Stokes Fresnel
Vi, — BFS W Vg-BFS reflection
[P0 == ’ [P0 ] Vo
(a) (b)

Fig. 3.2.1. Schematics of (a) basic BOCDR configuration and (b)
initial S-BOCDR configuration. ESA, electrical spectrum analyzer;

range in both S-BOCDR schemes is limited to one-half of the FUT length: distal from the
open end (S-BOCDR-1) or proximal from the open end (S-BOCDR-2), the latter of which
is more convenient for practical applications. When the FUT has a breakage point, the

measurement becomes non-feasible in S-BOCDR-1, although the measurement can be
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continued at least to that breakage point. Thus, broadly speaking, S-BOCDR-2 is superior

in performance to S-BOCDR-1, from a practical viewpoint.

Schematic presentation of an alternative S-BOCDR setup is shown in Fig. 3.2.2.
Similar to the case in S-BOCDR (Fig. 3.2.1(b)), the laser output here is directly injected
into the FUT, and the reflected light is guided to a photodiode (PD) followed by an
electrical spectrum analyzer (ESA). At the interface between the pigtail of the optical
circulator and one end of the FUT, partial reflection is artificially induced, whereas the
other end of the FUT is angle-cut to suppress the Fresnel reflection and is kept open. Then,
the reflected light consists of the Brillouin-Stokes light and the light that is Fresnel
reflected at the partial reflection point, which works as a reference light. When sinusoidal
modulation is applied to the laser frequency, correlation peaks appear along the FUT. The
Oth correlation peak, generally fixed at a zero-optical-path-difference point, is located at
the partial reflection point in this case. As shown in Fig. 3.2.2, the influence of the Oth
peak needs to be suppressed by replacing the nearby fibers with fibers that have different
BFS values (unless low-temperature measurement is aimed at, lower BFS is preferable
because the BFS in silica SMFs increases with increasing applied strain [35] and
increasing temperature [36]). As the modulation frequency increases, the 1st correlation
peak gradually approaches the Oth peak. While only the 1st peak (except the Oth peak)
exists in the FUT, a distributed measurement can be properly performed. When the 1st
peak has reached the FUT midpoint, the 2nd peak starts to appear at the FUT open end,
resulting in the measurement error. By the same reasoning, the length of the circulator
pigtail needs to be sufficiently shorter than half of the FUT length. Thus, the measurement
range of the alternative S-BOCDR is limited to half of the FUT length L, i.e., Eq. (3.1) is
valid; however, a major difference is that the measurement range is located proximal to
the open end, which is more convenient for practical applications. The spatial resolution
can be expressed by Eq. (3.2), provided the sensing position | in the FUT is defined as

shown in Fig. 3.2.3. Consequently, the theoretical value of the highest resolution, range-
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Fig. 3.2.2. Schematic of alternative S-BOCDR.
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to-resolution ratio, and theoretical value of highest ratio of the alternative S-BOCDR are
also expressed by Egs. (3.3), (3.4), and (3.5), respectively. It should be noted that the
range-to-resolution ratio is calculated by using the lowest resolution (I = 0), because the
resolution dramatically depends on the sensing position 1.

However, S-BOCDR-2 suffers from two problems. One is that the Stokes light is not
stably returned from the FUT through the partial reflection point, leading to a low
measurement stability. For instance, an air gap was used to induce partial reflection,
which was susceptible to external disturbance. The other problem is that we need to
prepare optical fibers with sufficiently different BFS values and insert them around the
partial reflection point to suppress the influence of the Oth correlation peak. Silica multi-
mode fibers with BFS values of approximately 10.5 GHz were inserted, though this
necessity is undesirable.

Here, we show that these two problems of S-BOCDR-2 can be mitigated by

implementing it using a POF as an FUT. Then, a partial reflection point can be
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automatically created at the butt-coupled interface between the POF and the silica SMF
(the pigtail of an optical circulator) [154], at which Fresnel-reflected light with a
reflectivity of 0.2% (calculated using n = 1.46 in a silica SMF and 1.35 in a PFGI-POF)
is obtained; the Stokes light can stably pass through the interface. The key to the solution
of the second problem is the BFS hopping phenomenon, in which the BFS in the POF
(BFS: approximately 2.8 GHz) can be irreversibly upshifted by approximately 300 MHz
only by applying a large strain of >7.3%. Unless cryogenic sensing is the intended
application, the BFS “upshift” is preferable because the BFS in a POF decreases with
increasing applied strain and temperature. Thus, instead of inserting different fibers
around the butt-coupled part, we have only to pull the POF for a length sufficiently longer
than half of the spatial resolution (i.e., the width of the Oth correlation peak). Note that,
as the BGS of the silica SMF (BFS: approximately 10.8 GHz) near the butt-coupled part

does not overlap with that of the POF, it requires no modification.

3.2.3 Experimental results

We present three demonstrations: (i) distributed sensing based on S-BOCDR-1, (ii)
distributed sensing based on S-BOCDR-2, and (iii) distributed sensing based on S-
BOCDR-2 using a POF.

3.2.3.1 Demonstration 1

The S-BOCDR setup used in the experiment is depicted in Fig. 3.2.3. The pump light
was amplified up to approximately 30 dBm with an erbium-doped fiber amplifier (EDFA),
and a 10-dB bending loss (experimentally optimized) was applied to the section near the
open end. Considering that the Fresnel reflectivity at the open end which is cut vertically
to the fiber axis is approximately 4% (= —14 dB), the reference power at the PD was

roughly calculated to be —4 dBm. The sinusoidal modulation of the laser frequency was
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performed by directly modulating the laser driving current.

Pump
Vo
. Bending
loss

FUT AA_@
f Stokes Fresnel
Vg - BFS reflection

ESA € PD Vo

Fig. 3.2.3. Experimental setup of S-BOCDR.

We employed a silica SMF as an FUT, which had a numerical aperture of 0.13, a core
refractive index of approximately 1.46, a core diameter of 9 um, a cladding diameter of
125 um, and a propagation loss of approximately 0.5 dB/km at 1.55 um. The FUT length
was 8.2 m, leading to the measurement range of 4.1 m. In this paper, to clearly show a
distributed measurability with a high SNR, we swept the modulation frequency fn from
12.370 MHz to 24.445 MHz and fixed the modulation amplitude Af at 0.82 GHz,
corresponding to the spatial resolution of approximately 95 mm at | = 0 m and
approximately 48 mm at | = 4.1 m. Using two translation stages, different strains of <
0.6% were applied to a 0.6-m-long section of the FUT (see Fig. 3.2.4 for the detailed FUT
structure). The sampling rate at a single sensing point was 3.3 Hz, limited by the data
acquisition from the ESA. The number of the sensing points was set to 41, and
consequently, the measurement time was approximately 12 s. The operating temperature

was kept at 27°C.
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Fig. 3.2.4. Structure of FUT.

The measured BGS distribution with a 0.56-% strain applied is shown in Fig. 3.2.5.
A BFS upshift was observed at the strain-applied section with a high SNR. The measured
BFS distributions with strains of 0.00, 0.27, 0.40, and 0.56% applied (Fig. 3.2.6) shows
that the 0.6-m-long strain-applied section was successfully detected. As shown in the inset
of Fig. 3.2.6, the BFS shifted to higher frequencies with increasing strain with a
proportionality constant of 491 MHz/% (calculated using the BFS values at the middle
point of the strain-applied section). This value is in good agreement with the previously
reported value [35]. The BFS changed even along the strain-free sections by about
+2.1 MHz (standard deviation), which indicates that the strain and temperature
measurement errors are approximately +0.004% and approximately +1.8 °C, respectively.

Thus, a distributed measurability based on S-BOCDR was demonstrated.

Position
[m]

Frequency
[GHZ]

Fig. 3.2.5. Measured BGS distribution when a strain of 0.56% was applied.
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Fig. 3.2.6. Measured BFS distribution when strains of 0.00, 0.27, 0.40, and 0.56% were

applied. The inset shows the BFS dependence on applied strain.

3.2.3.2 Demonstration 2

Schematic of the alternative S-BOCDR setup used in the experiment is shown in Fig.
3.2.7. The pump light was amplified up to approximately 30 dBm using an erbium-doped
fiber amplifier (EDFA). The sinusoidal modulation of the laser frequency was performed
by directly modulating the laser driving current.

ﬂ{eflected Brillouin Angled cut
Stokes
-BFS

Partial reflection

Fig. 3.2.7. Experimental setup of alternative S-BOCDR.

First, a pilot distributed measurement was performed without suppressing the
influence of the Oth correlation peak. The FUT structure is shown in Fig. 3.2.8. We
employed a silica SMF as an FUT, which had a numerical aperture (NA) of 0.13, a core
refractive index of ~1.46, a core diameter of 9 pm, a cladding diameter of 125 um, and a
propagation loss of approximately 0.5 dB/km at 1.55 pm. Partial reflection was induced
by forming a small gap (reflectivity approximately 0.05%). The FUT length was 18.00 m,
leading to the measurement range of 9.00 m. In this study, to clearly show a distributed
measurability with a high SN ratio, we swept the modulation frequency fm from 5.7038
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MHz to 11.408 MHz and fixed the modulation amplitude Af at 0.50 GHz, corresponding
to the spatial resolution of approximately 170 mm at | =0 m and approximately 340 mm
at I = 9.00 m. Using two translation stages, we applied different strains of <0.7% to a
1.46-m-long section of the FUT. The sampling rate at a single sensing point was 3.3 Hz
(limited by the data acquisition from the ESA). There were 45 sensing points, and the

measurement lasted for approximately 14 s. The operating temperature was maintained
at 28°C.
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Fig. 3.2.8. Structure of the FUT without Oth peak suppression.

The measured BGS distribution with an applied strain of 0.50% is shown in Fig.
3.2.9(a), and the measured BGSs at | = 8.00 m (no strain) and at | = 1.40 m (strained) are
shown in Fig. 3.2.9(b). Irrespective of the sensing position, the peak frequency of the
BGS was 10.86 GHz, corresponding to the BFS of a non-strained silica SMF. Thus, the
strained section was not detected, because the measured BGS was constantly overlapped
by the BGS of the light that was Brillouin scattered at the Oth correlation peak. This result

indicates that suppression of the Oth peak is indispensable for the correct operation of the
alternative S-BOCDR.
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Fig. 3.2.9. (a) Measured BGS distribution without Oth peak suppression. (b) Measured
BGSs at | = 8.00 m (Z1; no strain) and at | = 1.40 m (Z»; strained).

Next, the distributed measurement was performed after suppressing the influence of
the Oth correlation peak. As shown in Fig. 3.2.10, two 3.00-m-long silica multi-mode
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fibers (MMFs) with a BFS value of approximately 10.5 GHz [148] were inserted at
around the partial reflection point; this frequency serves as the lower limit of the
measurable BFS range, corresponding to the BFS of silica SMFs at roughly —330 °C.
These MMFs had an NA of 0.20, a core refractive index of approximately 1.46, a core
diameter of 50 pm, a cladding diameter of 125 pum, and a propagation loss of
approximately 1.0 dB/km at 1.55 um. The two interfaces of the MMFs and SMFs were
connected by adaptors. Other conditions were the same as those in the preceding
experiment.

Midpoint
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—

FUT length L=18 m

Fig. 3.2.10. Structure of the FUT with Oth peak suppression.

The measured BGS distribution with an applied strain of 0.50% is shown in Fig.
3.2.11(a), and the measured BGSs at | = 8.00 m (no strain) and at | = 1.40 m (strained)
are shown in Fig. 3.2.11(b). A BFS upshift was clearly observed at the strained section.
In Fig. 8(b), at | = 1.40 m (strained), a smaller undesired peak was observed at
approximately 10.86 GHz, which was caused by the sidelobes of the 1st correlation peak.
Even with this effect, a distributed measurement can be correctly performed, but the
measurable maximal strain (or temperature change) is sometimes limited. This limitation
can be mitigated by using an apodization technique based on intensity modulation [84,85].
The measured BFS distributions for applied strains of 0.00, 0.39, 0.50, and 0.63% (Fig.
3.2.9) revealed that the 1.46-m-long strained section was successfully detected. As shown
in the inset of Fig. 3.2.12, the BFS shifted to higher frequencies with increasing strain
with a proportionality constant of 491 MHz/% (calculated using the BFS values at the
midpoint of the strained section), which agrees well with the reported value [35]. The
BFS fluctuations at the non-strained sections were approximately £2.3 MHz (standard
deviation), corresponding to the strain and temperature measurement errors of
approximately £0.005% and approximately £2.3 °C, respectively. Thus, a distributed
measurement capability of the alternative S-BOCDR was demonstrated.
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Fig. 3.2.11. (a) Measured BGS distribution with Oth peak suppression. (b) Measured
BGSs at | =8.00 m (Zy; no strain) and at | = 1.40 m (Z»; strained).
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Fig. 3.2.12. Measured BFS distribution when strains of 0.00, 0.39, 0.50, and 0.63%
were applied. The inset shows the BFS dependence on the applied strain.

3.2.3.3 Demonstration 3

An S-BOCDR-2 setup using a POF as an FUT is schematically shown in Fig. 3.2.13.
The pump light at 1.55 pm was amplified up to approximately 30 dBm using an erbium-
doped fiber amplifier (EDFA) and was injected into the POF by an optical circulator. The
optical beat signal of the Brillouin Stokes light and the Fresnel-reflected light was
converted into an electrical signal using a photo detector (PD) and was observed using an
electrical spectrum analyzer (ESA) as a BGS. All the optical paths except the FUT were
composed of silica SMFs. The laser output frequency was sinusoidally modulated by
direct modulation of the driving current. As an FUT, we employed a 3.39-m-long PFGI-

POF with 50 pm core diameter, 70 um cladding diameter, and 490 um overcladding
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Fig. 3.2.13. Experimental setup of S-BOCDR-2 using a POF.

diameter. The core and cladding layers were composed of doped and undoped
polyperfluorobutenylvinyl ether. The refractive index at the core center was 1.35, the
numerical aperture was 0.185, and the propagation loss at 1.55 um was approximately
250 dB/km. The detailed FUT structure is shown in Fig. 3.2.14. One end of the FUT was
butt-coupled to a 1.05-m-long silica SMF (the pigtail of a circulator), and the other end
was left open and cut with an angle to suppress the Fresnel reflection at that end. In order
to suppress the influence of the Oth correlation peak generated at the butt-couple, a 0.32-
m-long nearby section of the FUT was elongated and then released, resulting in a length
of 0.51 m (corresponding to 59% strain). Consequently, the whole length of the FUT
became 3.58 m, leading to a measurement range of 1.79 m. In this experiment, to clearly
show the distributed measurability, we swept the modulation frequency fn from 31.0366
MHz to 62.0732 MHz and fixed the modulation amplitude Af at 1.33 GHz, corresponding
to a spatial resolution of approximately 42 mm at | = 0 m (open end) and approximately
84 mm at | = 1.79 m (midpoint). These values were much smaller than twice the length
of the BFS-shifted section. A 0.46-m-long section of the FUT near the open end was
heated (<70 °C), as shown in Fig. 3.2.2. The sampling rate at a single sensing point was
3.3 Hz (limited by the data acquisition from the ESA). There were 89 sensing points, and
the measurement lasted for approximately 27 s. The operating temperature was

maintained at 24 °C.
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First, the BGS over the whole length of the FUT was measured (Fig. 3.2.15). The
frequency of the laser output was fixed. The vertical axis was normalized so that the

maximal power of the BGS was 1. The peak at approximately 2.79 GHz corresponds to

Oth
cor. peak . .
i BFS-shitea  MidPOINt
i iFixed . section i

A ‘| ‘ I?|eated \fb

0.51m 2.15m {0.46 m
Fresnel reflection

Angled cut

“o46m
—

L=3.58m

Fig. 3.2.14. Structure of the FUT.

the BGS in the unstrained POF section, whereas the peak at approximately 3.11 GHz
corresponds to the BGS in the strained (BFS-shifted) POF section. Thus, the BFS in the

POF section around the butt-couple was verified to be upshifted.
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Fig. 3.2.15. Measured BGS in the whole length of the FUT.
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Subsequently, the BGS distribution was measured when the FUT was locally (I =
0.46-0.92 m) heated to 60 °C, as shown in Fig. 3.2.16(a), and the measured BGSs at | =
1.15 m (room temperature) and at | = 0.59 m (heated) are shown in Fig. 3.2.16(b). The
vertical axes were normalized so that the maximal powers of all the BGSs were 1, because
even the highest Stokes power of -84.68 dBm was extremely close to the noise floor level
of -84.78 dBm. A BFS downshift was clearly observed at the heated section. The BFS
distributions measured at different temperatures (24, 50, 60, and 70 °C) are shown in Fig.
3.2.17, where the 0.46-m-long heated section was successfully detected. As shown in the
inset of Fig. 3.2.17, the BFS decreased with increasing temperature, with a proportionality
constant of —3.2 MHz/K (calculated using the BFS values at the midpoint of the heated
section), which agrees well with a previously reported value [160]. The BFS fluctuations
along the non-heated sections showed a standard deviation of approximately +3.0 MHz,
corresponding to strain and temperature measurement errors of around +0.02% and
+0.9 °C, respectively. Thus, a distributed measurement capability of S-BOCDR-2 using

a POF was demonstrated.
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Fig. 3.2.16. (a) Measured BGS distribution when the FUT was
locally heated to 60°C. (b) Measured BGSs at 1 =1.15m
(room temperature; z1) and at | = 0.59 m (heated; z»).
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Fig. 3.2.17. Measured BFS distributions when the FUT was locally
heated to 24, 50, 60, and 70 °C. The inset shows the measured BFS
dependence on temperature change.

3.2.4 Discussion

We have to admit that S-BOCDR has the following drawbacks: (1) an FUT with a
length of double the measurement range needs to be employed, (2) the range-to-resolution
ratio is reduced by half, (3) if the sensing fiber is cut during the operation, the
measurement cannot be continued, (4) the polarization state cannot be fully optimized
using standard polarization controllers (which does not matter if polarization scrambling
[162] is employed to stabilize the measurement), and (5) the system simplification does
not necessarily lead to a significant reduction in cost. However, it is of considerable
physical interest that a high-resolution distributed measurement can be performed by such
a simple setup. Moreover, the successful demonstration of the S-BOCDR operation
implies that this principle could in turn be a possible noise source for standard BOCDR
systems, providing a useful guideline for improving their SNR. In this Subsection, we

experimentally verify this aspect.

All of the BOCDR-based distributed measurements along the whole length of an FUT

with polarization scrambling (or diversity) have been performed using a specially-devised

Thesis 2015, Tokyo Institute of Technology 65



3. Distributed strain and temperature sensing using POFs

open end (i.e. (1) or (2))[162] without any specific reason (if the polarization state is
optimized for the desired correlation peak, the measurement can be sometimes correctly
performed using the open end even with a physical contact (PC) type connector [116]).
Further clarification of this point is extremely important for the optimal system design in
future.

Here, we investigate the influence of this “ghost” correlation peak on the BOCDR
performance. By measuring the Brillouin spectrum dependence on the bending loss
applied near the open end of the FUT, we show that > 5-dB loss should be applied to
suppress the influence of the ghost peak in this experiment. We also demonstrate a
distributed strain measurement with 6-dB bending loss applied, and present the

importance of the ghost-peak suppression.

Basic theory of the BOCDR operation was shown in Chapter 1, Section 3, but we should

note here that an undesired “ghost” correlation peak exists at the open end of the FUT, as shown

in Fig. 3.2.18. This is because the Oth correlation peak is generally generated at the zero-optical-

path-length-difference position, which is the open end of the FUT when the light Fresnel-

reflected there acts as the reference light. This ghost peak turns out a noise source and

deteriorates the SN ratio of a distributed measurement, because the Brillouin spectrum from the

ghost peak constantly overlaps that from the desired peak.

Desired Ghost

correlation correlation
Pump peak peak
n
Vg n
_— n Scan \l'\l
i
CW source @ A ~ *Open
et FUT end
Vo Stokes
V- BFS

Detector

Fig. 3.2.18. Conceptual schematic of a standard BOCDR setup for
investigating the influence of a ghost correlation peak.
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The experimental setup of BOCDR for investigating the influence of the ghost
correlation peak is shown in Fig. 3.2.19. All the optical paths were composed of silica
SMFs. A distributed-feedback laser diode at 1.55 pm with 1-MHz linewidth was used as

a light source, and the optical frequency of its output was sinusoidally modulated by direct

Pump

[EsAle— PD |- ATT
Fig. 3.2.19. Experimental setup of BOCDR containing an optical
attenuator (ATT), erbium-doped fiber amplifiers (EDFAs), an
electrical spectrum analyzer (ESA), a photo detector (PD), and a
polarization scrambler (PSCR).

modulation of the driving current. The frequency-modulated output was divided into two
beams with a 3-dB coupler. One beam was guided through a 1-km delay line (to adjust
the correlation peak order), amplified to approximately 22 dBm with an erbium-doped
fiber amplifier (EDFA), and used as the reference light of heterodyne detection. The other
beam was polarization-scrambled [162], amplified with another EDFA, and injected into
the FUT as the pump light (incident power: 28 dBm). A 99:1 coupler was used to mix the
Stokes light and the reference light to obtain their optical beat signal, which was
attenuated by 12.8 dB, converted to an electrical signal with a photo detector (PD), and
finally monitored with an electrical spectrum analyzer (ESA) with 300-kHz frequency

resolution. Here, the attenuation was required to avoid the gain saturation of the PD output.
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Fig. 3.2.20. Structure of the FUT.

As the FUT, we used a 14-m-long silica SMF with a numerical aperture of 0.13, a
core diameter of 9 um, a cladding diameter of 125 um, a core refractive index of
approximately 1.46, and a propagation loss of approximately 0.5 dB/km at 1.55 pm. The

modulation frequency fm was swept from 2.8557 to 2.9394 MHz, corresponding to the
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Fig. 3.2.21. BGS distribution measured when the FUT end was
simply kept open. A strain of 0.20 % was partially applied to the
FUT.

measurement range dm of 35 m according to Eq. (1.14). The modulation amplitude Af was
set to 0.7 GHz, resulting in the theoretical spatial resolution Az of 48 cm from Eq. (1.13).
The 14th correlation peak was used. The overall sampling rate of a single-location

measurement was approximately 3.3 Hz; as the number of the sensing points was 280,
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the total measurement time was approximately 84 s.

First, we tried a distributed strain measurement without suppressing the ghost
correlation peak. The FUT structure is shown in Fig. 3.2.20. A strain of 0.20 % was
applied to a 1.5-m-long section of the SMF. The end of the FUT was kept open, which
means that a ghost peak exists there. Fig. 3.2.21 shows the measured BGS distribution
along the FUT, where the strained section was not detected.

Next, using the same FUT, we applied a variable bending loss near the open end,
as shown in Fig. 3.2.20. Fig. 3.2.22(a) shows the BGS dependence on the bending loss
measured when the desired correlation peak was fixed at the midpoint of the strained
section. Owing to the scrambled polarization state, the spectral power fluctuations were
less than £0.05 dB. Without the bending loss, the BGS peak was observed at
approximately 10.87 GHz, which corresponds to the BFS of an unstrained silica SMF
near the open end, where the ghost peak was fixed (the shape of the peak was slightly
distorted because of the noise floor of the ESA [162]). However, with increasing bending
loss, the BGS peak at approximately 10.87 GHz gradually disappeared, and at
approximately 6 dB, the BGS peak at approximately 10.98 GHz was clearly observed.
This newly appeared peak corresponds to the BFS of the strained silica SMF section,
where the desired correlation peak existed. Fig. 3.2.22(b) shows the BGS peak powers at
approximately 10.98 GHz (desired) and approximately 10.87 GHz (ghost) plotted as
functions of the bending loss. As the loss increased, both the powers decreased; and the
power from the desired peak became higher than that from the ghost peak when the
bending loss exceeded approximately 5 dB. This suggests that > 5-dB loss needs to be
induced near the open end of the FUT to perform a correct distributed strain measurement

in this configuration.
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Fig. 3.2.22. (a) BGS dependence on the bending loss measured when
the desired correlation peak exists at the midpoint of the strained
section (0.20 %). (b) BGS peak powers at ~10.98 GHz (desired) and
~10.87 GHz (ghost) measured as functions of bending loss.

Finally, a distributed measurement was performed when 6-dB bending loss was
applied near the FUT end. Other experimental conditions were the same as described
above (i.e., those used to obtain Fig. 3.2.21). Fig. 3.2.23(a) shows the BGS distribution
measured when the applied strain was 0.20 %; the strained section was correctly detected.
Note that the SN ratio of this measurement is lower than those of some of the previously
reported results [116,118,162]. This originates from the fact that the optical heterodyne
signal was artificially attenuated by 12.8 dB in order to avoid the gain saturation of the
PD when high-power light Fresnel-reflected at the FUT end (without the bending loss)
was returned. When > 6-dB bending loss is applied, this attenuator can be removed, which
will lead to drastic enhancement of the SN ratio. Fig. 3.2.23(b) shows the BFS
distributions measured when the applied strains were 0.15, 0.20, and 0.27 %. As shown
in the inset, the BFS was linearly dependent on the applied strain with a proportionality

coefficient of approximately 491 MHz/%, which was in good agreement with the
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previous report [35]. Thus, we clarified that the ghost peak needs to be sufficiently

suppressed to perform a correct distributed measurement using BOCDR.

11.05

0.27%

11.03 -
135 ¥ e,
) 11.00 |35 1087 0.20%

o, .
£ 1081 Slope 0715.;':"#

491 MHz/% .

BFS [GHz]

Power 1 1095 } mﬁsou 01 02 03
. Strain [%] i
arb. unit Relative e
[ I o position oo b
10.81 [m] R oot
10.85 : : : .
Frequency Y 40 4 & 8 10 12
[GHZ] 11.05 Relative position [m]
(a) (b)

Fig. 3.2.23. (a) BGS distribution measured when 6-dB bending loss
was applied near the FUT end. Astrain of 0.20 % was partially applied
to the FUT. (b) BFS distributions measured when the applied strains
were 0.15, 0.20, and 0.27 %.

3.2.5 Conclusion

First, we developed simplified (S-) BOCDR, where the light Fresnel-reflected at a
partial reflection point (or the fiber end) was used as reference light and an additional
reference path used in standard implementations can be removed. This configuration was
useful for practical application and enhancement of SNR in BOCDR. Then, we
implemented S-BOCDR using a POF as a fiber under test, which provides the following
advantages over S-BOCDR using a standard silica single-mode fiber (SMF): (1) the
Fresnel-reflected light can be stably returned at the interface between the POF and an
SMF (the pigtail of an optical circulator), and (2) the effect of the Oth correlation peak

can be easily and effectively suppressed by exploiting a so-called BFS-hopping
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phenomenon. We then experimentally demonstrated a distributed measurement and

detected a 0.46-m-long heated POF section.
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4 Relevant work for performance improvement
of POF-based Brillouin sensors

In this chapter, first, we characterized stimulated Brillouin scattering (SBS) in POF.
Second, we observed Brillouin gain spectrum (BGS) in tapered POF. Third, we propose
a method for fast flaw detection in POF using infrared thermometry. Forth, we estimated
Brillouin properties in poly(methyl methacrylate)-based (PMMA-) POFs by acoustic

velocity measurement.

4. 1 Characterization of stimulated Brillouin scattering in
POFs

In this Section, we observe stimulated Brillouin scattering (SBS) in polymer optical
fibers (POFs) using pump-probe technique without lock-in detection, and fully
investigate the dependences of the Brillouin gain spectrum on POF length, pump power,
probe power, and temperature. Since the POF has relatively high propagation loss of 250
dB/km at 1.55 um, an optimal POF length exists for SBS observation, which is found to
be approximately 3.8 m with 21.1-dBm pump and 22.2-dBm probe waves. As the probe
and pump powers are increased, the Stokes power is also raised but nonlinearly. The
temperature dependence of the Brillouin frequency shift is —4.02 MHz/K, which agrees
well with the previous report. These results indicate that the Brillouin signal in POFs
observed with this technique can be directly applied to the development of POF-based

Brillouin optical time-domain analysis systems for high-precision temperature sensing.
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4.1.1 Introduction

In this Section, considering the relatively small Brillouin signal in POFs because of
their large core diameter and multimode nature, stimulated Brillouin scattering (SBS)-
based analysis systems are preferable to spontaneous Brillouin scattering (SpBS)-based
reflectometers. Although each analysis system has its own advantages and disadvantages,
here we focus on BOTDA, which is most widely used in the world. SBS in POFs was
already observed with so-called pump-probe technique [145], but, since the experimental
setup included a lock-in detector, it was not directly applicable to standard BOTDA
systems. As is well known, lock-in detection enables us to measure very small alternating-
current (AC) signals based on a technique known as phase-sensitive detection to single
out the component of the signal at a specific reference frequency and phase. The reason
for the difficulty in observing SBS in POFs without lock-in detection has been clarified
to originate not from their structural problems (large core diameter etc.) but from their
physical problems (high propagation loss etc.) [163]. Here we should note that researchers
have tried to detect SBS signals using a 100-m-long PFGI-POF, but to no effect [163].

In this Section, we observe SBS in POFs, for the first time, using the pump-probe
technique without lock-in detection, and fully investigate the dependences of the Brillouin
gain spectrum (BGS) on POF length, pump power, probe power, and temperature. The
optimal POF length for SBS observation is found to be approximately 3.8 m when the
probe and pump powers are 21.1 dBm and 22.2 dBm, respectively. The Stokes power is
raised nonlinearly with increasing probe and pump powers. The temperature dependence
of the BGS is also measured. These results will be significant information in developing

POF-based BOTDA systems.

4.1.2 Experimental setup

We employed nine kinds of PFGI-POFs with the lengths ranging from 0.3 to 50 m
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as fiber under tests (FUTSs), all of which had numerical aperture (NA) of 0.185, core
diameter of 50 pum, cladding diameter of 750 um, core refractive index of approximately
1.35, and propagation loss of approximately 250 dB/km at 1.55 um. Both ends of the
FUTs were connected to silica SMFs with multimode fiber (MMF)-assisted coupling
technique [147], which can mitigate the damage or burning at the POF/SMF interfaces.
Two 1-m-long silica MMFs with BFS of approximately 10.4 GHz [163] at room
temperature were inserted, which have practically no influence on the observation of the
BGS in the POFs.

The experimental setup for observing SBS with the pump-probe technique is
schematically shown in Fig. 4.1.1 Two laser diodes (LDs) at 1.55 um were used as light

sources; one (Santec, TSL-210) was for providing a pump wave, and the other (NEC,

silica MMF

FUT
ESA \_

Fig. 4.1.1 Experimental setup for observing SBS in POF with pump-
probe technique. EDFA, erbium-doped fiber amplifier; ESA,
electrical spectrum analyzer; FG, function generator; FUT, fiber under
test; LD, laser diode; OSA, optical spectrum analyzer; OSC,
oscilloscope; PC, polarization controller; PD, photo-detector.
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NX8562LB) was for a probe wave. The center frequency of the pump wave was swept
from vo— 1.3 GHz to vo + 1.3 GHz by modulating the LD driving current with a saw-tooth
waveform at 80 Hz (vo is the center frequency with no modulation appied) provided by a
function generator (NF Electronic Instruments, 1930A). The center frequency of the
probe wave was fixed at vo— BFS. Small fractions (10 %) of the pump and probe waves
were coupled, and their beat signal was divided equally and monitored with an optical
spectrum analyzer (OSA) (Anritsu, MS9710A) and after the signal was converted into an
electrical signal with a photo-detector (PD) (Discovery Semiconductors, DSCR 402;
bandwidth, 10 GHz; saturation power, 7 dBm), an electrical spectrum analyzer (ESA)
(Anritsu, MS2663C) for rough and precise adjustment of their relative frequency,
respectively. The pump wave was amplified with an erbium-doped fiber amplifier
(EDFA) (Luxpert, LXI 2000), polarization-adjusted with a polarization controllor (PC),
and injected into one end of the FUT. The probe wave was also amplified, polarization-
adjusted, and injected into the other end of the FUT. The Stokes wave was directed
through an optical circulator to a PD (New Focus, 2053; bandwidth, 10 MHz; saturation
power, 10 mW), converted into an electrical signal, and monitored as a BGS with an

oscilloscope (OSC) (Tektronix, TDS 3014B) triggered by the LD current modulation.

4.1.3 Experimental results

Fig. 4.1.2 shows the measured BGS in a 3.8-m-long POF. The pump and probe powers
were 21.1 and 22.2 dBm, respectively. The vertical axis was normalized so that the peak
Stokes power was 1.0. Despite the relatively short POF length, a clear BGS was observed
even without temporal averaging (sampling rate was 80 Hz in this measurement), which
is desirable for future applications to averaging-free BOTDA systems. The BFS was
approximately 2.80 GHz, which is slightly lower than the previously reported value of

2.83 GHz [140], probably due to the difference in room temperature [141]. The ripples
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on the noise floor are probably caused by the interference of the waves Fresnel-reflected
at the POF/MMF and MMF/SMF interfaces.

Since SBS in POFs has been shown to be influenced by their physical properties,
including high propagation loss [163], the POF length is one of the most important
parameters to be optimized to obtain a large SBS signal. Fig. 4.1.3 shows the BGS
dependence on POF length with 32-times averaging. The Stokes power was drastically
changed according to the POF length. The Stokes power dependence on the POF length
is shown in Fig. 4.1.4. The maximum Stokes power was observed at the POF length of

3.8 m. Here, the optimal POF length exists because, as the POF length is longer, the
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Fig. 4.1.2 Measured BGS in 3.8-m-long POF without averaging.
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Fig. 4.1.3 Measured BGS dependence on POF length.
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Brillouin effective length also becomes longer (leading to higher Stokes power) but the
pump and probe waves suffer from more significant attenuation. We predict that the
optimal POF length can be elongated by employing the pump and probe waves with much
higher powers.

The BGS dependence on probe power in the 10-m-long POF was measured when the
pump power was fixed at 21.1 dBm, as shown in Fig. 4.1.5. Averaging was performed 32
times. With increasing probe power, the Stokes power was raised, verifying that this BGS
originates from the pump-probe interaction, i.e., SBS. The Stokes power dependence on
probe power is shown in Fig. 4.1.6 The Stokes power began to increase rapidly at the

probe power of approximately 20 dBm,; this behavior seems to be due to the pump
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Fig. 4.1.4. Stokes power dependence on POF length.
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Fig. 4.1.5 Measured BGS dependences on probe power.
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depletion [1]. The Stokes power was also measured as a function of pump power as shown
in Fig. 4.1.7, where the vertical axis was normalized so that the Stokes power with 24.8-
dBm pump was 1.0. The probe power was fixed at 20.5 dBm. With increasing pump
power from 0 dBm, the Stokes power was gradually enhanced; and it also began to
increase rapidly when the pump power was higher than approximately 20 dBm, which is
much lower than the theoretical Brillouin threshold without the pump-probe technique
(approximately 53.8 dBm [15]). These results suggest that the pump and probe waves
with the powers of higher than approximately 20 dBm should be used to efficiently induce
SBS in POFs with this technique.

We also measured the temperature dependence of the BGS in the 10-m-long POF, as
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Fig. 4.1.6 Stokes power dependence on probe power.

1.2
1.0 .

b. unit]

& 08 | Probe:
5 20.5dBm
=06 | °
g
w 04 } L4
@
-
202 o*
9]
00 é¢estuae® '. L 1 L
0 5 10 15 20 25
Pump power [dBm]

Fig. 4.1.7 Stokes power dependence on pump power.
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Fig. 4.1.9 BFS dependence on temperature.

shown in Fig. 4.1.8. The temperature was set to 25, 55, and 70°C. Averaging was
performed 32 times. With increasing temperature, the BGS shifted toward lower
frequency. The Stokes power was decreased most likely due to the polarization
fluctuations and the non-uniform temperature distribution along the POF. Fig. 4.1.9 shows
the temperature dependence of the BFS. Note that the dependence is well known to be
linear in the range from 20 to 80°C [141,145]. The slope of —4.02 MHz/K is in good
agreement with the previously reported values [141,145], which means that the BGS in

POFs observed with this technique can be directly applied to high-precision temperature
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sensing.

4.1.4 Conclusion

SBS in POFs was observed, for the first time to the best of our knowledge, using the
pump-probe technique without lock-in detection, and the dependences of the BGS on
POF length, pump/probe powers, and temperature were fully investigated. We clarified
that the optimal POF length for SBS observation is 3.8 m when the probe and pump
powers are 21.1 dBm and 22.2 dBm, respectively. This length can be, we predict,
elongated by the pump and probe waves with much higher powers. We also showed that
the Stokes power was raised nonlinearly with increasing probe and pump powers, and
that >20-dBm power is required for both pump and probe waves to efficiently induce SBS
in POFs. In addition, the BFS dependence on temperature was measured to be —4.02
MHz/K, which was in good agreement with previous experiments. We believe that these
results will offer a crucial basis for implementing distributed Brillouin sensors (especially,

BOTDA systems) based on POFs with extremely high flexibility.

4.2 Estimation of Brillouin properties in PMMA-POFs

In this Section, first, in order to confirm the validity of this method, we show that the
estimated BFS of a PFGI-POF of approximately 2.9 GHz at 1.55 pum moderately agrees
with the actual value previously reported. Then, we measure the acoustic velocity in a
poly(methyl methacrylate)-based (PMMA-) POF with a 980 um core diameter to be 2.8
x 10% m/s, from which its BFS is estimated to be approximately 5.4 GHz at 1.55 um and
approximately 13 GHz at 650 nm. We also find that the BFS varies linearly depending
on temperature with a coefficient of approximately —17 MHz/K at 650 nm pump. Since
this value is —7.1 times larger than that of silica fibers at 650 nm (2.4 MHz/K), and is even

1.7 times larger than that of PFGI-POFs at 650 nm (—10.0 MHz/K), we think that PMMA-
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POFs are potentially applicable to high-precision temperature sensing.

4.2.1 Introduction

Up to now, the dependences of the BFS on strain and temperature in the PFGI-POF
at 1.55 um have been investigated [140], and it has been found that Brillouin scattering
in PFGI-POFs has a big potential for use in the development of high-precision
temperature sensors with reduced strain sensitivity [141]. However, Brillouin scattering
in standard PMMA-POFs has not been experimentally observed yet for the following two
reasons: (1) it is difficult to develop a Brillouin monitoring system including an optical
amplifier, optical circulator, etc., at 650 nm, where the propagation loss is minimal, and
(2) their core diameter is so large (typically 980 um) that the Brillouin threshold power is
extremely high. We believe that clarification of the Brillouin scattering properties in
PMMA-POFs is as significant as that in PFGI-POFs, since PMMA-POFs are much more
cost-effective and more widely used in communication applications.

In this Section, first, we measure the acoustic velocity in POFs using ultrasonic pulse-
echo technique, and estimate their BFSs. First, in order to confirm the validity of this
method, we show that the estimated BFS of a PFGI-POF of approximately 2.9 GHz at
1.55 um moderately agrees with the actual value previously reported. Then, we measure
the acoustic velocity in a PMMA-POF with a 980 um core diameter to be 2.8 x 10°m/s,
from which its BFS is estimated to be approximately 54 GHz at 1.55 pum and
approximately 13 GHz at 650 nm. We also find that the BFS varies linearly depending
on temperature with a coefficient of approximately —17 MHz/K at 650 nm pump. Since
this value is —7.1 times larger than that of silica fibers at 650 nm (2.4 MHz/K), and is even
1.7 times larger than that of PFGI-POFs at 650 nm (—10.0 MHz/K), we think that PMMA-
POFs are potentially applicable to high-precision temperature sensing. Finally, we find

that the BFS varies nonlinearly depending on strain, which seems to be caused by the
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elastic-to-plastic transition of PMMA.

4.2.2 Experimental setup

First, we employed two kinds of POF samples. One was a PFGI-POF with numerical
aperture (NA) of 0.185, core diameter of 120 um, cladding diameter of 490 um, core
refractive index of approximately 1.35, and propagation losses of approximately 150
dB/km at 1.55 um and approximately 100 dB/km at 650 nm. The other sample was a
PMMA-POF with NA of 0.5, core diameter of 980 um, cladding diameter of 1000 pum,
core refractive index of approximately 1.49, and propagation loss of approximately 150
dB/km at 650 nm (extremely high loss at 1.55 um) and tolerable temperature range from
=55 to 70°C. The lengths of the PFGI-POF and PMMA-POF were 4.2 and 3.9 mm as

shown in Figs. 4.2.1(a) and (b), respectively.

o i

3.9 mm
) 4.2 mm
al b
(@) (b)

Fig. 4.2.1  Microscope images of (a) the PFGI-POF sample
and (b) the PFGI-POF sample.

The entire measurement setup is depicted in Fig. 4.2.2. The ultrasonic pulse generated
with an unfocused transducer (Panametrics M316) connected to a pulser-receiver
(Panametrics 5900PR) was directed to the POF samples fixed in degassed water, and the
reflected wave was received with the same transducer. The center frequency of the pulse

was 10.0 MHz, and the diameter of the ultrasonic beam was 3.2 mm.
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Fig. 4.2.2 Entire experimental setup
for measuring the acoustic velocity in POFs.

The magnified view around the transducer when the POF samples were not employed
is schematically shown in Fig. 4.2.3. The aluminum (Al) plate had a hole of
approximately 1 mm diameter to fix the PMMA-POF. The magnified views with the
PFGI- and PMMA-POF samples employed are depicted in Figs. 4.2.4(a) and (b),
respectively. The PFGI-POF was perpendicularly placed on the Al plate, while the
PMMA-POF was fixed perpendicularly to the Al plate by making use of the hole.

Ultrasonic
transducer|

Degassed water

Reflected
signal from
Al plate surface

| Container bottom

Al plate

Fig. 4.2.3  Schematic setup without the POF samples.
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Degassed water Reflected Degassed water Reflected
signal from signal from
Reflected PFGI-POF top Reflected PMMA-POF top
signal from signal from
PFGI-POF bottom ﬁ PFGI-POF PMMA-POF bottom ﬁ PMMA-POF

Container bottom | Container bottom
(a) (b)
Fig. 4.2.4  Schematic setups (a) with the PFGI-POF sample
and (b) with the PMMA-POF sample.

Then, the POF samples used to measure the strain dependence were fabricated using
the following procedure: (1) measure the stress-strain curve of the POFs and obtain their
fracture strain &, (2) keep strains of 2-40% (<er) applied to the POFs for 15 min so that
they do not relax to the initial length [126], and (3) cut the elongated POFs into samples

of several mm length.

4.2.3 Experimental results

First, Fig. 4.2.5(a) shows the measured echo waveform without the POF sample. The
first signal, where the time delay t was defined as 0 ps, represents the launched wave.
Several large peaks observed att > 11.8 us are due to the reflection from the Al plate. The
first peak (A) at t approximately 11.8 pus and the second peak (B) at t approximately 12.4
us correspond to the reflected waves at the surface and bottom of the Al plate, respectively.
Other peaks (C) following them at t > 13.0 us are due to the multiple reflection in the Al
plate. Fig. 4.2.5(b) shows the measured echo waveform with the 4.2 mm PFGI-POF
sample employed. By comparing Figs. 4.2.5(a) and 4.2.5(b), we know that the two peaks
at t approximately 6.4 us and at t approximately 11.4 us correspond to the reflected waves

at the surface and bottom of the PFGI-POF, respectively. The peak at t approximately
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11.4 ps was much smaller than the peak (A) at t approximately 11.8 us because of the
small core area and low acoustic reflectivity of the PFGI-POF/water boundary compared
with those of the water/Al boundary. From the magnified view around these two peaks,
the exact time delay was found to be 4.98 ps, and the acoustic velocity va was calculated

to be approximately 1.7 x 10° m/s. By substituting this value in eq. (1.1), with the pump

Launched A—
= signal  Reflected =
= ignal f c
3. AIS[:)II%TZ SIchr)gce 3
E g
AL N (| ) Y Po— ® | e
" e
j= o
= = P
3 S 4.98 ys
£ £
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c 3 6 9 12 0O 3 B8 9 12
Time delay [ps] Time delay [us]
(a) (b)

Fig. 4.2.5 Measured echo waveforms (a) without
and (b) with the PFGI-POF sample.

wavelength of 1.55 um, its BFS was estimated to be approximately 2.9 GHz, which is in
moderate agreement with the previously reported value of 2.83 GHz [140]. Though this
discrepancy seems to be caused by the insufficient resolution in calculating va, it was
shown that this method can be used to roughly estimate the BFS. When the pump
wavelength was 650 nm, where the propagation loss in PMMA-POFs is minimal, the BFS

in the PFGI-POF was estimated to be approximately 7.0 GHz.
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Fig. 4.2.6  Measured echo waveforms (a) without
and (b) with the PMMA-POF sample.

Next, we measured the acoustic velocity in the PMMA-POF and estimated its BFS.
Fig. 4.2.6(a) shows the measured echo waveform without the PMMA-POF sample, which
can be interpreted in the same way as Fig. 4.2.5(a). The positions of the peaks (A, B, and
C) differed from those in Fig. 4.2.6(a), because the vertical position of the transducer was
slightly lower. The measured echo waveform with the 3.9 mm PMMA-POF sample
employed is shown in Fig. 4.2.1 (b). By comparing Figs. 4.2.6(a) and 4.2.6(b), it is clear
that the two peaks at t approximately 8 us and at t approximately 11 us correspond to the
reflected waves at the surface and bottom of the PMMA-POF, respectively. The exact
time delay was measured to be 2.77 s, and the acoustic velocity va in the PMMA-POF
was calculated to be 2.8 x 10® m/s, which is nearly comparable to the acoustic velocity of
2644 (+/- 25) m/s in bulk PMMA [164]. Its BFS at 650 nm was also estimated to be
approximately 13 GHz, which is close to approximately 11 GHz of silica fibers at 1.55
um [34]. In contrast, its BFS at 1.55 um was estimated to be approximately 5.4 GHz,
which is about twice of 2.83 GHz in PFGI-POFs at 1.55 um.

The estimated BFS dependence on temperature in the PMMA-POF at 650 nm pump is
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shown in Fig. 4.2.7. The temperature was increased from 26 to 60°C. We did not take into
account the refractive-index dependence on temperature, because its coefficient in bulk
PMMA is reported to be as small as —1.2 x 10# K1 [164]. The BFS was estimated to vary
linearly depending on temperature with a coefficient of —17 MHz/K within this
temperature range, which is —7.1 times larger than that of silica fibers at 650 nm (2.38
MHz/K) [35] and is even 1.7 times larger than that of PFGI-POFs at 650 nm (—10.0
MHz/K) [127]. Therefore, compared with silica fibers and PFGI-POFs, PMMA-POFs

can be potentially applied to high-precision temperature sensing.
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Fig. 4.2.7. Estimated BFS dependence on temperature in the
PMMA-POF at 650 nm.

Then, Fig. 4.2.8 shows the stress-strain curve of one of the PMMA-POFs. Upper and
lower yield points were observed at 4.5 and 22%, respectively, and the fracture strain was

55%. This stress-strain curve indicates that the elastic-plastic transition of the PMMA-
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POF is induced at several % strain. Such stress-strain curves were also measured while
each POF sample was being fabricated, as shown in Fig. 4.2.9. It is clear that, for each
POF sample, residual strain exists even after it is released. Since the residual strain is
slightly lower than the target strain, we define, for clarity, the residual strain as the

“applied strain” in the next experiment.
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Fig. 4.2.8 Stress-strain curve in the PMMA-POF.
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Fig. 4.2.9 Stress-strain curve for the fabrication of each POF
sample. The inset shows a magnified view.

Finally, Fig. 4.2.10 shows the estimated BFS dependence on applied strain in the
PMMA-POFs at 650 nm pump. The refractive index n was assumed to be constant (1.49),
and the temperature was kept at 19°C. The BFS dependence on applied strain showed a
nonlinear behavior; its coefficient was positive within the strain ranges of 0-
approximately 10% and approximately 20-approximately 40%, but was negative within
the range of approximately 10-approximately 20%. This feature is similar to that of the
stress-strain curve shown in Fig. 4.2.8, probably originating from the transition of PMMA
from the elastic to the plastic regime. Further study is, however, needed to clarify this
point. While the sign of the strain coefficient of the PMMA-POFs around 0% applied
strain was positive, that of PFGI-POFs is reported to be negative [141]. This difference

indicates that the strain coefficient of POFs for small strain can be controlled, including
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its sign, by fluorine doping; thus, we can expect that high-precision temperature sensing
with zero strain sensitivity can be achieved by optimizing the fluorine doping

concentration.

14.7
N o144 | o
O,
? 141 }
o

(2R ®
D138 | ®
o °
[E 135 f >
w 132 ¢ T=19°C

129 1 1 1 1

0 10 20 30 40 50
Strain [%]

Fig. 4.2.10 Estimated BFS dependence on strain
in the PMMA-POF at 650 nm.

4.2.4 Conclusions

First, the acoustic velocities in POFs were measured based on the ultrasonic pulse-
echo technique for the estimation of their BFS. First, the BFS of a PFGI-POF at 1.55 um
was estimated to be approximately 2.9 GHz. This value moderately agreed with the actual
value previously reported, indicating that this method can be used to roughly estimate the
BFS. Then, the acoustic velocity in a PMMA-POF with 980 um core diameter was
measured to be 2.8 x 10°m/s, from which its BFS was estimated to be approximately 13

GHz at 650 nm and approximately 5.4 GHz at 1.55 um. Next, the BFS dependences on
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temperature and strain in PMMA-POFs were estimated using ultrasonic pulse-echo
technique. We found that the BFS varies linearly depending on temperature with a
coefficient of approximately —17 MHz/K at 650 nm pump. Since this value is —7.1 times
larger than that of silica fibers at 650 nm, and is even 1.7 times larger than that of PFGI-
POFs at 650 nm, PMMA-POFs appear to be a good candidate for Brillouin-based
temperature sensing with high precision. We also found that, in contrast, the BFS varied
nonlinearly depending on applied strain, which seems to be related to the elastic-to-plastic
transition of PMMA. More accurate estimation will be feasible by taking the refractive-
index dependence on strain into consideration. We believe that this information will be
useful in developing temperature/strain sensors based on Brillouin scattering in POFs

with high flexibility, low cost, easy connection, high safety, and memory effect.

4. 3. Fast flaw detection in POF using infrared thermometry

In this Section, we demonstrate a fast and cost-effective method of detecting flaws in
polymer optical fibers (POFs) using an infrared thermometer. The optical loss dependence
of the measured temperature at the flaw is found to be linear with a proportionality
constant of approximately 0.74 °C/dB when the propagating light is 24.5 dBm (282 mW)
at 1.55 um. The propagating optical power dependence of the measured temperature at
the flaw with a fixed loss also shows a linear behavior, which predicts that a high optical

input power is preferable to precise estimation of the loss.

4.3.1 Introduction

The fabrication technology of widely used silica single-mode optical fibers (SMFs)
has matured sufficiently to keep their quality extremely high and stable; and as a result,
km-order-long silica SMFs with a propagation loss of as low as 0.2 dB/km at 1.55 pum are

common [7]. In contrast, the fabrication technology of polymer optical fibers (POFs) is
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relatively new. Currently, polymethyl methacrylate (PMMA)-based POFs can be
fabricated with a stable propagation loss owing to their large core diameters of up to 980
um [124]. However, the propagation loss of perfluorinated graded-index (PFGI-) POFs
with core diameters of as small as 50 um, which have become commercially available
only recently, is largely influenced by the flaw in the core induced during the fabrication
process, resulting in the difficulty in producing long PFGI-POFs with stable quality [144].
Such PFGI-POFs with a length of one hundred meters or longer are now highly demanded
not only in POF-based high-capacity transmission systems but also in next-generation
distributed sensors exploiting nonlinear effects in POFs. Thus, to develop an effective
method of detecting flaws in PFGI-POFs is of substantial significance.

Conventional methods for detecting flaws in optical fibers include optical time-
domain reflectometry (OTDR) [165,166], optical low-coherence reflectometry (OLCR)
[167,168], and optical frequency-domain reflectometry (OFDR) [169,170]. They can
measure the accurate loss distribution along the POFs with a high spatial resolution, but
suffer from some drawbacks, such as high installation cost required for the devices
(photodetectors, specially configured lasers, etc.), long measurement time for signal
processing, and the inability to resolve the flaw location at a glance in long POFs.

In this Section, a fast and cost-effective method of detecting flaws in POFs using an
infrared thermometer (IRT) is demonstrated, which can overcome the disadvantages of
the conventional techniques. Since an optical loss at a flaw in a POF induces the rise in
temperature, the loss distribution along a POF can be detected with the IRT as a
temperature distribution. First, we show that the locations of the flaws in POFs can be
detected, whether the POFs are jacketed or bare. Then, we find the optical loss
dependence of the measured temperature at the flaw to be linear with a proportionality
constant of approximately 0.74 °C/dB with the propagating light of 24.5 dBm (282 mW)
at 1.55 pm. We also show that, when the loss is fixed, the propagating optical power

dependence of the measured temperature at the flaw is linear, predicting that high-power
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optical power is desirable to estimate the loss precisely.

4.3.2 Principle

A blackbody, i.e., a perfect absorber of any radiation incident on it, is capable of
emitting radiation [171]. When heated to a uniform temperature, it generates blackbody
radiation, the characteristics of which are determined solely by the temperature. The total
radiant emittance W of an object (both blackbody and non-blackbody) is known to be

given by Stefan-Boltzmann’s law as

W = eoT* 1)
where ¢ is the emissivity of the object (1 for a blackbody), o is the proportionality constant,
and T'is the surface temperature of the object [172]. The surface temperature of an object
including a POF can thus be measured with an IRT. The IRT-based method for detecting
a flaw, which exploits the rise in temperature induced by an optical loss at the flaw, has
such advantages as (1) cost efficiency, (2) real-time measurement, and (3) visual display

of the flaw location.

4.3.3 Experimental setup

We employed two PFGI-POFs as fibers under test (FUTSs), which had a numerical
aperture of 0.185, a core/cladding diameter of 50/100 um, a core refractive index of
approximately 1.35, and a propagation loss of approximately 250 dB/km at 1.55 um. One
FUT, denoted by FUT 1, was a long jacketed PFGI-POF with an inner jacket diameter of
750 um and an outer jacket diameter of 2.8 mm, in which a flaw had been caused probably
during the fabrication process. Both of the jackets were composed of polyvinyl chloride
(PVC). The other FUT, denoted by FUT 2, was a 60-cm-long bare PFGI-POF, at the
middle point of which a flaw was artificially induced by repeating bending and releasing.

The loss at the flaw was moderately variable from 2.5 to 20 dB. An IRT (i7; FLIR System,
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Inc.) was used to detect the flaws, which had a spectral range from 7.5 to 13 um, and an
image frequency of 9 Hz. The emissivity ¢ was set as follows: for the jacketed POF, ¢ =
0.98 (value for PVC [173]); for the bare POF, ¢ = 0.95 (value for PMMA [174,175]). The
room temperature was 24°C. Note that the optical power and/or the loss at the flaw were
estimated considering the optical loss caused during the light propagation from one end

of the POF to the flaw.

4.3.4 Experimental results

First, we detected the flaw in the FUT 1 wound on a reel of 20 cm diameter. The

20°C—=26 °C

Fig. 4.3.1 (a) Photograph and (b) IR image of the jacketed POF with
a flaw wound on a reel.
incident optical power was 24.5 dBm (282 mW). Fig. 4.3.1(a) shows its photograph, from
which no information on the flaw was derived. In its IR image shown in Fig. 4.3.1(b),
however, the location of the flaw was roughly but clearly detected despite the thick jackets,
which is not feasible only by detecting the scattered visible light with our naked eyes. The
maximum temperature was 24.4 °C, and the high-temperature region had a tail extending
toward the left. To clarify this tailing effect, we injected 21.3 dBm (135 mW) light into
both ends of the FUT 2, one by one, as shown in Figs. 4.3.2(a)—(c). The optical loss of
the flaw at the midpoint of the FUT 2 was fixed at 4.9 dB in this measurement. When the

light was injected from the right-hand side, the high-temperature region had a tail
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extending for approximately 5 cm toward the left, as shown in Fig. 4.3.2(b), and vice
versa, as shown in Fig. 4.3.2(c). This phenomenon can be exploited to identify the
unknown direction of the propagating light through the POF. Since the measured
maximum temperature of approximately 28°C was almost the same in both configurations,
the light injection only from one end of the POF appears to be sufficient for rough
estimation of the optical loss at the flaw.

Next, we measured the dependence of temperature on the optical loss at the flaw when

Fig. 4.3.2 (a) Photograph of the bare POF with a flaw, and its IR
images with light propagating from (b) right to left, and (c) left to right.

the incident optical power was fixed at 24.5 dBm (282 mW), as shown in Fig. 4.3.3. The
error bars calculated from the signal fluctuations for 5 min were +/— 0.8 °C. As the loss
was raised, the temperature was increased linearly with a slope of approximately
0.74 °C/dB, which is of practical use for the rough estimation of the loss using the
measured temperature. We also measured the dependence of temperature on the optical
power of the propagating light when the optical loss at the flaw was fixed at 20 dB, as
shown in Fig. 4.3.4. As the incident power was raised, the temperature was increased
almost linearly, which indicates that, by employing high-power light, the measured
temperature for a certain loss can be increased. This leads to the enhancement of the
proportionality constant between the measured temperature and the loss (see Fig. 4.3.3),

resulting in a more precise estimation of the loss. The slight decrease in the slope observed

Thesis 2015, Tokyo Institute of Technology 96



4. Relevant work for performance improvement of POF-based Brillouin sensors

40

Input power: 24.5 dBm

36

32

28
Slope: 0.74 °C/dB

Measured temperature [°C]

24 L L L 1 1
0 4 8 12 16 20
Loss [dB]

Fig. 4.3.3 Measured temperature dependence
on optical loss at the flaw.
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Fig. 4.3.4 Measured temperature dependence on optical power of the
propagating light at the flaw.

in the range of the optical power of >200 mW seems to be caused by the heat dissipation

effect.

4.3.5 Conclusion

We demonstrated a fast and low-cost detection of the flaws in POFs using an IRT,
which can overcome the drawbacks of the conventional techniques. The locations of the
flaws were successfully detected, even when the POF was protected by thick jackets. The
optical loss dependence of the temperature at the flaw was linear with a coefficient of

approximately 0.74 °C/dB when the optical power was 24.5 dBm (282 mW) at 1.55 um.
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The optical power dependence of the measured temperature at the flaw with a fixed loss
was also linear, which predicts that a higher optical power is desirable for the loss
estimation with more precision. We hope that this method will be of common use, with
its fast measurement capability, ease of handling, and cost efficiency, in examining the

quality of POFs at the final stage of their fabrication process in the near future.

4.4. Observation of BGS in tapered POF

In this Section, we report on the first observation of the Brillouin gain spectrum in a
PFGI-POF tapered by a heat-and-pull technique. The Stokes power was slightly enhanced
by tapering probably on account of higher optical power density in the core. In addition,
the Brillouin frequency shift was decreased by approximately 40 MHz, which was
experimentally verified to be partially caused by high heating temperature applied to the
POF during the taper fabrication process. We anticipate that our findings will provide a

basic principle of temperature sensing with “memory” function.

4.4.1 Introduction

Recently, Zou et al. [176] have investigated the BGSs in tapered SMFs at 1.55 pm,
and found that the BFS in the taper waist (outer diameter: 5 um) is higher than that of the
untapered silica SMF by approximately 270 MHz. This report implies that the BFS in
optical fibers can be controlled by adjusting the tapering conditions, which will increase
the freedom in designing the above-mentioned fiber-optic Brillouin devices. Meanwhile,
polymer optical fibers (POFs) have attracted a lot of attention because of their high
flexibility, ease of handling, low-cost connection, and high safety; and tapered POFs have
also been extensively studied for a variety of applications [177-182]. However, no report
has been provided on the observation of Brillouin scattering in a tapered POF yet, though

the Brillouin properties in untapered POFs have already been characterized. Thus,
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observing Brillouin scattering in a tapered POF is an important technological step toward
the development of POF-based Brillouin devices with higher design freedom.

In this Session, we observe the BGS in a PFGI-POF tapered by a heat-and-pull
technique for the first time. The Stokes power and the BFS in the waist (outer diameter:
223 um) were higher and lower (by approximately 40 MHz) than those in an untapered
POF, respectively. The Stokes power was enhanced because of higher optical power
density in the core; whereas the BFS downshift was experimentally proved to be partially

caused by the heat applied to the POF during the taper fabrication.

4.4.2 Experimental setup

As a POF to be tapered in the experiment, we employed not a standard PMMA-POF
but a PFGI-POF. This is because Brillouin scattering has been successfully observed only

in PFGI-POFs, which have a relatively low propagation loss of 250 dB/km even at

Table I. Physical properties of the POF sample

Numerical Core Outer Core Propagation
aperture diameter diameter refractive loss
[pm] [pm] index [dB/km]
0.185 120 490 ~1.35 ~250

Optical powermeter Clamp PEGILPOE Light source

Clamp v
M '

v
Force gauge
A

Fig. 4.4.1. Schematic setup for POF tapering
by heat-and-pull technique.

v
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telecom wavelength, where mature optical devices for Brillouin detection such as
amplifiers and circulators are available. The length of the POF sample was 1.0 m, and the
other physical properties are summarized in Table 1. The core/cladding layers and the
overcladding layer were, respectively, composed of doped/undoped amorphous
perfluorinated polymers (polyperfluorobutenylvinyl ether) and polycarbonate.

A so-called heat-and-pull technique [177-181] was used to taper the POF. A chemical
etching technique [182] is another well-known tapering method, but was not effective in
tapering this type of POF because of the high chemical tolerance of its core material.
Although the core/cladding layers and the overcladding layer were different in glass-
transition temperature (< 108°C and 144°C, respectively), the heat-and-pull technique
was available on account of the relatively thin overcladding layer (see Table I). Fig. 4.4.1
shows a schematic setup for tapering the POF, which contained an 80-mm-long furnace
made of a U-shaped aluminum block fixed on a heater. One end of the POF was connected
to a 1.55-um light source, and the other end was to an optical powermeter. Two regions
of the POF were clamped; one was fixed to a motorized stage, and the other was
connected via a spring to a force gauge fixed to another stage, with which the pulling
force was monitored. A digital camera was mounted on the system to measure the waist
diameter of the tapered POF. After the POF was tapered, its BGS was observed based on
self-heterodyne detection detailed in Ref. 140, where the polarization state was optimized

with a polarization controller.

4.4.3 Experimental results

The furnace temperature was set to approximately 105°C, which is almost the same
as the glass-transition temperature of the core. The pulling velocity was approximately
0.2 mm/s, which was adaptively controlled so that the pulling force might be constantly

lower than 30 mg. The tapering process was run for approximately 9 min. Fig. 4.4.2
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illustrates a schematic diagram of the tapered POF, including three microscopic images
(untapered, intermediate, and waist zones). The outer diameter of the waist was 223 pm,
corresponding to the core diameter of 54.6 um, which was estimated under the assumption
that the ratio of the core diameter to the outer diameter remains unaltered by tapering.
The elongated POF length was 102 mm (tapered length: 182 mm), and the taper ratio
[177] was calculated to be 0.46. The total optical loss of the tapered region (excluding the
propagation loss) was approximately 0.8 dB, which is close to the previous report [177].

Next, we cut the tapered POF at two points indicated in Fig. 4.4.2, and used the portion

Taper length
Untapered |« » IUntapered

Fig. 4.4.2. Schematic structure of the tapered POF, along with the
photographs of (a) untarpered, (b) intermediate, and (c) waist zones.
The red dotted lines indicate the positions at which the sample was cut
for Brillouin measurement.

500

Quter diameter [um]
] w P
o o o
o o o

o
o

0

0 20 40 60 80 100 120
Relative position [mm]

Fig. 4.4.3. Measured outer diameter as a function of relative position
along the tapered POF.
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Fig. 4.4.4 Measured BGSs in POFs:
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Fig. 4.4.5 Measured BGSs in POF: (i) at room temperature (15 °C),
before heating; (ii) heated at 112 °C, kept for 5 min; and (iii) cooled at
room temperature (15 °C), kept for 5 min.

containing the waist zone as a sample for Brillouin measurement. The length was 121
mm, and the distribution of the outer diameter along the length measured with an optical
microscope is shown in Fig. 4.4.3. The outer diameter in the approximately 60-mm-long
waist zone was almost constant (approximately 225 pm). One end of the sample (relative
position = 0 mm in Fig. 4.4.3) was flatly polished, and butt-coupled to a silica SMF.

Fig. 4.4.4 shows the BGS of the tapered POF measured at 17 °C, in which that of the

untapered POF (same length, i.e., 121 mm) is also displayed for comparison. The incident
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optical power was set to as high as 30 dBm (= 1 W), because the Brillouin scattering
signal from such a short POF is extremely small [140]. The Stokes power of the tapered
POF was only slightly (approximately 0.1 dB) higher than that of the untapered POF,
which does not agree with our calculation (> 4-dB enhancement) taking optical power
density into consideration; this is because the Stokes power is so small that the influence
of the noise floor and the polarization-dependent fluctuations are extremely large. The
BFS of the tapered POF was downshifted from that of the untapered POF by
approximately 40 MHz. The sign and absolute value of this BFS shift were opposite to
and smaller than that of the tapered silica SMF (approximately 270 MHz), respectively
[176].

Finally, to study the origin of the BFS shift caused by tapering, we measured the BGSs
in the same untapered POF sample (used as a reference in the preceding experiment) in
the following three sequential conditions: (i) at room temperature (15°C), before heating;
(ii) heated at 112°C, kept for 5 min; and (iii) cooled at room temperature (15°C), kept for
5 min. As shown in Fig. 4.4.5, the BFSs were approximately 2.84 GHz for (i), 2.53 GHz
for (ii), and 2.76 GHz for (iii). As the POF sample was untapered, the approximately 80-
MHz downshift of the BFS from (i) to (iii) appears to be caused not by the pulling process
but by the applied high heating temperature comparable to the glass-transition
temperature of the core material, which may induce polymer transformation as well as
dopant diffusion. Note that such BFS shifts have not been observed in previous reports
that investigate the BFS dependence on temperature ranging up to 80°C. However, since
the BFS was downshifted in this experiment by twice the amount in the tapered POF, we
speculate that the amount of the BFS shift after tapering is dependent not only on the
heating temperature and duration but also on mechanical deformation, on which further
detailed study is required. We might control the BFS in POFs by properly adjusting these

conditions in future.
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4.4.4 Conclusion

By the heat-and-pull technique, we fabricated the PFGI-POF taper with an outer
diameter of the waist of 223 um, and successfully observed its BGS for the first time. The
Stokes power was slightly enhanced by tapering probably because of higher optical power
density in the core. The BFS was downshifted by approximately 40 MHz, which was
experimentally shown to originate partially from the heat applied to the POF. By using
the enhanced Brillouin signal in a much longer tapered POF, the signal-to-noise ratio of
the POF-based distributed sensing systems could be improved. In addition, the BFS shift
induced by high heating temperature might be actively utilized as a principle of the
“temperature memory effect”. We believe that, along with the previously-reported
“strain memory effect”[126], this novel function could be of great use in implementing
POF-based Brillouin devices and systems including distributed strain and temperature

Sensors.

4.5. Observation of POF fuse

In this Section, we report on the observation of POF fuse phenomenon. Although
optical fibers with a high transmission capacity are in demand, the problem of the fiber
fuse phenomenon needs to be resolved to prevent the destruction of fibers. Here, we
experimentally demonstrate a fuse propagation velocity of 21.9 mm/s, which is 1-2 orders
of magnitude slower than that in standard silica fibers. The achieved threshold power
density and proportionality constant between the propagation velocity and the power
density are 1/180 of and 170 times the values for silica fibers, respectively. An oscillatory
continuous curve instead of periodic voids is formed after the passage of the fuse. An
easy fuse termination method is also presented. These results provide a useful guideline
for the performance limitation of POF-based Brillouin sensors from the aspect of highest

incident power.
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4.5.1 Introduction

Just over a quarter century ago, Kashyap and Blow [183,184] published their
influential paper on the observation of the optical fiber fuse phenomenon: the continuous
self-destruction of a fiber by propagating light. High-power light propagating through the
fiber results in local heating and the creation of an optical discharge that is then captured
in the fiber core and travels back along the fiber toward the light source, consuming the
light energy and leaving a train of voids [185]. While fiber fuse propagation is stunningly
beautiful [186], the fiber cannot be used after the passage of the fuse. This effect, along
with the Shannon limit [187-189], nonlinear effects [190,191], and the optical amplifier
bandwidth [191], is now regarded as a critical factor limiting the maximal optical power
that can be delivered [192,193]. The fuse properties must be well characterized so that all
possible measures are taken to avoid the creation of a fiber fuse.

The fuse properties in various glass fibers including standard silica-based single-mode
fibers (SMFs) [183-186, 194-196], microstructured fibers [197], fluoride fibers [198],
chalcogenide fibers [198], erbium-doped fibers [199], photonic crystal fibers [200], and
hole-assisted fibers [200] are well documented. The fiber fuse is reported to be typically
induced at an input optical power of one to several watts (one to several megawatts per
square centimeter) and to have a propagation velocity of one to several meters per second.
These properties differ according to the type of glass fiber; the threshold power, for
instance, is reported to be much higher in photonic crystal and hole-assisted fibers than
in silica SMFs [200], and nonlinear saturation of the fuse velocity has been observed in
erbium-doped fibers [199]. To date, reports detailing similar properties of non-glass fibers
such as polymer optical fibers (POFs) have not been published. Several special POFs with
relatively low propagation losses and broadband transmission capabilities have recently

become commercially available [201,202] and extensive studies have investigated the
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implementation of POF-based high-capacity communication systems [201,202] and
possible engineering applications of nonlinear effects in POFs [140,141]. Therefore, there
Is a pressing need to clarify the fuse properties of POFs.

In this Letter, we characterize the POF fuse and discuss its unique properties. The
propagation velocity of the bright spot is one to two orders of magnitude slower than that
in standard silica SMFs. The threshold power density is 1/180 of the reported value for
silica SMFs. We find that, after the passage of the fuse, an oscillatory continuous curve is
formed in the POF. We also show that the POF fuse can be easily terminated by local

elastic deformation of the waveguide structure.

4.5.2 Experimental setup
The perfluorinated graded-index POF [201] employed in this experiment consists of
a core (50 um diameter), cladding (100 um diameter), and overcladding (750 um

diameter) encased in polyvinyl chloride. The core and cladding layers are composed of
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doped and undoped polyperfluorobutenylvinyl ether, respectively. The refractive index at

the center of the core is 1.356, whereas that of the cladding layer is 1.342 [203]; these

”
Ignition

Laser Isolator EDFA Isolator

1546 nm

7 dBm Max. output

23 dBm
(5mW) (200 mW)

Fig. 4.5.1 (a) Schematic of the experimental setup. The silica SMFs
are indicated by blue lines. (b) Composite photograph of the fiber fuse
propagating along the POF; photographs were taken at 1-second
intervals. The light was injected from the right-hand side, while the
fuse propagated from the left-hand side. The fiber arrangement was
that of Todoroki [186] to allow a direct comparison between the POF
and silica SMF. (c) Magnified view of the propagating fuse. The light
was injected from the left-hand side.

values do not depend strongly on the optical wavelength [123]. The polycarbonate
reinforcement overcladding reduces microbending losses and increases the load-bearing
capability. The propagation loss is relatively low (approximately 250 dB/km) even at 1.55
um, and inexpensive optical amplifiers (EDFAs) can be used to boost the optical power
(the standard polymethyl methacrylate POF is optimized for visible light transmission,
and its propagation loss at 1.55 um is higher than 1 x 10° dB/km).

Fig. 1(a) depicts the experimental setup, in which 7-dBm (5-mW) output light from a
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1546-nm distributed-feedback laser diode (NX8562LB; NEC; approximately 1-MHz
linewidth) was amplified by an EDFA (LXM-S-21; Luxpert Technologies) to up to 23
dBm (200 mW) and injected into a 15-m-long POF. Two optical isolators were inserted
to protect the laser and EDFA from reflected or backscattered light. The end of the silica
SMF fitted with an ‘FC’ connector was connected to one end of the POF fitted with an
‘SC’ connector via an FC/SC adaptor (coupling loss approximately 0.3 dB) [140,141].
We confirmed that the fiber fuse can be initiated in the same way as in glass fibers [183-
186, 194-200] by external stimuli such as heating, bending, or bringing the fiber output
end into contact with an absorbent material. For the demonstration discussed here, we

used a POF end surface polished roughly with 0.5-pm alumina powder.

4.5.3 Experimental results

From observations of the propagation of the fuse along the POF (Fig. 4.5.1(b)), the
propagation velocity was calculated to be approximately 24 mm/s, which is extremely
slow in comparison to Todoroki’s [186] result for a silica SMF. The optical power of the
propagating light was calculated using the measured power of the injected light, the
coupling loss at the SMF/POF interface, and the propagation loss in the POF to be
approximately 75 mW, corresponding to a maximal power density of 7.6 kW/cm? (Refer
to the next paragraph for calculation method). A magnified view of the fuse propagation
along a straight portion of the POF is shown in Fig. 4.5.1(c) (70.5 mW, 22.8 mm/s).

Here, we derive an equation for the maximal power density | in the core when light
with a certain power P is injected into the graded-index POF. We consider a refractive
index in the core that takes a parabolic profile [201]. Under the assumption that all modes
propagate with equal attenuation without coupling, the optical power profile is given, in

the same way as the refractive index profile, by [204]

o) - p<o>[1—(gjgj
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where r is the radial distance from the core center, R is the core radius, and g is the
refractive index profile coefficient. Consequently, the maximal power density | can be

calculated as

g
J‘Zﬁder(l—[rj } rdr
o p 0 R
I =lim—;
=0 71 o R r 9
I dH_[ {1—[) j rdr
0 0 R
P g+2

=7ZR2 g . (2)

By assuming g = 2 in the graded-index POF [201], Eq. (2) can be further simplified as

2P
2
7R ’ (3)

which indicates that the maximal power density in the graded-index POF with an incident
power P is equal to the average power density in a step-index POF of the same core
diameter with twice the incident power. For instance, for P =75 mW and R =25 um, I is
calculated to be 7.6 kw/cm?.

We found that the fuse propagation velocity in the POF, measured at 1.55 pm, had an
almost linear dependence on the maximal power density with a slope of 1.59 x 10°
mm-s MW 1.cm™2 (Fig. 4.5.2(a)). The power density at which the fuse ceased, i.e. the
threshold power density, was 6.6 kW/cm? at a propagation velocity of 21.9 mm/s.
Comparing these results with those of silica SMFs (Fig. 4.5.2(b); results [194] at 1.48 um
and the theoretical line [195] at 1.55 pum) revealed that at 1.55 um the slope in the POF
data (corresponding to the efficiency of the velocity control) was 17 times as steep as that
in the silica SMF (9.41 x 10* mm-s*-MW*.cm™2), and the threshold power density of
the POF was 180 times lower than that of the silica SMF (approximately 1.2 MW/cm?).
The minimal propagation velocity achieved at 1.55 ym was 11 times as low as that
experimentally obtained in a silica SMF at 1.48 pm (250 mm/s) [196].

Digital micrographs taken after the passage of the fuse disclose the extent of the
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damage to the fiber. The fuse was initially triggered by exploiting the rough surface at the
end of the POF (Fig. 4.5.3(a)) and was verified to be induced at the center of the core,
which supports the assumption in our calculation that the maximal power density in the
fiber cross section affects the fuse induction and can be used to determine the threshold
power density. The passage of the fuse (Fig. 4.5.3(b)) appeared as a continuous black
carbonized curve that oscillated periodically along the length of the POF, which is
considerably different from the bullet-shaped voids observed in glass SMFs. The
oscillation period was approximately 1300 um, which is in general agreement with the
theoretical oscillation period of the ray [9]. Fig. 4.5.3(c) shows the position where the
fuse ceased after the incident optical power was reduced to that below the threshold; since
the fuse remained at this point for several seconds, it melted a relatively large area of the
POF, which resulted in the observed bending.

Optical propagation loss in the POF after the passage of the fuse was measured for
incremental cutbacks from 30 cm to 20 cm (Fig. 4.5.3(d)) and a fixed input power of 10
dBm (10 mW) at 1.55 um. A loss of 1.4 dB/cm indicates that, unlike silica SMFs [183-
186, 194-196], light can propagate through the POF for several tens of centimeters after
the passage of the fuse. We believe this is because undamaged regions remain in the core
and cladding layers as these diameters are relatively large, which is a unique characteristic
of POFs. Yet this propagation loss is somewhat significant for communication
applications, and so once the fuse is induced, it is crucial to stop the propagation as soon
as possible.

Several methods for terminating fiber fuses have been developed for glass fibers [200,
205-207], which are in principle also applicable to POFs. One method is to thin the outer
diameter of the fiber at a certain position while maintaining the core diameter [206]; this
can reduce the internal pressure and arrest the propagating fuse via deformation. In silica
SMFs, this structure is fabricated using hydrofluoric acid as an etchant [206], but in a

POF, chloroform could be used to etch the overcladding layer [177]. An even easier
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method, which we present here, is to pressure-bond a small metal ring around the fiber;
this method is only applicable to POFs with an extremely high flexibility [155]. The
optical power of the particular propagating mode that provides the bright spot with energy
Is decreased below the threshold by deformation, and the propagating fuse is thus
terminated. The resulting induced optical loss is negligibly low, and an image of the fuse
termination at the position of the ring (Fig. 4.5.3(e)) shows that bending did not occur.
Once the ring is detached, the polymer material will return to the original configuration

(elastic deformation).

(a)
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Fig. 4.5.3 (a) Digital micrograph of the POF end at which the fuse was
initiated by exploiting the rough surface. (b) The path of the fuse in
the POF. (c) The point at which the fuse was terminated by decreasing
the input optical power. (d) The dependence of the output power on
the cut-back length. The open circles are measured points, and the
solid line is a linear fit. The slope of the line is 1.4 dB/cm. (e) Image
of the fuse termination in the POF at the position of a nickel ring.
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4.5.4 Conclusion

we have experimentally demonstrated a POF fuse propagation velocity of 21.9 mm/s,
which is 1-2 orders of magnitude slower than that in standard silica fibers. The achieved
threshold power density and proportionality constant between the propagation velocity
and the power density are 1/180 of and 170 times the values for silica fibers, respectively.
We have found that a unique oscillatory continuous carbonized curve is formed after the
passage of the fuse, which can be terminated easily. Future work will focus on
understanding the detailed mechanism of the initiation and propagation of the POF fuse.
We believe that these results serve not only as a valuable guideline for the development
of POF-based high-capacity transmission systems and engineering applications of
nonlinear effects in POFs but also as a strong impetus for the on-going research relating

to fiber fuses and material sciences.
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5 Conclusions

In this dissertation, we studied on distributed strain and temperature sensing based on
Brillouin scattering in polymer/plastic optical fibers (POFs). To begin with, we clarified
the unique Brillouin properties in POFs. We then provided the first demonstration of
distributed sensing. Besides, we conducted some research related to its performance
improvement.

In Chapter 1: “Introduction,” the concept of fiber-optic nerve systems for smart
materials and structures, the principle of Brillouin scattering, and the conventional
distributed sensing techniques based on Brillouin scattering were reviewed as the
background of this work. Then, the history, physical properties, and Brillouin properties of
POFs were explained.

In Chapter 2: “Brillouin properties in large-strain applied POFs,” in Section 1:
“Brillouin gain spectrum (BGS) dependence on large strain,” first, by applying large strain
of up to 20%, the strain dependence of BGS in the PFGI-POF was measured in detail. The
BFS exhibited a non-monotonic nature, with which temperature sensing even with zero
strain sensitivity will be feasible. The Stokes power drastically dropped when the applied
strain was larger than approximately 10%. This behavior is probably caused by the large-
strain dependence of the propagation loss. The identification of the applied strain is
sometimes difficult only by BFS due to its non-monotonic nature; in that case, using the
Stokes power dependence will be one of the solutions. Since this nature may vary
depending on the time of applying strain or the types of the POFs (PMMA-POFs, partially-

chlorinated POF, etc.), further investigation is required on this point. We believe that these
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results are of great significance in developing large-strain sensors based on Brillouin
scattering in POFs.

In Chapter 2, Section 2: “Brillouin frequency shift hopping,” The BGS dependence on
large strain of up to 60 % in a PFGI-POF was investigated at 1.55 um, and an abrupt change
in BFS from approximately 2.7 GHz to approximately 3.2 GHz was observed. We showed
that this “BFS hopping” is probably caused by the varied acoustic velocity induced by the
stepwise change in the core diameter (because of the yield of polycarbonate-based
overcladding layer). We also discussed the use of the Stokes power ratio to determine the
large strain applied to the POF. Subsequently, strain- and temperature-dependence
coefficients of the BFS in the slimmed-down POF were —65.6 MHz/% and —4.04 MHz/K
respectively, which indicates the possibility of further higher-precision temperature
sensing with lower strain sensitivity. We believe that the physical aspects of these results
are interesting and will be of great significance in developing POF-based large-strain
sensing systems in the near future.

In Chapter 3: “Distributed strain and temperature sensing using POFs,” in Section 1:
“First demonstration based on BOCDR,” distributed strain and temperature sensing with a
centimeter-order spatial resolution in a POF was demonstrated for the first time using a
cost-effective BOCDR technique. A 10-cm-long heated section of a 1.3-m-long POF was
successfully detected with a theoretical spatial resolution of 7.4 cm and a sampling rate of
3.3 Hz (per measured point). The limitation of the sensing performances was discussed.
We believe that our results have overcome a stereotype of perceiving POF-based Brillouin
distributed sensing with a high resolution and/or a high SNR as almost infeasible.

In Chapter 3, Section 2: “Simplification of experimental setup,” first, we developed
simplified (S-) BOCDR, where the light Fresnel-reflected at a partial reflection point (or
the fiber end) was used as reference light and an additional reference path used in standard
implementations can be removed. This configuration was useful for practical application

and enhancement of SNR in BOCDR. Then, we implemented S-BOCDR using a POF as
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a fiber under test, which provides the following advantages over S-BOCDR using a
standard silica single-mode fiber (SMF): (1) the Fresnel-reflected light can be stably
returned at the interface between the POF and an SMF (the pigtail of an optical circulator),
and (2) the effect of the Oth correlation peak can be easily and effectively suppressed by
exploiting a so-called BFS-hopping phenomenon. We then experimentally demonstrated a
distributed measurement and detected a 0.46-m-long heated POF section.

In Chapter 4: “Relevant work for improvement of POF-based Brillouin sensors,” in
Section 1: “Characterization of stimulated Brillouin scattering in POFs,” Stimulated
Brillouin scattering (SBS) in POFs was observed, for the first time to the best of our
knowledge, using the pump-probe technique without lock-in detection, and the
dependences of the BGS on POF length, pump/probe powers, and temperature were fully
investigated. We clarified that the optimal POF length for SBS observation is 3.8 m when
the probe and pump powers are 21.1 dBm and 22.2 dBm, respectively. This length can be,
we predict, elongated by the pump and probe waves with much higher powers. We also
showed that the Stokes power was raised nonlinearly with increasing probe and pump
powers, and that >20-dBm power is required for both pump and probe waves to efficiently
induce SBS in POFs. In addition, the BFS dependence on temperature was measured to be
—4.02 MHz/K, which was in good agreement with previous experiments. We believe that
these results will offer a crucial basis for implementing distributed Brillouin sensors
(especially, Brillouin optical time-domain analysis (BOTDA) systems) based on POFs
with extremely high flexibility.

In Chapter 4, Section 2: “Estimation of Brillouin properties in PMMA-POFs,” first,
the acoustic velocities in POFs were measured based on the ultrasonic pulse-echo
technique for the estimation of their BFS. First, the BFS of a PFGI-POF at 1.55 pm was
estimated to be approximately 2.9 GHz. This value moderately agreed with the actual value
previously reported, indicating that this method can be used to roughly estimate the BFS.

Then, the acoustic velocity in a PMMA-POF with 980 um core diameter was measured to
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be 2.8 x 10° m/s, from which its BFS was estimated to be approximately 13 GHz at 650
nm and approximately 5.4 GHz at 1.55 um. Next, the BFS dependences on temperature
and strain in PMMA-POFs were estimated using ultrasonic pulse-echo technique. We
found that the BFS varies linearly depending on temperature with a coefficient of
approximately —17 MHz/K at 650 nm pump. Since this value is —7.1 times larger than that
of silica fibers at 650 nm, and is even 1.7 times larger than that of PFGI-POFs at 650 nm,
PMMA-POFs appear to be a good candidate for Brillouin-based temperature sensing with
high precision. We also found that, in contrast, the BFS varied nonlinearly depending on
applied strain, which seems to be related to the elastic-to-plastic transition of PMMA. More
accurate estimation will be feasible by taking the refractive-index dependence on strain
into consideration. We believe that this information will be useful in developing
temperature/strain sensors based on Brillouin scattering in POFs with high flexibility, low
cost, easy connection, high safety, and memory effect.

In Chapter 4, Section 3: “Fast flaw detection in POFs using infrared thermometry,” we
demonstrated a fast and low-cost detection of the flaws in POFs using an IRT, which can
overcome the drawbacks of the conventional techniques. The locations of the flaws were
successfully detected, even when the POF was protected by thick jackets. The optical loss
dependence of the temperature at the flaw was linear with a coefficient of approximately
0.74 °C/dB when the optical power was 24.5 dBm (282 mW) at 1.55 um. The optical power
dependence of the measured temperature at the flaw with a fixed loss was also linear, which
predicts that a higher optical power is desirable for the loss estimation with more precision.
We hope that this method will be of common use, with its fast measurement capability,
ease of handling, and cost efficiency, in examining the quality of POFs at the final stage of
their fabrication process in the near future.

In Chapter 4, Section 4: “Observation of BGS in tapered POF,” By the heat-and-pull
technique, we fabricated the PFGI-POF taper with an outer diameter of the waist of 223

um, and successfully observed its BGS for the first time. The Stokes power was slightly
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enhanced by tapering probably because of higher optical power density in the core. The
BFS was downshifted by approximately 40 MHz, which was experimentally shown to
originate partially from the heat applied to the POF. By using the enhanced Brillouin signal
in a much longer tapered POF, the signal-to-noise ratio of the POF-based distributed
sensing systems could be improved. In addition, the BFS shift induced by high heating
temperature might be actively utilized as a principle of the “temperature memory
effect”. We believe that, along with the previously-reported “strain memory effect”,
this novel function could be of great use in implementing POF-based Brillouin devices and
systems including distributed strain and temperature sensors.

In Chapter 4, Section 5: “Observation of POF fuse,” we reported on the observation of
POF fuse phenomenon. Although optical fibers with a high transmission capacity were in
demand, the problem of the fiber fuse phenomenon needs to be resolved to prevent the
destruction of fibers. Here, we experimentally demonstrated a fuse propagation velocity of
21.9 mm/s, which was 1-2 orders of magnitude slower than that in standard silica fibers.
The achieved threshold power density and proportionality constant between the
propagation velocity and the power density were 1/180 of and 170 times the values for
silica fibers, respectively. An oscillatory continuous curve instead of periodic voids was
formed after the passage of the fuse. An easy fuse termination method was also presented.
These results provided a useful guideline for the performance limitation of POF-based
Brillouin sensors from the aspect of highest incident power.

Thus, in this dissertation, we investigated for the first time the following two Brillouin
properties of POFs: (a) BGS dependence on large strain in POFs, and (b) BFS hopping.
Next, we succeeded in demonstrating distributed stain and temperature sensing using POFs
based on BOCDR and S-BOCDR. We also performed the following six experiments to
improve the performance of the POF-based distributed sensors: (i) clarification of the SBS
properties in POFs for SNR enhancement, (ii) estimation of the Brillouin properties in

PMMA-POFs toward higher-sensitivity temperature sensing, (iii) fast flaw detection in
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POFs using infrared thermometry for efficient selection of high-quality POFs to be used
as sensor heads, (iv) observation of BGS in tapered POFs toward implementation of a
memory function regarding temperature, and (v) observation of a fiber fuse phenomenon
in POFs toward understanding of the performance limitation of POF-based Brillouin
sensors. We believe that these results are a key technological step toward the development
of next-generation distributed temperature/strain sensing systems based on Brillouin

scattering in POFs with high flexibility and memory function.
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