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Abstract

This is the final report for the program “Micro-Structured Sapphire Fiber Sensors for
Simultaneous Measurements of High Temperature and Dynamic Gas Pressure in Harsh
Environments”, funded by NETL, and performed by Missouri University of Science and
Technology, Clemson University and University of Cincinnati from October 1, 2009 to
September 30, 2014. Securing a sustainable energy economy by developing affordable and clean
energy from coal and other fossil fuels is a central element to the mission of The U.S.
Department of Energy’s (DOE) National Energy Technology Laboratory (NETL). To further this
mission, NETL funds research and development of novel sensor technologies that can function

under the extreme operating conditions often found in advanced power systems.

The main objective of this research program is to conduct fundamental and applied research
that will lead to successful development and demonstration of robust, multiplexed, micro-
structured silica and single-crystal sapphire fiber sensors to be deployed into the hot zones of
advanced power and fuel systems for simultaneous measurements of high temperature and gas
pressure. The specific objectives of this research program include: 1) Design, fabrication and
demonstration of multiplexed, robust silica and sapphire fiber temperature and dynamic gas
pressure sensors that can survive and maintain fully operational in high-temperature harsh
environments. 2) Development and demonstration of a novel method to demodulate the
multiplexed interferograms for simultaneous measurements of temperature and gas pressure in
harsh environments. 3) Development and demonstration of novel sapphire fiber cladding and low
numerical aperture (NA) excitation techniques to assure high signal integrity and sensor

robustness.
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To achieve the above challenging goals, we have formed a multidisciplinary research team
consisting of three professors from two universities. The team worked collaboratively on

fundamental and applied research on the following three major technical areas:

1) Novel assembly-free microstructured fiber optic sensors by femtosecond laser
micromachining. During the project period, the team has successfully established a fully
automated fs laser micromachining system for intelligent fabrication of various fiber optic sensor
devices. Specifically, we have successfully designed, fabricated and demonstrated the concepts

of many new fiber senor devices including:

a) Open cavity optical fiber inline extrinsic Fary-Perot interferometer

b) Sealed cavity optical fiber extrinsic Fabry-Perot interferometer

¢) Intrinsic optical fiber inline Fabry-Perot interferometer

d) Optical fiber hybrid extrinsic/intrinsic Fabry-Perot interferometer (HEIFPI)

e) Optical fiber inline Michelson interferometer

f) Optical fiber inline Mach-Zehnder interferometer

g) Fiber Bragg grating

f) Long period fiber grating

h) Reflective mode surface enhanced Raman scattering probe

1) Optical fiber inline waveplate

J) Optical fiber inline polarizer
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k) Optical fiber inline micro fluidic channel

Many of these new devices have been successfully demonstrated for sensing applications,
showing better performance than their counterparts fabricated using the traditional micro-
assembly based methods. These novel silica and sapphire fiber sensors have great potentials that
are yet to be fully discovered for measurements of various important parameters in high

temperatures and high pressure harsh environments.

2) Novel signal processing methods. We have successfully designed and demonstrated the
proposed novel wavelength division multiplexing based signal processing method to
simultaneous interrogation of a number of cascaded microstructured optical fiber sensors. In
addition to completion of the proposed method, we have also invented a brand new sensing
concept — the optical carrier based microwave interferometry (OCMI) sensing technology. For
the first time, High performance interferograms can now be obtained routinely using OCMI on
highly multimode optical fibers (including the uncladded sapphire fibers). In addition, the new
OCMI technology, together with the modern communication technology and fs laser
micromachining technique, allow us to achieve spatially continuous, fully distributed sensing

using practically any optical waveguides.

3) Novel sapphire cladding. We have successfully cladded the sapphire fibers and validated
their performance up to 1200°C. This is the first demonstration of such optically-functional high-
temperature cladding for sapphire fibers. We successfully synthesized spinel thin film as
cladding coating of the sapphire fiber using polymeric precursor method. The coating process

has been fully optimized to obtain defect-free and optically functional cladding layers. The
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coated sapphire fibers were fully characterized experimentally to show their superior optical

properties and high temperature stabilities.

In addition, we have established a high temperature sensor testing facility with the full
capability of testing the developed sensors under high temperature and high pressure conditions.
We have also conquered many engineering challenges towards the practical deployment and
application of the developed sensors and instrumentation. For example, we have successfully
designed and implemented a new method to package the developed sapphire fiber sensor for high
temperature measurement and successfully validated the packaged sensor at high temperatures

up to 1600°C.

In summary, under the close collaborations among the three research groups, we have
completed all the tasks and fulfilled the proposed research objectives. All the technical
milestones have been achieved and the project has been completed successfully. The technical
breakthroughs obtained under this project provide novel harsh environment sensing technologies
that can be directly used in existing and next generation power and fuel systems for in situ
monitoring and advanced control of key operational parameters to achieve the challenging goals
of enhanced efficiency, reduced emission, and improved reliability/availability/maintainability.
The research may also have profound impacts on the general field of harsh environment sensing
as it fosters a number of new inventions that may benefit the sensors and instrumentation

community as well as the entire energy sector.
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1. Background and Technology Reviews

1.1 Introduction

This research was initially motivated by developing novel sensing or monitoring in extreme
environments of fossil energy systems. The societal impact of improvements in efficiency of
existing fossil-fuel infrastructure can be very substantial. According to the International Energy
Agency’s 2002 World Energy Outlook, renewable energy sources (including hydro) provided
about 5% of the world’s energy use in 2000, and they project the growth in renewables to barely
keep-up with the growth in demand providing 6.5% in 2030 [42]. Energy forecast predict that
fossil fuels will be the dominant energy source in the foreseeable future and that by 2030 we will
rely on fossil fuel for about 80% of our energy needs. Coal continues to be the dominant fossil
fuel around the world for electric power generation [43]. Production of affordable and clean-coal
energy is thus the key to secure a sustainable economic development. Towards this goal, the
research community and industry have been working diligently to develop and implement
various advanced technologies for improved operation efficiency/safety/reliability/availability/
maintainability, enhanced fuel-flexibility and reduced (or even near-zero) emissions [44]. It has
long been realized that operations of coal-based power plants must be optimized at all levels by
utilizing advanced process controls. Low-cost, reliable, in situ sensors are highly demanded for
advanced process control and lifecycle management in existing and future advanced power and
fuel systems. The Electric Power Research Institute (EPRI) estimated that approximately $409
million can be saved annually in the existing fossil-fuel-based power generation plants in the
United States by implementing advanced monitoring and control technology to achieve a 1%

increase in efficiency [43].
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Next generation coal power plants (e.g., the new IGCC plant) use synthesis gas (syngas)
produced by coal gasification that may operate at temperatures as high as 1450°C. Recent studies
have shown that gas turbines operating at elevated temperatures will not only increase efficiency
(about 60% efficiency improvement on average), but also reduce emissions through
improvement in waste product removal and storage [4]. In addition, future coal power plants
need to be fuel-flexible. Coal syngas and high-hydrogen content (HHC) fuels could vary
considerably in fuel composition and heating value. The variations could lead to instabilities and
excessive pressure pulsations, resulting in component fatigue, mechanical failures and costly

outages and repair.

It has been estimated that more than 1000 sensors are needed in a typical power plant to
ensure its correct operation [43]. These sensors share the common requirement of being able to
survive and operate in the high temperature, high pressure and corrosive/erosive harsh
environments for a long period of time. Among the parameters of interests, temperature and
dynamic gas pressure are the two important parameters that need to be constantly monitored to
ensure proper operation of the system [7]. Temperature sensors are needed throughout the entire
system for in situ measurements of the flame, gas and surface temperatures at various sections.
The information of dynamic pressures within a combustion turbine may be used to detect and

correct instabilities before they cause serious damage [8-11].

Although power plant control systems have been constantly upgraded, improvements in
sensors and instrumentation have lagged behind. The bulk of the efforts have focused on signal
processing and signal conditioning, rather than the basic sensing elements and devices.
Consequently, the various sensors used in today’s typical power plant have remained virtually

unchanged since 1970. Unfortunately, these sensors are incapable of operating directly in the
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locations of high temperature and high pressure harsh environments. Current sensor technologies
capable of operating in harsh conditions are extremely limited. Given that clean-coal power
production will be the necessity and reality for many years to come, fundamental and applied
research is required to address the significant technological challenges and capability gaps in

harsh environment sensors needed for monitoring existing and future power and fuel systems.

1.2 Overview of current technologies

Sensors and sensor systems that are capable of surviving and operating in harsh
environments have found many applications in modern industry. Examples include oil and gas
extraction, power generation, coal gasification, gas turbine operation, aircraft engineer design
and monitoring, and petrochemical refining and separation. The term “hash environment” can be
the summary of a lot of extreme conditions including high temperature, high pressure,
chemically corrosive/erosive, toxic, explosive, radioactive, and strong electromagnetic
disturbance. These extreme conditions normally prevent the usage of commercially available,
general purpose electrical sensors. Optical fiber sensors, with its glass nature and optical
interrogation principle, may provide a viable solution for sensing and monitoring in these harsh
conditions. However, for the time being, the real sensing techniques/configurations that can
withstand the extremely harsh environment posed by the high temperature, high pressure and

corrosive agent in power system, e.g., coal gasifiers and gas turbines, etc, are still limited.

Although power plant control systems have been constantly upgraded, improvements in
sensors and instrumentation have lagged behind. The bulk of the efforts have focused on signal

processing and signal conditioning - the smart electronics, rather than the basic sensing elements
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and devices. Consequently, the various sensors used in today’s typical power plant have
remained virtually unchanged since 1970. Unfortunately, these sensors are incapable of
operating directly in the locations of high temperature and high pressure harsh environments. In
this program, we focus our research on developing novel sensors for in situ, simultaneous
measurements of temperature and dynamic pressure. The measurements of these parameters are
required throughout the entire process of a power/fuel system but the current available
technologies fall in short. The requested research investment is thus well justified for its broad
impacts. The multidisciplinary research efforts in this program will not only advance the
fundamental science involved in harsh environment sensing, but also lead to the development of
the state-of-the-art sensors and new measurement techniques that are directly applicable to

process monitoring and control.

1.2.1 Sensors currently used in power plant monitoring

Temperature sensors: Currently, resistance temperature detectors (RTDs) and

thermocouples are among the most commonly used temperature sensors for measurements of
flame temperatures, liquid entering and exiting heaters, fuel temperatures, and turbine heat.
Thermocouples have been used for measurement of temperatures above 2000°C with cooling.
[13] Specially designed RTDs with an on-line calibration mechanism can maintain 1 percent
accuracy at 1100°C. [12] However, packaging of the sensor components such as the resistance
wire, insulators, sheath, and end seals is always a challenge for achieving and maintaining
desired electrical properties. At high temperatures, the large thermal and mechanical stresses
often cause mechanical failures to these temperature sensors due to mismatch in coefficient of
thermal expansion (CTE) of dissimilar materials. In addition, the metal/alloy wires in a

thermocouple and the metal lead/joint in a RTD cannot withstand a corrosive environment. [13,
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14] As a result, RTDs and thermocouples have limited lifetime, poor reliability, and high

maintenance cost.

Pressure sensors: Power plant operators currently rely on pressure switches and nonfluid-

filled or fluid-filled pressure transmitters to measure pressure drop, for example, of feed-water
sent to boilers or steam sent to turbines. These instruments lose their accuracy over time and
must be recalibrated frequently due to the adverse operating environment. [5] The drift of these
pressure transmitters can increase heat rates, decrease turbine efficiency, and lower plant safety.
In addition, such drift is difficult to detect during steady-state operation when the transmitter
appears to function normally. Dynamic pressures can be measured by pressure transducers,
which typically utilize strain-gauge technology in their construction, and cannot endure the
extreme temperatures at the combustor. Piezoelectric crystal (e.g., quartz) devices have also been
used for measurement of dynamic gas pressure in gas turbines at high temperatures (~700°C). [8-
11] However, the maximum operating temperature of piezoelectric pressure sensors are limited.
In addition, they suffer from electromagnetic interference (EMI) and large temperature cross-

sensitivity.

1.2.2 Current state-of-the-art harsh environment sensing technologies

High temperature electronic sensors: Specially designed electronic sensors and circuits

have been investigated for high temperature applications. Many of the research efforts have
focused on the silicon-on-insulator (SOI) technology. Representative examples include thin or
thick film SOI devices for temperature measurement, [15] piezoresistive SOI sensors for
stress/strain measurement, [16] and surface acoustic wave (SAW) SOI sensors for pressure

measurement.[17] These sensors had shown high resolution for applications in high temperatures
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up to 700°C. Sensors have also been developed using silicon carbide (SiC) and silicon nitride
(SiN) substrates which can operate at temperatures as high as 800°C. [18] However, these
electronic devices are inherently sensitive to EMI, which renders relatively low accuracy in
measurement. In addition, the strong temperature dependence (thus large temperature cross-
sensitivity) has also made it difficult to develop sensors for measurement of parameters other

than temperature.

MEMS sensors: Microelectromechanical systems (MEMS) technology has been
investigated for fabrication of miniaturized sensors to measure temperature, pressure, strain and
accelerations. These MEMS devices are commonly manufactured using standard IC processing
along with anisotropic etching and wafer bonding. [19-22] MEMS-based sensors have the
advantages of small size, high sensitivity, low cost, potential of large production, and batch
fabrication process for a large production yield. Optically interrogated MEMS devices are
expected to be more suitable than electrically interrogated MEMS devices for harsh environment
applications. [19, 20] However, a major problem associated with most MEMS sensors is their
inherent cross sensitivity to temperature. For example, the influence of temperature on a
piezoresistive MEMS pressure sensor can cause a drift of about 100Pa per day, which makes
them deficient for long-term measurement. [21] The packing is always a challenge for MEMS
sensors. As a result, applications of MEMS sensors have been limited in temperatures below

600°C. [22]

Fiber optic sensors: Optical fiber sensors are very attractive for applications in harsh

environment due to their proven advantages of small size, lightweight, immunity to EMI,
resistance to chemical corrosion, high sensitivity, large bandwidth, and remote operation

capability. [23, 24] Among the many types of fiber sensors, fiber Bragg gratings (FBG), long
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period fiber gratings (LPFG), and Fabry-Perot interferometers (FPI) are among the mostly-
investigated for high temperature applications. Fiber grating sensors have the advantages of
immunity to the optical power loss variation of the optical network and the capability of
multiplexing many sensors to share the same signal processing unit. [25-28] LPFGs made by
CO2 laser irradiation, chemical etching, mechanical dicing and electric arc modification have
successfully survived temperatures up to 1200°C. [29] However, their long-term reliability at
very high temperatures (>1000°C) has been a concern due to the degradation of optical
properties and mechanical strength. Moreover, fiber grating sensors exhibit relatively large

cross-dependence of temperature which limits their scale of applications in harsh environments.

Hermetically packaged extrinsic fiber Fabry-Perot interferometers (EFPI) have also been
successfully applied to harsh environment sensing. [30-33] Laser fusion or electric arc sealed
EFPI sensors were successfully tested for measurement of temperature (up to 800°C) and
pressure (up to 10,000 psi). Micromachined single-crystal silicon carbide EFPI temperature and
pressure sensors have also been demonstrated for high temperature applications. [34, 35]
However, fabrications of these EFPI sensors involve complicated procedures of assembling
multiple components, which compromises the robustness of the device due to the limited thermal
and mechanical strength of the joints. The mismatch of the coefficient of thermal expansion

(CTE) of the various parts can also seriously lower the thermal stability of the device.

Sapphire fiber based sensors: The long-term operating temperature of standard
telecommunication fiber-based sensors is limited by the annealing point (1120°C) of fused silica
glass. To further increase the operating temperatures, researchers turned to single-crystal
sapphire fibers which have a high melting point of about 2053°C, low optical loss in a large
spectrum window, superior mechanical strength, and excellent resistance to chemical corrosion.
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Up to date, a number of sapphire fiber sensors have been demonstrated by various research
groups. Examples include: 1) sapphire rod blackbody radiation-based temperature sensors, [36] 2)
sapphire fiber temperature sensors based on birefringence-balanced polarimetry, [37] 3) EFPI
sensors made by bonding sapphire fibers on a ceramic substrate for measurement of temperature,
strain, and pressure, [38, 39] and 4) intrinsic Fabry-Perot interferometric (IFPI) sensors by
attaching a sapphire fiber to a sapphire plate for temperature measurement. [40] Although these
sensors have been demonstrated for high temperature (>1000°C) applications in laboratory and
field tests, their long term stability is a concern due to the use of ceramic epoxies in device
fabrication. For example, CTE mismatch of the assembled pieces may cause structural failure of
the sensor device at high temperatures. More recently, sapphire fiber grating based temperature
sensors were also demonstrated. [41, 42] However, the gratings have very weak signal strengths
due to the highly multimode nature of non-cladded sapphire fibers, resulting in poor

measurement accuracy.

A major issue related to existing sapphire sensor stems from the uncladded nature of sapphire
fibers. Single-crystal sapphire fibers cannot be grown as a core-clad structure from the
established rod-in-a-tube method because convective currents in the molten zone quickly destroy
the geometrical structure of the source rod. [43, 44] Uncladded sapphire fibers suffer from a
number of undesirable characteristics such as unpredictable optical loss and highly multimode
operation. The unpredictable optical loss during applications may impose a large error to the
measurement results. The highly multimode nature makes it difficult to obtain high quality signal
in conventional assembly-based sensor structures especially when optical interference is used as
the sensing principle. A number of high temperature materials have been explored for cladding

sapphire fibers, including for example, polycrystalline alumina (A1203), metal niobium, silicon
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carbide (SiC), yttrium stabilized zirconia (YSZ), and other alloys (e.g., SIOxNy, MgxSiOy and
TixSiyO with a variable x/y ratio). [45-47] However, none represents a universally acceptable

solution. Cladding materials that are both optically and thermally suitable are yet to be found.

1.3 Requirements, Opportunities and Challenges

1.3.1 General requirements on harsh environment sensors

There exist a number of important considerations and critical requirements for sensors

targeting harsh environment applications.

First, the sensor needs to survive the harsh environment. This requires that the sensor
material, structure, package, and connection must be robust to experience drastic changes in

environmental conditions such as a large temperature swing.

Second, the sensor structure needs to be stable to operate in these extreme conditions. The
common concerns for sensors targeting harsh environment applications include the long-term
stability and cross-sensitivity. Long-term stability requires that the sensor does not drift as a
result of structural degradation when placed in an extreme environment. Cross-sensitivity,
especially the temperature cross-sensitivity, could result in large amount of measurement error
induced by changes in environmental parameters other than the one to be measured/monitored.
In most cases, more than one adverse parameter can be found in a typical harsh environment.
For example, in a combustion engine, high temperature and high pressure coexist at the same
time. In this case, a pressure sensor for engine monitoring should have zero response to

temperature change.
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Third, the accessibility of the sensor needs to be considered. Sometimes, engineers found that
even if the sensor itself survived harsh environments, it is hard to route the cable to attach the
sensor or the cable may not survive the environment as the sensor does. Or it is simply not
possible to place the sensor in the shielded environment, for example, to monitor the inner
environment of an ignition chamber of a combustion engine, once needs to intrusively deploy the

sensors, making the ignition less efficient or even bringing in safety issues.

1.3.3 Challenges and opportunities

Based on the above reviews, it is clear that, in spite of the large amount of progress made in
the past toward high temperature harsh environment sensing, there still exist technical challenges
and issues that are missing appropriate solutions and the current state-of-art technologies do not
provide satisfactory solutions. Among most of the high temperature sensors, survivability is still
an issue, since they are manufactured through assembling a number of components. And in most
cases, these components are made by different materials, which making it less mechanically
stable at higher temperatures. The CTE mismatch of different components would induce
dominant stress in between the different components and eventually damage the device from
inside at elevated temperatures. This problem challenges the packaging of the sensors associated
with assembly process. Another common issue among these sensors is the temperature cross-
sensitivity. Although it may be more evident for electric based sensors, temperature cross-
sensitivity is critical in optical based sensor as well at higher temperatures. To deal with this, the
conventional way is to place a high accuracy temperature sensor next to the original sensor
designed for a specific parameter monitoring. Apparently, this would increase the sensor
operating expense. In addition, the strong electromagnetic field may couple into the sensor

system, either from sensor probe or from the trace routing to the sensor head.
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Based on above reviews, we conclude that electronic sensors cannot survive the extremely
high temperature (~1600°C) harsh conditions involved in next generation power plant
monitoring and control. The sapphire fiber based sensor is one of the most promising candidates
for operations in high temperature harsh environments. However, the following technical issues
must be sufficiently addressed through fundamental research before the sensors can be applied to

real-world applications.

Issue #1: The existing sapphire sensors lack the required robustness and long-term stability.

Issue #2: The existing sapphire sensors have shown large temperature cross-sensitivity

which imposes a difficulty for measurement of parameters other than temperature.

Issue #3: Uncladded sapphire fibers impose a number of undesirable characteristics for

sensing applications, e.g., unpredictable loss and highly multimode operation.

Supported by NETL (National Energy Technology Laboratory), U.S. Department of Energy,
the proposed research aims to address these technical challenges and bridge the technological
gaps in harsh environment sensing. This work is performed collaboratively among three
universities including Missouri University of Science and Technology, the University of

Cincinnati and Clemson University.
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2. Objectives and Approaches

2.1 Objectives

The main objective of this research program is to conduct fundamental and applied research
that will lead to successful development and demonstration of robust, multiplexed, micro-
structured silica and single-crystal sapphire fiber sensors to be deployed into the hot zones of
advanced power and fuel systems for simultaneous measurements of high temperature (upto

1600°C) and dynamic gas pressure.
The specific objectives of this research program include:

1) Design, fabrication and demonstration of multiplexed, robust silica and sapphire fiber
temperature and dynamic gas pressure sensors that can survive and maintain fully operational in
high-temperature harsh environments. This objective has been achieved by a novel, assembly-
free hybrid extrinsic/intrinsic Fabry-Perot interferometer (HEIFPI) that is optimally designed for

multiplexing and one-step fabricated by femtosecond (fs) laser micromachining for robustness.

2) Development and demonstration of a novel method to demodulate the multiplexed
interferograms for simultaneous measurements of temperature and dynamic gas pressure in harsh
environments. This objective has been achieved by a novel signal processing approach based on

advanced digital filtering in combination with microwave-photonic instrumentation.

3) Development and demonstration of novel sapphire fiber cladding and low numerical
aperture (NA) excitation techniques to assure high signal integrity and sensor robustness. This

objective will be achieved by the novel double-cladding concept realized by polymeric precursor
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nanofilm deposition/solidification and the singlemode-multimode-sapphire (SMS) fiber splicing

technique.

To achieve the above challenging goals, we have formed a multidisciplinary research team
consisting of three professors from two universities. The team has demonstrated combined
expertise and history of successful collaborations in closely related areas to assure the successful
execution of the planed tasks and delivery of the proposed objectives. Although this project
mainly focused on solving the fundamental and engineering challenges involved in design,
fabrication, integration, and application of the proposed novel sensors and measurement system,
we collaborated with researchers and engineers at Ameren Corp. (a power utility company
headquartered in St. Louis, MO). The Ameren engineers provided expert consultations
throughout the project. Upon successful demonstration of the sensors in laboratory tests, we have

also explored the opportunity of installing and testing our sensors using Ameren’s test facilities.

2.2 Approaches

In this project, we performed fundamental and applied research that led to the successful
development and demonstration of robust, multiplexed, micro-structured sensors that use silca
and single-crystal sapphire fibers. The project has three main objectives: (1) to incorporate silica
and sapphire fibers into sensors that are fully operational at high temperatures in a simulated
harsh environment; (2) to develop and demonstrate novel sensors to simultaneously measure
temperature and gas pressure in harsh environments; and (3) to develop and demonstrate novel
sapphire fiber cladding and low numerical excitation techniques to ensure high signal integrity

and sensor robustness.

DE-FE0001127 Final Project Technical Report Page 38



2.2.1 Assembly-free sensors by femtosecond laser micromachining

The initial sensor design is the hybrid extrinsic/intrinsic Fabry-Perot interferometer (HEIFPI)
sensors directly micro-machined on a silica or sapphire fiber using an ultrafast laser. This hair-
thin, cylindrical filament made of fused silica or single-crystal sapphire would able to transmit
light by confining it within regions of different optical indices of refraction. To achieve this
object, we used fs laser to fabricate micromathined structures on different substrates to figure out
the optimal fabrication parameters and tried to realize this sensing idea on silica and sapphire

optical fibers.

We have successfully fabricated the hybrid extrinsic/intrinsic Fabry-Perot interferometer
(HEIFPI) sensors directly micro-machined on silica optical fibers. The sensing performance of
simultaneous measurement of temperature and pressure are presented. Taking advantages of this
modern fabrication technique, we have also successfully developed a series of fiber optic sensors
based on different sensing mechanisms using micro-machined substrates and fiber devices.
These novel silica fiber sensors have been successfully demonstrated for measurements of high
temperatures and gas pressures in harsh environments, which proved the feasibility of the sensor

concepts.

2.2.2 Novel signal processing methods

During the procedure to fabricate sapphire HEIFPI sensor, we discovered that it is relatively
difficult to achieve a high quality sapphire fiber interferometer with high signal quality, which is
mostly due to the single crystal properties and highly multimode nature of sapphire fiber. To

solving this inherent challenge, we steered our research by combining microwave with optics
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together and successfully invented a brand new, novel sensing concept, optical carrier based
microwave interferometry (OCMI) sensing technology. For the first time, High performance
interferograms can now be obtained routinely using OCMI on highly multimode optical fibers
(including the uncladded sapphire fibers). In addition, the new OCMI technology, together with
the modern communication technology and fs laser micromachining technique, allow us to
achieve spatially continuous, fully distributed sensing using practically any optical waveguides.
The new concept of OCMI is described in detail, including the theory, simulation,

instrumentation, experimental results on silica glass fibers and single crystal sapphire fibers.

2.2.3 Novel sapphire cladding

In addition, we have successfully cladded the sapphire fibers and validated their performance
up to 1200°C. This is the first demonstration of such optically-functional high-temperature
cladding for sapphire fibers. The synthesis and characterization of spinel thin film as cladding
coating of sapphire fiber are presented and the NA of the cladded sapphire fibers and other

properties are also discussed.
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3. Femtosecond Laser Micromachining System

The latest advancement in femtosecond (fs) based micromachining technology has opened a
new window of opportunity for fabrication of micro-devices and sensors. Direct exposure of
most solid materials (including fused silica glass) to high power fs laser pulses may lead to the
ablation of a thin layer of materials at the laser focal point. Due to the muliphoton nature of the
laser-material interaction, the ablation process can be conducted on the material surface as well
as within its bulk. As a result, true three-dimensional (3D) micro photonic devices can be
fabricated with sub-micron accuracy. Examples of assembly-free microdevices and sensors
include microlenses, microfluidic channels, fiber inline FPI, fiber Bragg grating, long period

fiber grating, etc.

3.1 Fs Laser Micromachining System

A home integrated femtosecond (fs) laser fabrication system has been successfully developed
with the capability for automated fabrication of various microdevices and sensors. This
integrated system has been used for fabrication of various sensors and devices on different
materials and substrates to support the proposed research and demonstrate the concepts. As
shown in Figure 3-1, the system includes the following groups: fs laser source, regenerative
amplifier, laser beam delivering optics, computer controlled fabrication stages, microscopic

vision system, and control software.

The first part is the fs laser source (Type I in Figure 3-1), where a high power pump laser
coherent Verdi V18 (522 nm) continuously delivering stabilized light into the mode-locking
oscillator (Mira 900) to form ultrafast laser pulses. Mode-locking is accomplished based on the

widely used and reliable Kerr Lens Mode-locking (KLM) technique. This simple, all-solid-state
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approach is analogous to mode-locking by a fast saturable absorber. Group velocity dispersion
(GVD) in the Mira 900 is compensated by a simple 2-prism sequence in the cavity. Easy
adjustment of these prisms balances self-phase modulation in the Ti:Sapphire rod with the GVD

compensation, resulting in shortened and stabilized ‘soliton-like’ pulses.
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Figure 3-1. Schematic of Fs laser fabrication system for fabrication of various devices

and sensors on planar and fiber substrates.

The ultrashort laser pulses are fed into a regenerative amplifier (Type 2 in Figure 3-1) to
carry more energy for each pulse, which makes it possible to achieve very high gain and thus
pulse energies in the milijoule range after amplifier. Typical pulse repetition rates are of the
order of 100 kHz (tunable from 1 kHz to 250 kHz), whereas the highest pulse energies are

achieved at lower repetition rates.

The fabrication stage is constructed by four computer-controlled automated precision stages

including two linear stages (x and y axis), one elevation stage (z axis) and one linear actuator that
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is used to drive a rotary stage. A computer program is developed to control the stages to make
them move as desire path. As a result, working together with the on/off switch of the laser, the
fabrication system can sculpture a broad variety of three-dimensional geometries. Figure 3-2
shows the photograph of the whole system, including source, amplifier, laser beam delivering

stages and computer control system/software.

The entire system was built on an air-isolated optical table to avoid vibration caused
instabilities. In addition, the entire room was under constant temperature and humidity
monitoring. One of the unique capabilities developed is the automated fabrication software
which allows us to fabricate any complicated 3D structures by controlling the movement of the

stages and the laser power using computer software.

Practically, any desired patterns can be input to the computer in an image file and the control
software can automatically figure out the tool path as well as control the output powers of the
laser to ablate the desired pattern. The patterns can be on the surface of the substrate or inside the

substrate without damage the outer surface.
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Figure 3-2. Photographs of the developed femtosecond laser micromachining system (a)

the whole system, (b) the laser source and amplifier, (c) the computer controlled stages.
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3.2 Patterns Fabricated Using the Developed System

Figure 3-3 shows some examples of the patterns fabricated using the developed fs laser
micromachining system. These patterns are fabricated on the surface of single crystal sapphire
substrates. The direct ablation is facilitated by air-blowing to remove debris. The smallest

features that can be achieved is about 1pum in width.

—
60 pm

Figure 3-3. Microscopic images of example patterns fabricated on sapphire substrates
using the developed femtosecond laser micromachining system. The direct ablation is
facilitated by air-blowing to remove debris. The smallest features that can be achieved is

about 1pum in width.
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We have also developed a number of techniques to improve the fabrication precision.
Specifically, we have developed an automated air-blowing technique to remove the ablated
debris during the fabrication process, which have proven to be critical to improve the quality of
the fabrication by reducing the deposition of particles resulted from the fs laser ablation. We
have also developed the liquid immersing technique that has proven to be effective to reduce the
optical distortion of a non-flat surface such as an optical fiber. By choosing a liquid whose
refractive index matches that of the substrate to be fabricated, the interface is eliminated and the
laser pulses can be delivered to the places meant to be. As a result, the fabrication precision has

been dramatically improved.

Figure 3-4. Confocal microscopic image of a crossed line patterns fabricated inside a
sapphire substrate with the line width and period of 2 pm, respectively. The patterns are

100 pm below the surface of the substrate.

Figure 3-4 shows the line patterns fabricated inside a sapphire substrate with the line width
and period of 2 um, respectively. The patterns are 100 um below the surface of the substrate and
the image is acquired using a confocal microscope. The clearly identified line shapes and

crossing points indicated the high quality of fs laser micromachining
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Figure 3-5 shows the microscopic images of a PTL logo fabricated on the surface of a fused
silica substrate (a) and inside an optical fiber (b). Both of the patterns are fabricated using the
water immersed fabrication, in which the substrate and optical fiber is completely immersed in
water. As a result, the refractive index difference between the optical substrates and the
surrounding environment is reduced significantly. The optical beam distortion is also minimized

to obtain high quality structures in fs laser micromachining.

Figure 3-5. Confocal microscopic images of PTL logo fabricated on the surface of a
fused silica substrate (a) and inside a silica optical fiber (b). The fabrication is performed

by immersing the substrates inside water to reduce the distortion of the optical beams.

3.3 Example Fiber Sensors Fabricated Using the Developed fs Laser System

Using the developed fs laser micromachining system, we have also successfully fabricated
many novel fiber optic sensors in flat substrates as well as in silica and sapphire fibers. The
detailed sensors and testing of their performance are provided in other sections of this report.
Here we quickly list some well-known fiber sensors fabricated using the developed system to

show the capabilities of the developed system.
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Figure 3-6 (a) shows the microscopic image of a fiber Bragg Grating Fabricated by the fs
laser point-by-point irradiation method. The period of the grating is 1.58um and the total length
is about 20mm. As shown in the figure, the laser ablated patterns inside the core of a single mode
fiber is quite uniform and defect-free. Figure 3-6 (b) shows the reflection spectrum of the fiber
grating, in which the resonance can be clearly identified. This proves that the fs laser

micromachining has the necessary 3D precision to fabricate high performance fiber sensors.

—— Pitch=1.58 ym

Reflection (dB)

1560 1580
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Figure 3-6. (a) Microscopic image of a fiber Bragg grating fabricated using fs laser
point-by-point irradiation of periodic patterns inside the core of a singlemode optical
fiber. (b) Reflection spectrum of the FBG showing resonant wavelengths in the desired

Bragg wavelengths.

Figure 3-7 shows the electron scanning microscope (SEM) images of an extrinsic Fabry-
Perot interferometer (EFPI) fabricated in an single crystal sapphire fiber with a diameter of
75um. The interferometer is formed by drilling a square hall into the tip of the sapphire fiber. As
a result, the two reflections from the two sidewalls of the square hole form the interference
pattern. The fs laser ablated surface has a good quality and showing a shape that matches the pre-

determined sizes and dimensions.
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To prove the high temperature capability of the fabricated device, the sapphire fiber EFPI
sensor was placed in a high temperature environment of 1600°C for three days. As shown in
Figure 3-7 (b) and (d), the device successfully survived the high temperature tests without any
high temperature stress induced cracks or structural breakdowns. In addition, the high
temperature stress tests also helped smoothing of the surface which helps improving the signal

quality of the fabricated sensor device.

Before high temperature heating After heated at 1600°C for 3 days

Figure 3-7. EFPI cavity fabricated on a single crystal sapphire fiber with a diameter of
75um and high temperature survivability test. (a) and (¢) SEM images of the cavity
before high temperautre tests. (b) and (d) SEM images of the cavity after placed in an

1600°C environment for 3 days.
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4. Assembly-Free Fiber Inline Extrinsic Fabry-Perot Interferometers

4.1 Introduction

Optical fiber Fabry-Perot (FP) interferometric sensors have been well-demonstrated for
various sensing applications in the past. The FP cavity can be either intrinsic (e.g., a section of
fiber between two dielectric mirrors [1]) or extrinsic (e.g., an air gap between two cleaved fiber
endfaces [2]). The two reflections at the two end-surfaces of the FP cavity form an interference
signal that is a function of the length and refractive index of the cavity. The deflection of the
cavity due to changes in environment causes a phase shift in the interference pattern. As a result,
a fiber FP sensor is capable of measuring various parameters including temperature, pressure,
strain, acoustics and flow. With advantages such as small size, immunity to electromagnetic
interference (EMI) and corrosion resistance, these fiber FP sensors are particularly attractive for

applications involving harsh environments [3, 4].

Various methods have been reported to fabricate fiber extrinsic FP sensors in the past,
evolving from epoxy-based assembly in the early days [5] to the more recent fusion-based
assembly using a CO; laser [3] or an electric arc fusion splicer [6]. These methods involve
complicated procedures of assembling multiple components together. The length of the cavity
varies in each device and the performance is neither predictable nor controllable. The multiple
parts assembly also compromises the robustness of the device due to the limited strength of the
joints. The mismatch of the coefficient of thermal expansion (CTE) of the various parts can also
seriously lower the thermal stability of the device. As a result, the demonstrated devices have

shown limited capability to survive high temperatures.
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The latest advancement in femtosecond (fs) laser technology has opened a new window of
opportunity for one-step fabrication of micro-devices with true three-dimensional (3D)
configurations. Direct exposure of most solid materials (including fused silica glass) to
ultraintense fs laser pulses results in the quick establishment of free electron plasma at the focal
point, leading to the ablation of a thin layer of materials [7]. Fs laser pulses with extremely high
peak power produce nearly no thermal damage as the pulse duration is shorter than the
thermalization time [8]. Due to the muliphoton nature of the interaction, the ablation process can
be conducted on the material surface as well as within its bulk. Fs lasers have been successfully
used for directly writing optical waveguides [9, 10] and micromachining microchannels and

microchambers in glasses [11].

We successfully developed a novel fiber inline FPI structure with an open cavity formed by
one-step micromachining a micro-notch in a single mode optical fiber using a fs laser. The
device has an all-glass structure and does not involve assembly of multiple components. As a
result, we expect that the device will survive very high temperatures. In addition, the accessible
FP cavity makes it possible to be used as an ultra-compact chemical sensor based on refractive

index measurement.

4.2 Device Fabrication

The device fabrication was carried out using a home-integrated fs laser 3D micromachining
system as schematically shown in Figure 4-1. The repetition rate, center wavelength and pulse
width of the fs laser (Legend-F, Coherent, Inc.) were 1kHz, 800nm and 120fs, respectively. The
maximum output power of the fs laser was approximately 1W. We used the combination of

waveplates and polarizers to reduce the laser power to about 20mW, and then used several
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neutral density (ND) filters to further reduce the laser power to desirable values. The attenuated
laser beam was directed into an objective lens (Olympus UMPLFL 20X) with a numerical
aperture (NA) of 0.45 and focused onto the single mode optical fiber (Corning SMF 28) mounted

on a computer-controlled five-axis translation stage (Aerotech, Inc.) with a resolution of 1um.

Beam Laser beam deliver optics
Fslaser poeced Modification [ ==~~~ ===<==< -:
'
(]
Power H
meter ' . )
3 dB Coupler : Optical fiber
[ L ]
Tunable A A
laser
Five-axis precision
) Translation stage
Computer Driver

Figure 4-1. Block diagram of the fiber inline EFPI device fabrication system using a fs

laser

During fabrication, the interference signal of the fiber FP device was continuously monitored.
A tunable laser source (HP 8168E) was connected to one of the input ports of the 3dB fiber
coupler. The output port of the coupler was connected to the device under fabrication. Controlled
by the computer, the tunable laser continuously scanned through its wavelength range (1475-
1575nm) at the rate of Inm per step. The signal reflected from the device at each wavelength
step was recorded by an optical power meter (Agilent 8163A). The fabrication was stopped after

a well-formed interference pattern was recorded.
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Figure 4-2 shows the schematic structure and scanning electron microscope (SEM) images of
the fabricated fiber FP device, where Figure 4-2 (b) shows that a micro-notch was formed on the
optical fiber. Figure 4-2 (c) shows the fs laser ablated surface. The cavity length was about 30pum
as estimated from the SEM image. The depth of ablation was around 72 pm, just passing the

fiber core.

(a) —1L

h = I, =—| Core

Cladding

Figure 4-2. Schematic structure and SEM images of fiber inline FPI device fabricated by

fs laser ablation. (a) Structural illustration, (b) top view, and (c) cross section.

4.3 Sensor Tests and Results

Figure 4-3 shows the interference spectrum of an inline fiber FPI device fabricated by the fs
laser. The background loss of this particular device was about 16dB. This relatively high loss
was mainly caused by two reasons: 1) the light scattering loss at the laser-ablated surface, and 2)
the non-perpendicular surface orientation with respect to the fiber axis, which was partially
evidenced by the non-flat interference peak intensities shown in Figure 3-7. We believe that the
surface roughness can be reduced by reducing the laser scanning steps, of course, at the expense

of a long device fabrication time. The non-perpendicular surface orientation can also be
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minimized by careful adjustment of the stages. Nevertheless, the interference spectrum indicated

a high fringe visibility, exceeding 14dB, which is sufficient for most sensing applications.
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Figure 4-3. Interference spectrum of the fabricated fiber inline FPI device. Insert:

interference fringe plotted in dB scale.

Due to the low reflectivity of the laser-ablated surface, multiple reflections have
negligible contributions to the optical interference. The low finesse FP device can thus be

modeled using the two-beam optical interference equation:

I=1+1,+2\11, COS(MTL+¢0], (4-1)

where, [ is the intensity of the interference signal; /; and I, are the reflections at the cavity
surfaces, respectively; ¢y is the initial phase of the interference; L is the optical length of the

cavity; A is the optical wavelength.
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According to Equation (4-1), the two adjacent interference minimums have a phase
difference of 2. That is

(%Lwo}[%wo}zn (4-2)

where A; and A, are the wavelengths of two adjacent valleys (Figure 4-3) in the interference

spectrum. The optical length of the FP cavity can thus be found as L =0.54 4, /(4, — 4,) . Based

on the interference spectrum shown in Figure 3-8, we calculated that the FP cavity length was

30.797um, which was very close to the length estimated by SEM imaging.

The fabricated device was tested for its ability to survive high temperatures. The sensor
was placed in a programmable electric tubular furnace. The temperature of the furnace was
increased from room 50°C to 1100°C (limited by the highest temperature of the furnace used) at
a step of 50°C and the interference spectra at these temperatures were recorded using a similar
interrogation system as shown in Fig. 1. However, to improve the accuracy, we replaced the
tunable laser with a broadband source made by multiplexing a C-band and an L-band Erbium
doped fiber ASE (amplified spontaneous emission) sources. The interference fringe reflected

from the device was recorded by an optical spectrum analyzer (OSA, HP 70952B).

The cavity length as a function of the temperature is plotted in Figure 4-4, where it increased
nearly linearly following the increase of temperature. The fiber FP device successfully survived
high temperatures up to 1100°C. However, as temperature increased to 1100°C, the interference
fringe visibility was dropped by about 2dB compared to that at room temperature. The
temperature sensitivity of this particular FP device was estimated to be 0.074pm/°C based on the

linear fit of the measurement data. The equivalent CTE of the fiber FP device was 2.4x10°/°C,
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which was about four times larger than the known CTE of the fiber cladding (fused silica,
5.5x107/°C). Therefore, we concluded that the large device CTE was mainly caused by the

bending of the cavity, partially evidenced by the decreasing interference visibility at high

temperatures.

Slope = 0.074nm/°C

30.79 \ ‘ ‘ ‘ ‘
0 200 400 600 800 1000 1200

Temperature (°C)

Figure 4-4. Fiber inline FP device in response to temperature change.

4.4 Summary

A novel fiber inline FP device with an accessible cavity was fabricated by one-step fs laser
micromaching. Although the roughness of the laser ablated surfaces introduced a considerable
background loss, the fringe visibility of the device was high enough for most sensing
applications. The device successfully survived high temperatures up to 1100°C. The device can
be directly utilized for temperature sensing or strain monitoring in harsh environments. More
importantly, the unique accessible FP cavity makes it attractive to develop ultra-compact

chemical sensors based on refractive index measurement.
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5. Assembly-Free Fiber EFPI Sensor for Refractive Index Sensing

5.1 Introduction

Miniaturized and robust optical sensors capable of accurate and reliable measurement of
refractive index of liquids have attracted tremendous interest in recent years due to their broad
applications in chemical and biological sensing. Preferably, these devices shall have a small size,
high sensitivity, fast response time and large dynamic range. Many existing devices operate
based on evanescent field interactions. Examples include long period fiber gratings (LPFG) [1],
chemically etch-eroded fiber Bragg gratings (FBG) [2], optical microresonators/ microcavities
[3], fiber surface plasmon resonance (SPR) devices [4], photonic crystals [5], etc. In general,
these devices have shown high sensitivity for refractive index measurement. Characterized as the
resonance wavelength shift in response to refractive index changes, it has been reported that
LPFGs can provide a sensitivity as high as 6000 nm/RIU (refractive index unit) while
microresonators can reach 800 nm/RIU [6]. However, the evanescent field-based devices have a
nonlinear response to refractive index, meaning that the sensitivity varies at different refractive
index ranges. The dynamic range of refractive index measurement is also limited. In addition,
many existing devices have shown large temperature cross-sensitivity. As a result, temperature

variation induced errors need to be corrected in real time.

Low finesse fiber Fabry-Perot interferometers (FPI) have been widely used as optical sensors
for measurement of a variety of parameters such as pressure, strain, temperature, etc. [7].
However, they have been commonly made with a sealed cavity. [8-10] As a result, their
applications have been mainly limited to the measurement of physical parameters. In a fiber FPI,

the phase of the interference signal is linearly proportional to the optical length of the cavity,
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defined as the product of the cavity length and the refractive index of the medium filling the
cavity. When exposed to the external environment, a FPI cavity can be used to measure the
refractive index change with a linear response by tracking the phase shift of the interference
signal. Compared with other types of sensors, a FPI refractive index sensor has the unique
advantage of constant sensitivity over a large dynamic range. Xiao et al. reported a FPI refractive
index sensor formed by two polished fiber endfaces hosted in a holey sleeve [11]. The holey
sleeve allows gas to freely enter and leave the cavity. A resolution of 10” was estimated in
monitoring the changes in the refractive index of gases. However, the sensor assembly was
complicated and required the use of epoxy and various components made of different materials.
As a result, the device had a strong dependence on temperature. Recently, Ran et al. described a
refractive index sensor by adding a sealed Fabry-Perot cavity near the tip of a single-mode fiber
[12]. In this case, the sealed FPI itself was not a sensing device and only served as a signal
modulator. The external refractive index variation changed the reflectivity of the exposed fiber
tip. The variation of the maximum contrast of the interference fringes was used to determine the

amount of refractive index change. The device had a refractive index resolution of ~4x107.

Recently, Rao et al. reported a miniaturized fiber inline FPI device fabricated by
micromachining a rectangular non-through hole into a single-mode or photonic crystal fiber
using a femtosecond (fs) laser [13]. The single-mode fiber FPI device had a fringe visibility of
about 2 dB. Later, a 157 nm laser was used to improve the quality of fabrication and a 26 dB
fringe visibility was obtained using a photonic crystal fiber which had a strong absorption at the
wavelength of 157 nm [14]. Our group also demonstrated an inline FPI device with a fringe
visibility of 16 dB by fs laser one-step micromachining a micro-notch on a single-mode fiber

[15]. The all-glass structured inline FPI has very small temperature dependence and more
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attractively, an open micro-notch cavity that allows prompt access to liquid samples for direct
refractive index measurement. In this project, we experimentally investigated using an open-

cavity assembly-free FPI sensor for temperature-insensitive refractive index sensing.

5.2 Sensor Principle

Figure 5-1 shows the structural schematic, the scanning electron microscope (SEM) image,
and the simulated interference spectrum of the fiber inline FPI device. The device was made by
machining a micro-notch on a single-mode fiber using a fs laser (Legend-F, Coherent, Inc.) with
a repetition rate, center wavelength, and pulse width of 1 kHz, 800 nm and 120 fs, respectively
[15]. The cavity length was about 60 um as estimated from the SEM image. The defects shown
in the picture were caused by too large a laser power and were eliminated by reducing the laser
power. The depth of the micro-notch was around 72 pm, just passing the fiber core. The FPI
cavity was made very close (~2 mm) to the end of the fiber. With such a short bending arm, the

chance of bending induced device breakage is small.
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Figure 5-1. Fiber inline FPI fabricated by fs laser micromachining, (a) structural

schematic, (b) SEM image, and (c) simulated interference spectrum.
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Due to the low reflectivity of the laser-ablated surface, multiple reflections have negligible
contributions to the optical interference. The low finesse FP device can thus be modeled using

the two-beam optical interference equation [16]:

I=1+1,+211, cos(4”Z'L+¢oj (5-1)

where, I is the intensity of the interference signal; I; and I, are the reflections at the cavity
endfaces, respectively; @o is the initial phase of the interference; L is the cavity length; n is the

refractive index of the medium filling the cavity; A is the optical wavelength in vacuum.

According to Equation (5-1), the interference signal reaches its minimum (I,i,) when the

phase of the cosine term becomes an odd number of 7. That is

I=1

when 4”; L, ¢, =Q2m+)rx (5-2)

v

min 2

where m is an integer and A, is the center wavelength of the specific interference valley.

The two adjacent interference minimums have a phase difference of 2. Therefore the optical

length of the cavity can be calculated by:

1. 4,4
L' —_ v17 2 5_3
" 2 (ﬂ’VZ _/lvl ( )

where A,; and A,, are the center wavelengths of two adjacent valleys (Fig. 1¢) in the interference
spectrum. In theory, Equation (5-3) can be used to calculate either the absolute refractive index
(n) or the absolute length (L) of the cavity if one of them is known. However, the measurement
based on Equation (5-3) has a poor resolution because the period is not a sensitive function of the
optical path change [11,16].
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In many cases, only the relative refractive index change is of interest and the range of
refractive index variation is small so the phase shift is less than 2x. In this case, the phase
ambiguity issue can be avoided. The relative refractive index change can be calculated based on

the spectral shift of the interferogram.

In Equation (5-2), taking the derivative of n with respect to A,, one finds:

dn 1
dn _ 1 5-4
dA, 4rL (5-4)

Assuming the cavity length is maintained constant during measurement, the amount of
refractive index change (An) can be computed based on the wavelength shift (AL, as shown in
Figure 5-1(c) of a particular interference valley using the following equation derived based on

Equation (5-4):

An=—""n, (5-5)

where the relative refractive index change is directly proportional to the spectral shift of the
interferogram. It is worth noting that Equation (5-5) is also applicable to other characteristic
spectral positions such as the interference peak and the center point of the interferogam (A, and
A in Fig. 1c where the curve is relatively linear). The advantage of using the center point in
calculation is that its spectral position can be resolved with a higher resolution compared to the
valley or the peak that typically has a flat bottom or top. In addition, curve fitting of the

interference fringe can also improve the measurement accuracy.

Comparing Equations (5-3) and (5-5), one finds that Equation (5-3) can be used to calculate

the absolute refractive index while Equation (5-5) only provides the relative change of the
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refractive index. However, the calculation based on Equation (5-5) has a much higher resolution
than that obtained using Equation (5-3). When used to monitor the relative refractive index
change of water with a nominal refractive index of 1.333, the sensitivity of measurement is 1163
nm/RIU at the wavelength of 1550 nm according to Equation (5-5). The actual detection limit
depends directly on the resolution with which the spectral shift of the interferogram can be
determined. If a resolution of 10 pm is achieved in the determination of interferogram shift, a
detection limit of 8.6x10°RIU is attainable. With a rough resolution of 1 nm, the detection limit

of 8.6x10™* RIU can still be achieved.

5.3 Experiments and Results

The interference spectrum of the fabricated device in air at room temperature is shown in
Figure 3-10. The loss of this particular device was about 20 dB higher than that of a FPI formed
by cleaved fiber endfaces. The interference spectrum indicated a fringe visibility of about 5 dB,
which was sufficient for most sensing applications. The length of the FPI cavity was found to be
63.144 pum with the refractive index of air set to be 1.0003 for air at the wavelength of 1550 nm.

The calculated value was very close to the cavity length estimated by the SEM image.

To evaluate its capability for refractive index measurement, the fiber FPI device was tested
using various liquids including methanol, acetone and isopropanol at room temperature. The
interrogation of the FPI sensor is schematically shown in Figure 5-2. A broadband source made
by multiplexing a C-band (AFC, BBS-1550A-TS) and an L-band (Highwave, HWT-BS-L-P)
erbium-doped fiber amplified-spontaneous-emission (ASE) source was used to excite the device

through a 3 dB fiber coupler. The reflected interference signal from the sensor was detected by
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an optical spectrum analyzer (OSA, HP70952B). The spectral resolution of OSA was set to 0.5

nm and 1600 data points were obtained per OSA scan.
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Figure 5-2. Interference spectra of the FPI device in air, methanol, acetone and

isopropanol.

The interference spectra of the device immersed in various liquids are also shown in Figure
5-2 for comparison. The signal intensity dropped when the device was immersed in liquids as a
result of the reduced refractive index contrast and thus lower Fresnel reflections from the cavity
endfaces. However, the interference fringes maintained a similar visibility. The spectral distance
between the two adjacent valleys also decreased, indicating the increase of refractive index of the
medium inside the cavity. Using the interference equation, the refractive indices of the liquids
were calculated to be: Nimethanol = 1.3283, Nacetone = 1.3577, and Nisopropanol = 1.3739, which were

close to the commonly accepted values.

We also studied the device’s capability for temperature-insensitive refractive index sensing
by measuring the temperature-dependent refractive index of deionized water. As shown in Figure

5-2, the fiber FPI device was attached to the tip of a thermometer and immersed into deionized
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water in a beaker. The beaker is placed in a large container for water/ice bath and the container
was placed on a stirring/hot plate (Corning PC-420D). A magnetic stirrer was used to equilibrate
the temperature during experiment. The system was first heated till the water inside the beaker
reached 90°C read from the thermometer. Then the heater was turned off to allow the system to
cool down smoothly while the interference spectrum was recorded at every degree centigrade of
temperature dropping. Ice was added into the water-bath container to help cool the system at low

temperatures. The measurement ended till the temperature inside the beaker dropped to 3°C.

Optical fiber
Thermometer

%

3dB coupler

Broadband
Source

Antireflection angle-
cleaved endface E 7

i i

OSA FPI sensor O
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I

I \
Computer
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Figure 5-3. Experimental setup for refractive index measurement.

Figure 5-3 shows the measured refractive index of deionized water as a function of
temperature. As the temperature increases, the interference fringe shifts to a shorter wavelength
indicating the decrease in its refractive index. Assuming a constant cavity length over the entire
temperature range, we calculated the refractive index change by tracing the spectral shift of the
interferogram. To improve the accuracy of spectral shift measurement, the interference fringes
were first normalized to have the same average intensities, then curve-fitted using a fourth-order
polynomial. The spectral shift was computed as the difference in wavelength between the two

fitted curves at the center point.
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To achieve an improved resolution, a relative measurement method was used. We first
computed the change in refractive index from 20°C to a specific temperature using Equation (5-5)
based on the spectral shift in their interferograms. The change was then added to the refractive
index value at 20°C to calculate the refractive index of water at that temperature. Point-by-point,
the refractive indices of deionized water at various temperatures were obtained. The
measurement results, as shown in Figure 5-4, indicate that the refractive index of water decreases
nonlinearly as its temperature increases. The amount and shape of the measured refractive index
of water change as a function of temperature agreed well with the previously reported

measurement data.
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Figure 5-4. Measured refractive index of water as a function of temperature.

The above measurement results also included the error contribution of the temperature cross-
sensitivity of the device. To evaluate the temperature cross-sensitivity of the sensor, we
conducted an experiment in which the sensor was placed in an electrical oven and the
temperature of the oven was increased from 20 to 100°C. The 80°C temperature variation in air

caused a total interferogram shift in the amount less than 0.1 nm, or at a rate less than 0.00125
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nm/°C. Based on Equation (5-5), the temperature cross-sensitivity of the device was less than
1.1x10° RIU/°C. Therefore, the total temperature cross-sensitivity induced measurement error
was less than 9.4x10° RIU in Figure 3-12 over the temperature variation of 87°C. The

temperature dependence of the device was small and contributed only about 0.9% to the total

refractive index variation over the entire temperature range.

5.3 Summary

In conclusion, we demonstrated a miniaturized fiber inline FPI device with an open cavity
fabricated by one-step fs laser micromachining for highly sensitive refractive index measurement.
The device was evaluated for refractive index measurement of various liquids and the results
matched well with the reported data. The inline fiber FPI was also tested to measure the
temperature-dependent refractive index of deionized water from 3 to 90°C with a sensitivity of
1163 nm/RIU. The temperature cross-sensitivity of the device was less than 1.1x10™° RIU/°C.
The small size, all-fiber inline structure, small temperature dependence, linear response, high
sensitivity, and most attractively, an open cavity that is accessible to the external environment,
make the new fiber inline FPI an attractive refractive index sensor that has many applications in

chemical and biological sensing.
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6. Fiber Inline Michelson Interferometer Fabricated by fs Laser

6.1 Introduction

In recent years, assembly-free all-glass optical fiber micro sensors have attracted many
research interests. These assembly-free devices are commonly made by fabricating an optical
structure directly on an optical fiber without assembling discrete components together. In
addition to the well-known advantages such as compact size, light weight, immunity to
electromagnetic interferences (EMI), resistance to corrosion, and remote operation, assembly-
free, all-glass fiber sensors have the robustness to survive and operate in high-temperature harsh

environments [1].

The mostly-known assembly-free fiber devices are fiber gratings [2, 3], including both the
fiber Bragg grating (FBG) and the long period fiber grating (LPFG). Various methods have
been explored for fabrication of these gratings, including direct laser writing, ion-implantation
and arc fusion [4-9]. Some of them have shown high temperature capabilities up to 1200°C [9].
However, the thermal stability of the laser induced refractive index modulation is a concern and

the long term stability of these gratings in high temperatures is yet to be proven.

In addition to fiber gratings, various assembly-free micro fiber interferometers have been
reported by directly fabricating solid microstructures directly on the optical fiber [10-14]. For
example, fiber inline Fabry-Perot (FP) and Mach-Zehnder (MZ) interferometers have been
fabricated using femtosecond (fs) laser pulses and demonstrated for high-temperature harsh
environment sensing applications. These micro inline devices do not need to assemble pieces

together. As a result, the robustness of the device is significantly improved due to the
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elimination of bonding various components made of different materials with different

coefficients of thermal expansion (CTE).

However, the reported fiber inline FP and MZ interferometers are made by cutting a groove
into the fiber or drilling a hole through the fiber. As such, the mechanical strength of the device
has been significantly weakened. Another issue associated with the FP and MZ interferometers is
that the devices are very sensitive to bending. Bending could induce a large and sometimes
unpredictable change in optical path difference that could make it difficult to interpret the sensor
signal. In addition, the MZ interferometer works in the transmission mode, which makes it
difficult to install the sensor in a harsh environment because the sensor has to be sealed at both

ends.

In this project, we developed a new fiber inline micro device, the Michelson interferometer,
fabricated by femtosecond laser micromachining. The new device can work as a temperature
sensor with the unique advantages of robustness, operating in the reflection mode and
insensitivity to bending. As a result, the Michelson inline interferometer is expected to provide a

good solution for measurement of high temperatures.

6.2 Sensor Principle and Fabrication

Figure 6-1 illustrates the schematic of the optical fiber Michelson inline interferometer. The
device is made by cutting a step structure into the optical fiber at its tip, where the step stops at
the center of the fiber core. The light propagating inside the fiber core thus splits into two paths
which are reflected at two different places. One is at the end face of the cut-in step and the other

is at the end face of the optical fiber. The two reflections, which are denoted as I; and I,
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respectively, superimpose in the fiber core to generate an interference pattern just like a typical

Michelson interferometer.

e Ll

.

Initial step

< L
: Final step

Figure 6-1. Schematic of the step-structured fiber inline Michelson interferometer.

The Michelson interferometer can be modeled using the following two-beam optical

interference equation:

27«OPD
I=1+1,+2I1, COS(T+¢O) (6-1)

where / is the intensity of the interference signal, ¢y is the initial phase of the interference
(normally equal to zero), and 4 is the optical wavelength in vacuum. The round-trip OPD of the

Michelson interferometer is given by

OPD =2n__ L (6-2)

core
where 7., 1s the refractive index of the fiber core and L is the length of the step structure.

Figure 6-2 shows the block diagram of the fs laser micromachining system used for
fabrication of the fiber Michelson interferometer. The laser used for fabrication was a

regeneratively amplified Ti: Sapphire fs laser (Coherent, Inc.). The central wavelength, pulse
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width, and repetition rate of the laser were 800 nm, 200 fs, and 250 kHz, respectively. The
maximum output power of the laser was 1 W. The actual power used for fabrication was
controlled by adjusting the laser beam optics, including a halfwave plate, a polarizer, and several
neutral density filters. The laser was switched on or off by electrically gating the internal clock.

The actual laser energy used for fabrication was approximately 0.4 pJ per pulse.
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|
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Figure 6-2. Block diagram of the fs laser micromachining system used for fabrication of

the fiber Michelson interferometer.

A standard telecommunication single-mode optical fiber (Corning SMF-28) was used in all
experiments. The fiber was cleaned and mounted on a high-precision, computer-controlled three-
axial translation stage (Newport, Inc.) with a resolution of 0.1 um. The fs laser beam was
focused onto the optical fiber through an objective lens (Zeiss EC Epiplan, 20x) with a numerical
aperture (NA) of 0.4. The spot size of the focused beam was about 1 um. An online monitoring
system was used to monitor the performance of the device during the micromachining process.

The monitoring system consists of an Erbium-doped fiber amplified spontaneous emission
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broadband light source, a fiber circulator, and an optical spectrum analyzer (OSA, AQ6319), as

shown in Figure 6-2.

To obtain a high-quality interference signal, the step structure needs to have its wall
perpendicular to the fiber axis. In addition, the depth cutting into the core needs to be controlled
precisely. However, the focused fs laser beam has a cone shape due to the large NA of the
objective lens. As a result, it is difficult to fabricate a deep structure with its wall perpendicular
to the fiber axis. We adopted a two-step structure as shown in Figure 6-3. An initial step is
fabricated with a length of L, that is longer than the final interferometer length of L. The initial
step has a depth of H; which is barely touching the fiber core so that the light propagating inside

the fiber core is not disturbed, as determined by observing the reflection spectrum.

Figure 6-3. SEM images of the fabricated fiber inline Michelson interferometer:

(a) top view and (b) endface view.

Upon completion of the initial step, a second step structure is fabricated by cutting a shallow
step with a length of L and a depth of H. The fabrication was stopped after an interference
pattern with a large fringe visibility was observed. Figures 6-3 (a) and (b) show the scanning

electron microscope (SEM) images of the fiber inline Michelson interferometer. The initial step
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has a length L; = 100 um, and the interferometer has a length L = 55 pm. The initial step has a

depth of H,=57.5 pum. The final depth H is about 5 um.
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Figure 6-4. Reflection spectrum of the fiber inline Michelson interferometer.

As shown in Figure 6-4, the reflection spectrum of the fabricated structure shows a clean
interference pattern with a large fringe visibility of about 18 dB, which is adequate for most
sensing applications. The excess loss of the device was about 20 dB, which was mainly caused
by the roughness of the fs laser ablated surfaces (both the /; endface and the flat surface between
I, and I5). To a certain extent, the surface quality can be improved by reducing the laser scanning
step size and immersing the device into a liquid during fabrication. The length of the
interferometer can be calculated based on the spectral positions (4y; and 4,, in Figure 6-4) of two

adjacent minima of the interferogram using the following equation:

1 A A
L — v1“*v2
2nc0re (/11/2 - /11/1 ) (6-3)
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Using Equation (6-3) and the interference spectrum shown in Figure 6-4, we calculated that
the step structure length L was 54.993 pm, which was very close to the length estimated by SEM

imaging.

6.3 Tests and Results

To demonstrate the feasibility as a high-temperature sensor, the fabricated device was placed
in an electric furnace and the inference spectrum was monitored as the temperature varied
programmatically from 50 to 1000°C at a step of 50°C. At each step, 10 min waiting time was
programmed to stabilize the temperature. The device was illuminated using a broadband light
source and the interference spectra were recorded by an OSA. As the temperature increased, the
interferogram was found shifting toward the long wavelength region. The wavelength shift as a
function of temperature change is plotted in Figure 6-5. Linear regression was used to fit the
response curve and the slope of the fitted line was computed to find the temperature sensitivity.
The temperature sensitivity of this particular Michelson interferometer device was estimated to
be 14.72 pm°C in terms of wavelength shift versus temperature. The response curve shown in
Figure 6-5 is nonlinear in the large temperature range. As a result, it is necessary to use high-

order fitting to achieve high measurement accuracy.

When the Michelson interferometer is subjected to temperature variation, both the refractive
index of the core (n¢ore) and the length (L) will change due to the thermo-optic effect and the
thermal expansion of the fiber, respectively. The change in OPD of the interferometer can be

expressed as a function of temperature change (AT) as follows:
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Figure 6-5. Temperature-induced wavelength shifts of the fiber inline Michelson

interferometer.

AOPD = OPD(a, + Qpp ) AT (6-4)

where aro and ocrg are the thermo-optics coefficient and thermal expansion coefficient of silica
fiber with typical values of aro = 8.3 % 10 %C" and ocre = 0.55 x 10_6°C_1, respectively. Based
on Equations (6-2) and (6-3), the spectral shift of the interferogram as a function of temperature

can be expressed as:
Ady = Ay(Qrp + O )AT (6-5)

where 1o is the characteristic spectral position (e.g., the minimum or maximum) in the
interferogram and A4y is the wavelength shift at Ao. The temperature sensitivity of the device
mainly results from the thermo-optic effect of the device. For example, at the interference valley
of 1561.25 nm shown in Figure 6-4, the temperature sensitivity of the Michelson interferometer
is calculated to be 13.82 pm”°C based on Equation (6-5), which is very close to the temperature

sensitivity of 14.72 pm°C estimated from the fitted line in Figure 6-5. The smooth temperature
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response curve and the close-to-calculation temperature sensitivity indicate that there was no

obvious bending contribution to temperature measurement using the device.

6.4 Summary

In summary, a reflection-type fiber inline Michelson interferometer was fabricated by fs laser
micromachining. The assembly-free device had a high fringe visibility and responded to high
temperatures close to theoretical predictions. The proposed microdevice is simple to fabricate,
potentially low-cost, mechanically robust, and miniaturized in size, which makes it very

attractive for high-temperature sensing probes in harsh environments.
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7. Sealed Cavity EFPI High Temperature Tolerant Pressure Sensor

7.1 Introduction

In-line fiber optic sensors, such as Fabry-Perot, Mach Zehnder, Michelson and Sagnac
interferometeric sensors, have been widely used to sense temperature, strain, pressure, refractive
index, etc [1, 2]. Miniaturized fiber optic pressure sensors have many important applications
such as down-hole pressure monitoring [3], partial discharge detection in transformers [4], in-
cylinder pressure monitoring in engines [5], study of aerodynamics [6], etc. Pressure monitoring
in many cases is required to operate at temperatures higher than 500 °C. As such, the sensors
need to survive the high temperature conditions and have a low temperature cross sensitivity. In
addition, pressure measurement sometimes needs to be performed in aqueous environments
where the types and concentrations of the liquids may vary dramatically. Therefore, a good

pressure sensor is also required to be insensitive to the changes in ambient media.

Diaphragm based fiber optic extrinsic Fabry-Perot interferometric (FPI) sensors are among
the popular choices for pressure measurement due to their advantages of small size, high
sensitivity, and fast response. A typical diaphragm based FPI sensor has a sealed cavity in which
a cleaved optical fiber is brought in close proximity to a thin diaphragm. The optical reflections
from the fiber endface and the diaphragm form an interference pattern that can be used to
calculate the distance between the fiber and the diaphragm. When the ambient pressure changes,
the diaphragm deforms its shape and consequently generates a change in the interference signal

that can be correlated with the pressure change.

Early implementations of diaphragm based FPI sensors involved manually assembling and

bonding a large-size diaphragm to an external cavity that was attached to an optical fiber [7, 8].
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In later implementations, the FPI cavity was created directly on the optical fiber to reduce the
sensor size. Direct creation of a micro FPI cavity on an optical fiber has been achieved by
various methods including laser micromachining [9], selective etching of the fiber core [10], and
photolithography patterning [11]. Attachment of the diaphragm to seal the cavity has been
explored using different methods such as epoxy bonding [12], polymer dip-coating [13], thermal
fusion and cleaving [14], electroplating of a metal film [15], and chemical vapor deposition of
graphene [16], etc. Polymer diaphragms and epoxy bonding could not stand high temperatures.
And the pressure ranges of polymer diaphragm sensors are relatively low because of its low
Young’s modulus. A diaphragm made from elastic polyurethane with 0.75 pm thickness has
pressure range of 0—40 kPa [13]. In addition, the long-term reliability of the epoxy-bonded

sensors was also a concern.

A fiber optic FPI pressure sensor with an all-glass structure has been reported for
applications in high-temperature environments (up to 600 °C) [14]. With a radius of 37.5 um and
a diaphragm thickness of 5.85 um, the sensor has a pressure limit of 10,000 psi (68,950 kPa).
The sensor was made by fusion-splicing a short section of fused silica glass capillary tube
between two optical fibers. The diaphragm was obtained by precisely cleaving one of the two
optical fibers. However, the diaphragm thickness was limited to about 6 um due to the
controllability of cleaving. As a result, the pressure sensitivity was limited. Another issue
associated with directly using a cleaved fiber as the diaphragm was that the interference signal
was the contribution of three reflections: one from the endface of lead-in fiber and the other two
from the two surfaces of the diaphragm. The three-beam interference induced multiplexed

interference signals, adding difficulty to signal demodulation. In addition, the reflectivity at the
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diaphragm outer surface was subject to ambient refractive index changes. As such, the sensor

readings could be significantly influenced by the change in surrounding media.

In this project, we developed a fs laser micromachining method to fabricate thin diaphragm
based fiber FPI sensors for pressure measurement at high temperatures. Fs laser is proven to be
an efficient micromachining tool to fabricate many fiber inline devices. In our previous work, we
reported using an fs laser fabricated to fabricate a fiber inline FPI with an open cavity [17] and a
fiber inline Mach-Zehnder interferometer [18]. These devices have been shown useful for
refractive index measurement, temperature sensing and strain monitoring. In this paper, we
present a diaphragm based sealed cavity fiber FPI sensor fabricated by fs laser micromachining
and arc fusion for pressure measurement. Using fs laser micromachining, the FPI cavity length
can be made quite short to further reduce temperature sensitivity, and the diaphragm thickness
can be controlled to meet specific requirements on pressure sensitivity and measurement range.
Furthermore, the diaphragm outer surface can be roughened to minimize the influence of

changes in the ambient media.

7.2 Sensor Principle and Fabrication

Figure 7-1 (a) schematically illustrates the structure of the sensor. To fabricate the sensor, a
micro hole was first drilled into the cleaved endface of a single mode fiber (SMF) by fs laser
micromachining. The inner surface of the laser-drilled micro hole had quasi-distributed
structures of submicron sizes and a low optical reflectivity The hole-drilled SMF was then
spliced to another SMF to form a sealed air cavity in between two fibers. Fusion splicer settings

(arc duration, arc power, etc) were adjusted to avoid the collapsing of the hole. During fusion
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splice, the rough structure of the micro hole surface was melted by the arc. As a result, the
surface became smooth and the reflectivity increased. Precision fiber cleaving was applied to cut
the fiber so that a thin piece of fiber was left to perform as the diaphragm. Finally the as-cleaved

diaphragm was thinned and roughened by fs laser.

Sealed FP cavity

(a) Single mode fiber
Input
light Laser
—_ roughened
diaphragm
Broadband ‘
Source l
Circulator . ——— | Sensor
head
OSA

Figure 7-1. (a) Schematic of the pressure sensor, (b) SEM image of the cut out view of

the sensor head

During fs laser micromachining, the sensor was mounted on a computer controlled high-
precision 3D stage with a resolution of 0.1 um. Light pulses generated by a regeneratively
amplified Ti: Sapphire laser (Coherent RegA 9000, 200 fs pulse duration, 250 kHz repetition rate
and 800 nm central wavelength) were focused onto the fiber endface or diaphragm surface
through a microscope objective (20x magnification, 0.4 numerical aperture). The laser power
could be changed by adjusting the laser beam optics, including a half-wave plate, a polarizer and
several neutral density filters. The actual laser energy used for fabrication was approximately 0.4

uJ per pulse.

The diameter and depth of the hole could be varied flexibly. The diaphragm thinning process
was also performed layer-by-layer with a step size of 0.5 um. The fabrication was completed

when preset depth scan was reached. Figure 7-1(b) shows the scanning electron microscopic
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(SEM) image of a sensor head. For easy visualization, half of the sensor head was cut out using

fs laser to expose the sealed hole and the diaphragm. This particular sensor had a cavity with the

diameter of 70 pm and the length of 100 pm.

7.3 Tests and Results

A number of sensors were fabricated. The interference spectra of the fabricated sensors were
acquired using a system shown in Figure 7-1(a). The system consisted of a broadband light
source (Agilent 83437A), a fiber circulator (Thorlabs SM fiber optic circulator 6015-3) and an
optical spectrum analyzer (OSA, Ando AQ6319). The optical transmission and reflection

insertion losses of the circulator have been calibrated in the wavelength range of 1300 — 1700 nm.

Figure 7-2 (a) and (b) plot the interference fringes of a typical sensor before and after fs laser
ablation in air and in water. The sensor had a cavity length of about 8 pm and a hole diameter of

75 um. The cavity length was calculated to be 7.97 um based on the interference fringes.
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Figure 7-2. Typical interference spectra of the fiber FPI sensor in air and water. (a)

Before laser ablation of the diaphragm, (b) After laser ablation of the diaphragm.
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The as-cleaved diaphragm had a thickness of about 25 um, measured by an optical measuring
microscope (Nikon Measurescope UM-2). As shown in Figure 3-19(a), before laser ablation the
sensor had a distorted spectrum, resulting from the superposition of three-beam interferences. In
addition, when the surrounding medium changed from air to water, the fringes changed
significantly, suggesting that the as-cleaved diaphragm would introduce measurement errors
when the surrounding medium changes. The laser roughened diaphragm significantly reduced
the reflection from the outer surface. Immersion of the sensor head into water did not incur any
noticeable change to the interferogram, suggesting the immunity of the sensor to variations in

surrounding media.

Here, we define the pressure sensitivity as the ratio between the center diaphragm deflection

and the applied pressure. The pressure sensitivity is

¢_30=pHa'P

(7-1)
16ER’

where a and h are the diaphragm radius and thickness (in pm), respectively. E and p are Young’s

modulus and Poisson’s ratio of the diaphragm material.

As the diaphragm deflects the FPI cavity length changes accordingly. The cavity length

change can be calculated from wavelength shift according to the following equation

A4,
A

v

Ad d (7-2)

where A, is the wavelength of a specific interference valley, AA, is the change in the center
wavelength of that specific interference valley, Ad is the change in the cavity length, and d is the
initial cavity length. Wavelength shift AL, was obtained by first applying curve fitting to

experiment data, and then calculating the interference valley wavelength by setting the first order
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derivative of the fit equation to zero. The sensitivity of this method depends on the wavelength

measurement resolution, which is 0.05 nm for the OSA used in the experiments.

From Equations (7-1) and (7-2) the wavelength shift as a function of pressure can be written

as

2 4
L _3U=pHAR

7-3
16ER’d (7-3)
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Figure 7-3. Pressure induced inteferogram shift of FPI sensor

Figure 7-3 shows the measurement results obtained from the sensor, where the changes in
cavity length are plotted as a function of the applied pressure. Within the pressure range of 100
psi (6.895x10° Pa), the center of the diaphragm deflected linearly as the pressure changed. Based
on the linear fitting curve, the sensitivity of the sensor was calculated to be 2.8x10* nm/Pa.
Given a wavelength measurement resolution of 0.05 nm of the OSA, the resolution of the
pressure sensor was estimated to 180 Pa. The diaphragm thickness could be calculated from
measured sensitivity using Equation (7-1). The calculated diaphragm thickness was 2.6 um,

which was close to the target value after laser thinning.
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A potential application of the developed sensor is in situ pressure monitoring in a high
temperature environment. Minimizing the temperature dependence of the sensor becomes an
important issue. To measure the temperature sensitivity, the sensor was placed in an electrical
tubular furnace and heated from room temperature (20°C) to 700 °C, and the furnace temperature
was then decreased from 700 °C to 20 °C. Measurements were performed both in temperature
increase and decrease cycles. The largest difference between measurement results in the two
cycles was 1%. Figure 7-4 plots the wavelength shift of the interferogram as a function of the
ambient temperature. The sensor successfully survived at 700 °C and exhibited a linear response

to temperature variation.

y=0.00444x - 0.22107
2.5 1 R?=0.99988

Cavity length change (nm)
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92
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0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 7-4. Sensor response to temperature changes

The sensor had a temperature sensitivity of 4.44 x 10” nm/°C based on the linear fitting
curve in Figure 7-4. The air gap change was mainly induced by thermal expansion of the cavity,
which was hosted inside fused silica fiber cladding with a coefficient of thermal expansion (CTE)
of 5.5x1077 /°C. Given that the sensor had a cavity length of 7.97 um, the thermal expansion ratio
was calculated to be 5.57x107 /°C, which was very close to the CTE of fused silica. The slightly

larger temperature dependence of the sensor, in comparison with the CTE, could be caused by

DE-FE0001127 Final Project Technical Report Page 89



the expansion of sealed air, which pushed the thin diaphragm outwards as the temperature
increased. Nevertheless, the sensor had very small temperature dependence, suggesting low
temperature cross-sensitivity in pressure measurement. According to the measurement results,

the temperature-pressure cross sensitivity is found to be less than 15.86 Pa/°C.

The sensor was tested for measurement of the autogenic pressure of water vapor at high
temperatures. The autogenic pressure is the pressure exerted by a vapor in thermodynamic
equilibrium with its condensed phases (solid or liquid) at a given temperature in a closed system.

According to reference [18], the saturation water vapor pressure is

TO E 5.06 )
P=P exp{24.921(1-?ﬂ[ . j (7-5)

where P is the absolute vapor pressure, T is the temperature, To =273.16 K, Py = 611.657 Pa.

To perform the experiment, the sensor was sealed in a stainless steel tube, with part of the
tube filled with water. The tube was placed in an electric oven and heated from room
temperature (20 °C) to 200 °C. Measurements were performed three times at each pressure level.
The largest difference among the three time measurements was 0.5%. Figure 3-5 plots the
theoretical and measured pressures at different temperatures. The theoretical values were
calculated by adding the result from Equation (3-11) and atmospheric pressure at room
temperature. The measured values were obtained by measuring the wavelength shifts of the
interferogram and converting them to pressure changes using the pressure sensitivity (2.8x10™

nm/Pa) obtained from pressure testing (Figure 7-3).
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Figure 7-5. Measured and calculated water vapor pressures at different temperatures.
CAL P: theoretical pressure, MEA P: measured pressure, AP: difference of MEA P and
CALP

The sensor successfully survived the high-temperature and high-pressure conditions. The

theoretical, experimental values and their difference are also listed in the inset table. In general,

the measured pressures were in good agreement with the theoretical values, but the measured

values were always larger than the theoretical values. In general, the difference became larger as

temperature increased. We believe that the difference was mainly caused by the thermal

expansion of the cavity, or in other words, the temperature cross-sensitivity of the device. Other

error sources might include the inaccuracy of the model given in Equation (7-5), and imprecise

measurements of the initial cavity length, pressure sensitivity, and temperature readings of the

oven. Nevertheless, the experiment demonstrated that the feasibility of using the sensor to

measure high pressure in a high temperature environment without temperature compensation.
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7.4 Summary

In summary, a diaphragm-based miniature fiber optic FPI pressure sensor was fabricated by
fs laser micromachining. The sensing head consists of a laser micromachined FPI air cavity and a
fused silica diaphragm with its outer surface thinned and roughened by fs laser. The diaphragm
thickness can be controlled to vary the sensitivity for pressure measurement. Thin diaphragms
with a thickness of 2.6 um are achievable. A pressure sensitivity of 2.8x10 nm/Pa and a
resolution of 180 Pa were demonstrated. The sensors have been tested at high temperatures up to
700 °C, showing a linear response to temperature with low temperature sensitivity of 5.57x10°
’/°C, corresponding to a small pressure-temperature cross sensitivity less than 15.86 Pa/°C. The
sensor has also been demonstrated for measurement of autogenic pressures of water vapor up to
200 °C. Without temperature compensation, the pressure measurement results agreed well with
those calculated based on the theoretical model. Compared with previously reported fiber-tip
pressures sensors, the sensor presented here has less temperature cross-sensitivity. It is also
insensitive to variations in ambient refractive index. The diaphragm thickness and diameter can
be controlled with fs laser micromachining to adjust the sensitivity and measurement range. The
sensor’s pressure sensitivity is relatively low compared with sensors made of other diaphragm
material such as polymer, but it has a larger pressure range and can work at higher temperature.
The developed sensor is useful for pressure measurement in a high temperature harsh

environment.
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8. Hybrid EFPI/IFPI for Simultaneous Measurements of Temperature and

Pressure

8.1 Introduction

Pressure and temperature are two important parameters in the well and reservoir down-hole
monitoring. Accurate, continuous and real time data of pressure and temperature helps in the oil
and reservoir management [1]. Sensors with dual-parameter sensing capability and survivability
in the down-hole harsh environment are highly necessary in such applications. Fiber optic
sensors, with advantages such as small size, low loss, high sensitivity, resistance to harsh
environment and multiplexing capability, are good candidates for pressure and temperature

down-hole monitoring.

In the past years, several types of fiber optic sensors have been demonstrated for pressure and
temperature sensing. The major types include fiber Bragg Grating (FBG) for temperature or dual
parameters measurement [2-5], diaphragm based Fabry-Perot interferometer (FPI) for pressure
sensing [6, 7], long period fiber grating (LPFG) for temperature sensing [8], etc. An early
reported type used a single FBG that was half encapsulated and the other half fixed in a polymer
filled metal cylinder [2]. Because the resonance wavelength shift of the FBG is affected by both
temperature and pressure, the cross sensitivity becomes an issue. Double FBG coated by a
special polymer in a metal tube was later developed to discriminate between pressure and
temperature [3]. FBGs in specialty fibers have also been proposed, e.g., FBGs in standard and
grapefruit microstructure fibers (GMF) [9]. However, the ultraviolet laser induced FBG has a
maximum temperature limit of around 200 °C. Recently, a combined pressure-temperature

sensor consisting of two low-finesse Fabry-Perot resonators was reported [10]. This structure
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provides potentials for high-temperature applications. However, the fabrication process involves

HF etching which is hazardous.

In this project, we developed presents a new method for dual-parameter sensing using the
cascaded intrinsic Fabry-Perot interferometer (IFPI) and extrinsic Fabry-Perot interferometer
(EFPI) sensors. These sensors are fabricated using a femtosecond (fs) laser. The IFPI is
constituted by a pair of fs laser-induced internal reflectors. The EFPI is positioned at the fiber tip

consisting of fs laser thinned silica diaphragm and a sealed air cavity.

8.2 Sensing Mechanism and Device Fabrication

The proposed sensor consists of a pair of cascaded IFPI and EFPI, as shown in Figure 8-1(a).
The IFPI is formed by two internal partial reflectors created by fs laser in the core of a single-
mode fiber. It is sensitive to temperature due to the combination of the thermo-optic effect and
thermal expansion of the fiber material. However, the IFPI is insensitive to pressure. The EFPI is
located at the fiber tip, formed by the fiber endface and a thin silica diaphragm which deflects
under pressure, providing pressure sensing function.

Sensor fabrication consists of the following steps. First, EFPI was fabricated at the tip of a
single mode fiber. A section of hollow core silica capillary tube with outer diameter of 150 pm
and inner diameter of 75 um (TSP075150, Polymicro Inc.) was initially spliced to a standard
single-mode fiber (Corning SMF-28e). Then the tube was cleaved at a distance (tens of
micrometers) from the splice point with the help of a microscope. The tube was then spliced to
another SMF to form a sealed air cavity sandwiched in two fibers. Precision fiber cleaving was

applied to cut the fiber so that a thin piece of fiber was left to perform as a diaphragm. Finally
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the as-cleaved diaphragm was thinned and roughened by a fs laser (Coherent RegA 9000, 200 fs
pulse duration, 250 kHz repetition rate and 800 nm central wavelength). The fs laser
micromachining method was described in detail in our previous publication. The fs laser
fabrication method has several advantages, including precise control of the diaphragm thickness,
immunity to the refractive index variations of the surrounding medium, and easy for signal

processing, etc. Figure 8-1(d) shows the image of an EFPI fabricated using this method.

Single mode fiber EFPI
lo
= IFPI
Diaphragm

I CO; laser

| | irradiation =

L L
b L=
(a)

(b) (©) (d)

Figure 8-1. (a) Scheme of the proposed sensor (b) photo of IFPI (c¢) photo of CO2 laser
irradiation point (d) photo of EFPI.

Next, an IFPI was fabricated at a short distance (~1 cm) away from the EFPI. It was created
by inscribing two parallel lines in the fiber core with fs laser. A water immersion lens (Olympus
UMPIanFL 20X) was used to focus the fs laser beam into the fiber core. Figure 8-1(b) shows the

microscopic image of an IFPI. The two parallel lines in fiber core are clearly observed.
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With the above fabrication procedure, an IFPI with a cavity length L, of a few hundred
micrometers and an EFPI with a cavity length L, of tens of micrometers were successfully
produced. L; was set to be significantly longer than L, to facilitate signal processing which will

be discussed later.

The refractive index change in the fiber core induced by fs laser is very small (10 — 107),
therefore the reflectivity of the internal reflectors in an IFPI is far lower than the reflectivity of
an air/glass interface in an EFPI (4%). Due to the unbalanced reflectivity, there is a difference of
20 to 30 dB in their intensity levels. The intensity level of the IFPI signal is so low that it can be

hardly observed in the spectrum.

One method to balance the power levels of the IFPI and EFPI signals is to add a transmission
loss between the IFPI and EFPI. In this paper, a CO, laser (SYNRAD, Inc.) with a free space
wavelength of 10.6 um was employed to heat the fiber to increase the transmission loss. A ZnSe
cylindrical lens with a focal length of 50 mm was used to shape the CO, laser beam into a
narrow line with a linewidth of about 220 um. The CO, laser was controlled by a computer so
that the output power and exposure duration could be accurately adjusted. During fabrication, the
CO; laser heated the fiber and created a micro bend between EFPI and IFPI, as shown in Figure
8-1(c). An optical spectrum analyzer (Ando AQ 6319) was used to monitor the reflection
spectrum. The power and duration time of the CO; laser was set to 12 W and 200 ms, and the

irradiation process was repeated multiple times until an ideal spectrum was obtained.

The temperature sensitivity of a Fabry-Perot sensor is contributed by the thermo-optic and

thermal-expansion effects,

KT = (aTO T &erg )ﬂ’v (8-1)
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where arois the thermo-optic coefficient, a7z is the coefficient of thermal expansion, and 4, is
the wavelength of an interference valley. The typical values of the fused silica are 8.3 x 10 °C”!
and 5.5 x 107 °C"', respectively, so in an IFPI thermo-optic effect plays a major role in its
temperature sensitivity. However, in an air cavity based EFPI, the thermo-expansion effect plays

a dominant role.

The wavelength shift of an interference valley as a function of pressure is

Ad=A %AP (8-2)

where L is the EFPI cavity length, and AP is the pressure change. Therefore the pressure

sensitivity coefficient Kp grpsas a function of wavelength shift can be obtained.

When temperature and pressure are simultaneously applied, the wavelength shifts of the IFPI

and EFPI can be expressed as

Ay = Kp ippr XAP + K xAT (8-3)

T,IFPI

A

e =K xAP+K xAT (8-4)

P,EFPI T,EFPI

The temperature and pressure can be obtained by solving the following characteristic matrix

{AT} :i[ KP,EFPI _KPJFP]] AE,IFPI (8-5)
AP Q _KT,EFPI KT,IFP] A“;pp]

where Q=K K K

P,EFPI*™T,IFPI — KT,EFPI P,IFPI *

The interference signals of the EFPI and IFPI sensors are multiplexed. The fast Fourier
Transform (FFT) is a widely used method to demodulate multiplexed Fabry-Perot interferometer

(FPI) signals. By performing the Fourier transform to the recorded interferogram, the optical
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path difference (OPD) of each FPI can be resolved. The minimum detectable OPD change is

given by

T

Ve Vs (8-6)

Al =

where vy and vg are the smallest and largest wavenumbers in the measurement range,

respectively.

According to Equation (8-6), for a broadband light source with wavelength range from 1520
nm to 1620 nm, A/ is approximately 12 um. Due to the low resolution, FFT is not suitable for
signal demodulation when the cavity length change is small. Recently, a fast-Fourier-transform-
based wavelength tracking method to demodulate multiplexed IFPI signals was proposed. This
method uses band-pass filters to extract specific frequency components and transform them back
to the wavelength domain, and then use wavelength tracking method to find the OPD change. As

a result, the measurement accuracy has been significantly improved.

8.3 Experiments and Results

Figure 8-2 (a) plots the recorded spectrum of the multiplexed IFPI and EFPI sensors, and
Figure 8-2 (b) plots the FFT of the spectrum. Two main frequency components with substantially
different OPDs can be clearly identified, corresponding to the EFPI and IFPI, respectively. The
OPD for IFPI is the refractive index of the fiber core (n = 1.4682) times the physical cavity
length, so the cavity lengths of the EFPI and IFPI are calculated to be 62 pm and 680 pum,

respectively.
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Figure 8-2. (a) Interference spectrum of multiplexed EFPI and IFPI sensors, (b) FFT of

the multiplexed sensor spectrum

Two Hamming-windowed digital filters were used to select each frequency component. After
filtering, interference spectrum was reconstructed using an inverse FFT. Figure 8-3 (a) and (b)

plot the reconstructed waveforms of the EFPI and IFPI, respectively.

Once the individual interferograms of the EFPI and IFPI were obtained, we can pick a
specific interference valley in the reconstructed waveform as the tracking wavelength. Then the

wavelength tracking method were used to obtain the wavelength shifts of the interferograms.
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Figure 8-3. Reconstructed interferograms of (a) EFPI (b) IFPI
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Figure 8-4. Experiment setup for sensor test

The experimental setup for sensor characterization is illustrated in Figure 8-4. The light from
a 100 nm bandwidth ASE light source (BWC-ASE) was launched into the sensor via a 3-dB fiber
coupler. The sensor was sealed in a Swagelok tube where the air pressure was supplied using a
compressed Argon gas cylinder and controlled by a pressure controller (MKS640). The pressure
controller/generator could provide a static pressure up to 6.895x10° Pa with a precision of ~0.5%.

The Swagelok tube-sealed sensor was then placed in a programmable electrical furnace
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(Lindberg/blue M) whose temperature could be varied from room temperature to 1100 °C. The

sensor output signal was recorded using an optical spectrum analyzer.

First, the temperature and pressure sensitivities for the EFPI and IFPI sensors were calibrated.
The calibration results are listed in Table 8-1. As we expected, the IFPI is primarily temperature
sensitive but pressure insensitive. On the other hand, the EFPI is primarily pressure sensitive but

temperature insensitive.

Table 8-1 Calibration results

Coefficient KrErpi Kp grper Krirpi Kpirpi1

Value 0.001 nm/°C 110 nm/Pa 0.0146 nm/°C 0

Next, the sensor was tested for simultaneous pressure and temperature measurements. The
measurement procedure was described as follows. Given a constant temperature, the pressure
was increased from 0 to 6.895x10° Pa at an increment of 1.379x10° Pa. Under a constant
pressure, the temperature was set to increase from room temperature (20 °C) to 700 °C at an

incrementing step of 50 °C.

Figure 8-5(a) shows the measured pressure results of the hybrid sensor at the temperatures of
20 °C, 400 °C and 700 °C. Figure 8-5(b) shows the measured temperature results of the hybrid
sensor at different pressures of 0 Pa, 3.447x10° Pa, and 6.895x10° Pa. The temperature and
pressure data were taken directly from the electrical furnace and the pressure controller readings,
respectively. Linear approximation curves were added to show the linearity of the measurement

results. As shown in Figure 8-5, the hybrid sensor successful decoupled the temperature and
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pressure. The maximal measured discrepancy among individually measured pressures at three
temperatures was 4x10° Pa, in the pressure range of 0 to 6.895x10° Pa. The maximal measured
discrepancy among individually measured temperatures at three pressures was 0.8 °C, in the
temperature range of 20 °C to 700 °C. The discrepancies were within the range of instrument

uncertainties and the resolution limit of used optical spectrum analyzer.
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Figure 8-5. (a) Pressure measurement results under various temperatures (b)

Temperature measurement results under various pressures.
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8.4 Summary

In summary, we developed a miniature, all-fiber IFPI and EFPI hybrid sensor suitable for
simultaneous measurement of temperature and pressure. The IFPI was fabricated using a fs laser
to micromachine two reflectors inside the core of a singlemode fiber. The IFPI was primarily
sensitive to temperature but intensitive to pressure variations. The EFPI was fabricated by
fusion-spacing a fused silica capillary tube between two singlemode fibers and precision-
cleaving of a fiber to form a thin diaphragm-sealed cavity. The diaphragm was further thinned by
fs laser ablation which allowed for precise control of the diaphragm thickness and immunity to
the refractive index variations of the surrounding medium. Because of the diaphragm sealed air-
cavity structure, the EFPI is primarily sensitive to pressure but insensitive to temperature. A CO,
laser was used for the creation of an attenuator to balance the reflected power levels of the two
sensors for easy signal processing and sensor demultiplexing. The EFPI and IFPI were designed
to have significant different OPDs and the multiplexed interference signals were demodulated
using Fast Fourier transform based wavelength tracking method. The hybrid sensor was tested
for simultaneous measurements of pressure and temperature in a temperature range from 20 to
700 °C and a pressure range from 0 to 6.895x10° Pa. The results showed complete decoupling
between the pressure and temperature. The good linearity in the measurement range and the
simultaneous measurement capability of the demonstrated sensor provide the potentials for

down-hole monitoring in high temperature and pressure harsh environments.
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9. Microcavity High-Temperature Strain Sensors by fs Laser

Micromachining

9.1 Introduction

Optical fiber-based sensors have gained wide application for strain monitoring due to their
compact size, immunity from electromagnetic interference, multiplexing capabilities etc. thus
offering an alternative to traditional electrical sensors and conventional pneumatic-based sensors
[1-3]. Different types of optical fiber instruments like fiber Bragg grating sensors, extrinsic
Fabry—Perot interferometric (EFPI) sensors, intrinsic Fabry—Perot interferometric (IFPI) sensors,
long-period fiber grating sensors, and related hybrid combination sensors have been used for
monitoring strain, stress, temperature, and pressure [3-7]. Temperature sensitivity and
temperature maximums are important practical limitations for many of these sensors. For
instance, the temperature sensitivity of Bragg grating and IFPI sensors are well known. The
EFPI-type sensors are better suited for strain monitoring applications with high ambient
temperatures as opposed to Bragg gratings and IFPI sensors. These rugged sensors have

excellent noise-free performance and fatigue characteristics [8, 9].

The EFPI-type sensors are better suited for strain monitoring applications with high ambient
temperatures as opposed to Bragg gratings and IFPI sensors. These rugged sensors have
excellent noise-free performance and fatigue characteristics. [10] The most widely used method
for realizing the EFPI sensor is by epoxying two pieces of fiber, with cleaved ends, inside a
hollow tube (glass or ceramic) and controlling the separation distance between the two fiber ends.
[11-15] In addition to the cumbersome fabrication process and the calibration issues related to

controlling the cavity gap, this design has limited thermal performance due to the thermal
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expansion of the tube and the temperature limitation of the epoxy, e.g., Loctite epoxy extra time
pro (slow setting) is effective up to 150°C once cured. Alternative approaches with low
temperature sensitivities have been demonstrated by splicing a hollow-core fiber between two
sections of single-mode fiber, [16] by forming voids at splices between photonic crystal fiber and
conventional singlemode fiber, [17-19] and by laser-machining micro-cavities into single-mode
fiber. [20] The microcavity sensor in Ref. 20 provides easily reproducible characteristics, but it
has an open cavity design that exposes the cavity to the environment. In particular, this open
cavity limits embedded applications. An EFPI sensor can also be fabricated using wet chemical
etching in which diluted hydrofluoric acid forms a cavity in the tip of a multimode fiber, and this
cavity is fused with a single-mode fiber. [21] This latter EFPI alternative has good temperature
characteristics, but it suffers from safety concerns during fabrication and from difficulty in

controlling the etch, i.e., for calibrating the cavity length.

In this project, a microcavity EFPI strain sensor is fabricated using femtosecond (fs) laser
micromachining to form the cavity and is self-enclosed with a fusion splice. This sensor is less
bulky than a tube-based EFPI, the fs-laser processing is fast and the resulting cavity length is
precisely controlled, and the performance is relatively temperature insensitive and is thermally
stable. The sensor is capable of operating in high temperature applications. Fabrication, strain

performance, and thermal effects are discussed.

9.2 Sensor Principle and Device Fabrication

The overall optical response for a Fabry—Perot cavity depends on multiple-beam interference

in light transmitted and reflected from the two ends of the cavity. This periodic response is
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modulated by the wavelength and optical path (gap) length. Figure 9-1 (a) shows a traditional
EFPI design in which the cavity is formed between the end faces of optical fiber that are aligned
with an epoxied capillary tube. In a strain sensor with an air gap of length d, the gauge length, i.e.,
the length of the sensing element, is approximately the tube length L. Figure 9-1 (b) shows the
microcavity EFPI in which the cavity is formed in the fiber itself and a second fiber is fusion
spliced to self-enclose the cavity. As a strain sensor with an air gap of length d, the gauge length
is the cavity gap length d. The smaller gauge length allows the latter sensor to more closely
approximate a point sensor. Also, the tube component causes the former design to be bulkier and
to have a more complex fabrication than the microcavity design. Note that the exact gauge length
and the initial gap length are more difficult to determine for the traditional design, hence

calibration is an issue.
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<
—>
q
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A
—
Reflected light
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Figure 9-1. (a) Traditional tube-based extrinsic Fabry—Perot interferometric (EFPI)

sensor and (b) microcavity EFPI sensor.
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The EFPI response is dependent on any parameter changing the cavity optical path length.
For the bare sensor with no applied strain, e.g., a sensor not attached to a structure to be
measured, changes in ambient temperature T induces a Ad due to the thermal expansion of the
silica fiber. Since the coefficient of thermal expansion (CTE) for silica (0.55 X 10°/°C) is small,
this temperature dependence is minimal. Hence, the single-mode silica fiber EFPI is an ideal
candidate for high temperature applications. The smaller gage length and the absence of epoxy

reduce the influence of temperature on the microcavity EFPI performance.

Figure 9-2 shows the micromachining system with a fs laser. The single-mode fiber is
cleaved and the fiber tip is aligned with a five-axis translation stage (resolution 1 um). The fs
laser is focused on the fiber tip and a cavity is precisely ablated as shown in Figure 3-30. The fs-
laser system (maximum output of 1W) operates at a center wavelength of 800 nm with the
repetition rate and pulse width of 250 kHz and 200 fs, respectively. The laser power used for
fabrication was 0.4 pJ per pulse. The sensor fabrication is completed by fusion splicing another

single-mode fiber. The resulting cavity is 65x65x35 pm’.

Femtosecond }. . . - S
laser modification | Laser beam

Fiber tip ———>
Optical fiber

Five axis
Computer Driver translational
stage

Figure 9-2. Block of the femtosecond-laser micromachining system.
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Figure 9-3. Confocal microscopic image of the microcavity (side view and tip view).

Figure 9-3 shows the instrumentation used for sensor testing. A 100-nm broadband source is
the input, a 3-dB coupler sends the signal to the sensor and receives the reflected signal back,
and an optical spectrum analyzer (OSA) then records the wavelength spectra. Figure 9-4 shows

the spectra shift for an applied 500-pe strain. Several microcavity EFPI sensors were fabricated

with similar cavity lengths (~35 um), fringe visibility (10 to 12 dB), and excess loss (4 to 6 dB)

(The excess loss is the nonideal power drop, e.g., for destructive interference the return signal is

—4 to —6 dB down from the ideal value of 0 dB).
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Figure 9-4. (a) Instrumentation for EFPI sensor testing and (b) wavelength spectra shift

for an applied 500-pe strain

9.3 Sensor Tests and Results

Figure 9-5 shows the strain-induced response of the microcavity sensor at room temperature.
The wavelength spectra shift is plotted with respect to the applied strain. The sensor was fixed
between two translational stages and axial strain was applied in steps of 100 pe. The sensor
response was linear with response slope of 1.5 pm/pe. The strain was applied until the sensor
broke at the fusion joint as verified under a microscope. The breaking point for the EFPI sensor

was 3700 pe approximately. The figure inset shows detailed performance for strains applied from

1000 through 1500 pe.
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Figure 9-5. Wavelength spectra shift for applied strain at room temperature.

Figure 9-6 shows the temperature-induced wavelength shift with no applied strain. For the
temperature testing, the sensor was placed inside a box furnace (Lindberg/Blue M). The
temperature of the furnace was raised from 50°C to 800°C in steps of 50°C, and the resultant
wavelength shift in the spectrum was recorded using the OSA. The results are plotted in terms of

wavelength shift as well as the apparent strain.

The slopes of the experimental response for the EFPI sensor were 0.59 pm/°C and 0.37
ue/°C for wavelength shift and apparent strain, respectively. The CTE of silica was calculated to

be 0.715%10°/°C that is 1.3 times larger than that of the reference silica CTE of 0.55 x 10%/°C.
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Figure 9-6. Temperature dependence of the wavelength spectra shift and the apparent

strain.

The design’s capability for handling high temperatures was also tested by keeping a second
identical sensor at 650°C for 3 h. No change in the reflection spectrum was observed during this
3-h test. The sensor was then returned to room temperature and temperature-induced wavelength
shift with no applied strain was again determined. The sensor survived the whole process without
any deterioration in the performance, i.e., it had the same responses as given in Figure 9-6 for the

sensor with no prior high temperature history.

9.4 Summary

In summary, a robust, compact EFPI strain sensor is demonstrated that is easy to fabricate
and calibrate and that has a high operating temperature. A single fusion joint allows for better
structural integrity and less complicated compared to traditional designs. The fs-laser fabrication
results in well-controlled cavity for calibration. The wavelength shift with applied strain is linear
up to a breaking point of about 3700 pe. The sensor has a low cross sensitivity due to low

thermal expansion of the silica glass, i.e., the wavelength shift with temperature is small up to at
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least 800°C. The experimental CTE value was slightly higher than the reference value for silica.
Ongoing work is examining the sensor performance for embedded applications in which the
sensor must survive high-temperature fabrication processes and must monitor strain at elevated
temperatures. Preliminary results show successful sensor operation and strain transfer while
embedded in carbon fiber composite laminate plate. Overall, the microcavity EFPI is a good

candidate for strain monitoring applications in high ambient temperatures.
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10. Fabry-Perot Fiber Optic Acoustic Sensors with Improved Directivity

10.1 Introduction

Fabry-Perot (FP) type fiber optic acoustic sensors are widely used to characterize ultrasound
fields. Compared with Fiber Bragg Grating (FBG) and Michelson type acoustic sensors, fiber tip
FP sensors have higher sensitivity, and their ultra-small probe structure facilitates measurement
in limited space. Recently, FP acoustic sensors with different fabrication and assembly methods
have been reported [1-5]. Much work has been done to achieve highly sensitive [3] and large
bandwidth [6] acoustic sensors. Directional acoustic sensors are also being investigated by

researchers; however, the FP type directional acoustic sensors are yet to be developed.

Directional acoustic sensors are preferred in applications requiring directional acoustic
source information. Directivity is the sensor’s response to acoustic wave incident on it from
different directions. It depends on a number of factors, including acoustic frequency, sensor’s
active element radius, geometric structure, material and assembly method, etc. The directivity
measurement of a FP fiber acoustic sensor shows the sensor has 45° monitoring range with an
amplitude frequency fluctuation of 2.6 dB at 160 kHz [7]. The sensor directivity is quite low in
this case, which is good for omni-directional measurement such as partial charge detection, but

not suitable for directional measurement.

Directional acoustic sensor can be achieved with various structures. For example, a compact
directional acoustic sensor was made from a two-fiber optical probe, a photodetector and a
cylinder cantilever whose acoustically induced displacement modulates the light received by the
photodetector [8]. Another example is a wavelength division multiplexing (WDM) underwater

acoustic sensor two-fiber Bragg gratings (FBG) can detect the relative phase between two points

DE-FE0001127 Final Project Technical Report Page 117



in the acoustic field and thereby determine the direction of the acoustic source [9]. One limitation
of these structures is the sensor length is relatively long. We propose a method to improve
directivity of FP acoustic sensor with ultra-small sensing part. The sensor head was encapsulated
in a hollow glass tube coated with acoustically blocking wax film. The directivity of bare sensor

was measured in comparison with packaged sensor.

10.2 Sensor Principle

Figure 10-1 shows the schematic diagram of the FP acoustic sensor structure and
interrogation system. Light from a tunable laser is guided into the sensor through a circulator.
The sensor head consists of an EFPI cavity formed by a lead-in single mode fiber, an air cavity
and a thin fiber diaphragm. The sensor was fabricated by femtosecond laser and the procedure
was described in detail in Section 4. The reflected signals (R; and R;) from the two surfaces of
EFPI are combined to generate an interference signal. A photodetector converts the optical signal
to electrical signal and transmits the signal to an oscilloscope. When an acoustic wave impinges
on the diaphragm, it deflects the diaphragm and changes the cavity length, therefore modulating

the signal received by the oscilloscope.

The fundamental resonant frequency of such sensor in fluid is expressed as

1 ah E (10-1)
/= 1+ 3 27a* \ 120(1— 1)
w.a
=0.669—— ]
B s (10-2)
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where o is a constant defined by the vibration mode. For the fundamental vibration mode,
a=10.21. a is the diaphragm radius, h is the diaphragm thickness, E and p are Young’s modulus
and poisson’s ratio of diaphragm material. o is the specific weight of diaphragm material, and

o 1s the specific weight of fluid surrounding the sensor.
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Figure 10-1. Diagram of acoustic sensor interrogation system

The directional response of FP acoustic sensor is usually modeled by circular piston model.

In the case of rigid piston, the deflection of diaphragm can be written as

2, (kasin 9)) (10-3)

26) = Z(O)( kasin @

where z(0) is the maximum diaphragm deflection at 6=0°, k is the wave number, a is the

diaphragm radius, and 0 is the angle between fiber axis and incident wave.

Figure 10-2 shows the sensor packaging method to improve directivity. The sensor head was

packaged in a hollow silica tube. The inner diameter of the tube was tapered to ~130 um. The
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tube was then coated with wax film by solidifying liquid wax uniformly at the surface of silica
tube. Wax is a sound wave absorbing material like plastics and silicon rubbers. It was chosen as
coating material because of its low cost and easy for operation. A short distance (tens of micro
meters) was kept from the sensor diaphragm to the tube endface for sensor protection purpose.

And finally epoxy was applied to bond the lead-in fiber to encapsulating tube.

Diaphragm

Figure 10-2. Sensor packaging schematic

Due to its acoustic absorbing property, the wax film absorbs incident acoustic waves on its
surface. When the sensor was placed at 8=0" to the acoustic source, no waves are absorbed.
When angle 0 increases, some waves will be absorbed by the wax film, therefore waves reaching

the diaphragm become less, and the sensor becomes more directive.

10.3 Experiments and Results

Figure 10-3 shows the experiment setup for fiber optic hydrophone measurement. The
measurement was carried out underwater in a water tank. An ultrasound transducer (Olympus
V326-SU) driven by a high-voltage pulser/receiver (JSR Ultrasonic DPR300) was used as
acoustic source. The transducer was mounted on a three-dimensional translation stage. A fiber
acoustic sensor was fixed using a fiber holder (Newport FPH-S) with the fiber axis parallel to the

transducer axis. A wavelength tunable laser used as light source, and its wavelength was tuned to
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the Q-point in the sensor’s interference spectrum to obtain maximum sensitivity. The sensor
signal was converted to electrical signal using Tektronix P6073B O/E converter (DC-1.2 GHz),
and then connected to Channel 1 in the oscilloscope (Tektronix DPO7254). The pulse-echo
signal received by the pulser/receiver was connected to Channel 2 in the oscilloscope. And the
internal trigger of the pulser/receiver was connected to oscilloscope as trigger signal. The signals
were averaged 50 times to reduce white noise. To reduce sound reflections from the walls of

water tank, acoustically absorbing plastic foams were attached to the inner walls.

Tunable laser [~

Coupler
>® 3D stage

Sensor  Transducer

Photodetector |~

Fiber holder

Bl 2 ]

Oscilloscope

Pulser/receiver

Watertank

Trigger ‘\—I

Figure 10-3. Fiber optic hydrophone measurement system

Figure 10-4 shows the typical time domain and frequency domain signals of the fiber optic
hydrophone to pulsed ultrasound signal. The time domain signal is an exponentially decreasing
ringing signal typical to the impulse response of a FP sensor. The fundamental resonant
frequency fj of the sensor is ~6.2 MHz. The thickness and diameter of the sensor’s diaphragm
are set to be 5 um and 70 pm respectively. Using Equations (3-18) and (3-19), we calculated f; to

be 6.3 MHz, close to the measured result.
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The frequency responses of the sensor at different incident angles were measured using the
setup in Figure 10-5. The sensor was fixed in a fiber holder mounted on a rotation stage that can
rotate 360° with a resolution of 1°. The tip of the sensor was placed one inch (focal length of the
transducer) away from the ultrasound transducer. Angle between the transducer and sensor axis

was controlled by the rotation stage.
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Figure 10-4. (a) Time-domain response of the fiber hydrophone to transducer pulsed

signal (b) Fourier transform of time-domain signal shown in (a)
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Figure 10-5. Experiment setup for directional response measurement
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Figure 10-6 shows the amplitude frequency response of the sensor at different incident angles,
from 0° to 90°. With the help of a three-dimensional stage, the sensor was aligned such that its
tip remained at the same position when it was rotated. The directional response was obtained by
measuring the sensor signal at each rotation angle, and taking fast Fourier Transform (FFT) of
the signals. In the experiment, sensor signals were recorded every 10°. The result of rigid piston
model at =5 MHz is also plotted in Figure 10-7. From the figure it can be seen the curve of
experiment data follows the same trend as rigid piston model, but the value is smaller than the

model.
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Figure 10-6. Directional response of bare sensor compared with rigid piston model
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Figure 10-7. Directional response of the packaged sensor using the same setup.
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From Figures 10-6 and 10-7, the amplitude of sensor’s frequency response decreases much
faster after packaging. The 3-dB bandwidth of frequency response changes from ~70° to ~8°. It

proves the function of sensor packaging to increase directivity.

10.4 Summary

In summary, a silica diaphragm Fabry Perot fiber optic acoustic sensor was fabricated and
tested. Acoustic performance such as resonant frequency and directional response were
investigated. The directivity of sensor increases after packaging in a wax film coated hollow tube.
The packaging could also protect sensor head from damage. The assembly-free fiber optic sensor

could be used for directional acoustic measurement in a high temperature environment.
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11. Optical Fiber Inline Microchannel Fabricated by fs laser

11.1 Introduction

Aiming to synergistically combine integrated optics and microfluidics, optofluidics based
systems have attracted much research interest because of their unique advantages towards
biological/chemical sensing applications [1]. In an optofluidic system, the liquid of interest is
constrained and manipulated in a small geometry to interact with the optics. As such, the
physical, chemical and biological properties of the liquid can be probed and analyzed effectively

using optical means [2].

Most optofluidic systems have been constructed on a planar platform with microchannels in
silica/polymetric materials and probed by a variety of optical methods, such as absorbance,
fluorescence, refractometry, Raman-scattering, etc [3]. Objective lenses are commonly used to
couple light into and out of the microfluidics [4]. However, the need of using a microscope to
perform the optical alignment limits its field applicability. A number of efforts have been made
to fabricate optical waveguides inside the substrate to confine and transport light in the substrate
[5] or directly integrate optical fibers with the fluidics for excitation and probing [6]. However,
the transmission efficiency of light coupling is still a challenge in most optofluidic

configurations.

In addition to planar configurations, it has been suggested that the microfluidics can be
directly fabricated on an optical fiber to form the so-called all-in-fiber optofluidics. The all-in-
fiber configuration has the unique advantage of alignment free optics and improved robustness.
Examples include the photonic crystal fibers (PCF) filled with functional fluids in their cladding

air voids [7], the capillary-based optofluidic ring resonator (OFRR) with a microchannel for
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sample delivery [8], and a miniaturized microchannel directly fabricated on a conventional
optical fiber for light-fluid interaction [9]. While the PCF-based and OFRR-based optofluidic
sensors utilize the evanescent fields to probe the fluid, the microchannel on a conventional fiber

configuration allows a direct light passing-through of the liquid.

Recently, the femtosecond laser (fs) irradiation followed by chemical etching technique has
been demonstrated as a powerful approach for fabricating optofluidic micro devices [10]. This
technique offers great simplicity and flexibility to produce buried three-dimensional (3D)
structures with high aspect ratios in transparent materials [11]. The etching rate of a laser-
modified region was found to be two orders of magnitude higher than that of the unexposed
region in silica materials. As a result, such hybrid technique has been adopted for fabrication of

optofluidic devices in planar sample and optical fibers [9, 12].

In this project, we explored an all-in-fiber 3D optofluidic micro device fabricated by the
femtosecond laser assisted chemical etching technique. To demonstrate the concept, we
fabricated an all-in-fiber optofluidic device consisting of horizontal and vertical microchannels.
The horizontal microchannel can be conceived as a Fabry-Perot (FP) cavity, while the vertical
ones are the inlets/outlets to the cavity. In our previous work, the fs laser micromachined FP
cavity has been used for various sensing applications such as refractive index (RI) [13] and
pressure [14] measurement. It has been approved that the formed FP cavity is insensitive to the

ambient temperature.
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11.2 Sensing Mechanism and Device Fabrication

Figure 11-1 illustrates the schematic of the all-in-fiber optofluidic device, where a horizontal
fluid-holding cavity is embedded in the center of a single-mode fiber and four vertical
microchannels are punched through the fiber cladding to allow liquid access to the cavity. The
device is fabricated in two steps: 1) irradiation of the selected regions (the rectangular cavity and
vertical channels) with focused fs laser pulses; 2) selective etching of the laser modified zones

using the hydrofluoric acid (HF) solution.

Optically, the horizontal cavity also functions as a FP cavity. The light propagates inside the
fiber and reflects at the two air/silica endfaces of the cavity. The two reflections, which are

denoted as /; and />, respectively, superimpose to generate an interference pattern.

A

= l,«—[H:-Fibercore

Fiber cladding " Cavitylength

Figure 11-1. Schematic of the all-in-fiber optofluidic device.

The round-trip optical path difference (OPD) of the Fabry-Perot interferometer is given by:

OPD = 21’1 L (11_1)

cavity

where ncqvir 15 the refractive index of the cavity medium; L is the cavity length. At the valleys of
the interferogram in spectrum domain, the phase difference of the two reflected light beams

satisfies the condition of coherently destructive interference,
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where m is an integer; A is the wavelength of the m™ order interference valley. The distance
between two adjacent minima of the spectrum, defined as free spectrum range (FSR) can then be

expressed as,

2
FSR=—2 (11-3)

Figure 11-2 shows the scheme of the Ti: Sapphire fs laser (Coherent, Inc.) micromachining
system used for fabrication of the fiber inline Fabry-Perot interferometer. The central wavelength,
pulse width and repetition rate of the laser were 800 nm, 200 fs and 250 kHz, respectively. The
maximum output power of the laser was 1W.The actual power used for fabrication was
controlled by adjusting the laser beam optics including a half-wave plate, a polarizer and several
neutral density (ND) filters. The laser was switched on or off by electrically gating the internal

clock. The actual laser energy used for fabrication was approximately 0.4 pJ per pulse.

Figure 11-2. Scheme of the fs laser micromachining system.
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A section of standard single-mode optical fiber (Corning SMF-28) with the core diameter of
8.2 um was cleaned and clamped by two bare fiber holders (Newport 561-FH). A home-
machined water tank was used for loading the fiber and filling with distilled water. The optical
fiber and the fiber holders were placed inside a water-filled tank where they were all mounted on
a high-precision, computer-controlled three-axial translation stage (Newport, Inc.) with a
resolution of + 0.1 pm. The fs laser beam was focused inside the optical fiber through a water
immersion objective lens (Olympus UMPIlanFL 20x) with a numerical aperture (NA) of 0.4. The
spot size of the focused beam was about 1 um. The velocities of the stages were all set at 100

pum/s.

In order to fabricate a high quality FPI cavity, the following steps were adopted in the
fabrication process. Firstly, a rectangle region, which can cover the whole fiber core area, with

the dimension of L X 10 XH pm was inscribed using fs irradiation from the bottom to the top (z

direction), where L and H denote the length and height of the micro-cavity, respectively;
Secondly, the irradiation position of the designable channels was chosen. The stage was
translated along the fiber direction to locate the channel position, and the laser was focused right
in the center of the fiber core. Then the stage was translated along the z direction to make sure
the fs laser beam can irradiate a straight line along the z direction. After one side fabrication, the
fiber was then rotated by 180° to allow the fabrication of the channels on the other side,
following the same procedure as mentioned above; Finally, the sample was dipped into a HF
solution with a concentration of 20 % for 10 minutes (cavity dimension dependent), following by
cleaning in an ultrasonic bath filled with distilled water and drying in air. The microchannel with

a built-in FPI cavity was formed ultimately.

DE-FE0001127 Final Project Technical Report Page 130



Figure 11-3 (a) shows the microscope image of a fabricated all-in-fiber optofluidic device,
where the cavity length L and the cavity height H are about 55 um and 20 pm, respectively.
Figure 11-3 (b) shows the top view of the device. The diameter of the vertical microchannels is

about 5 um.

Figure 11-3. (a) Microscope image of the fabricated all-in-fiber optofluidic device with
the FP cavity length of 55 um and (b) top view of the fiber device.

11.3 Tests and Results

The fabricated all-in-fiber optofluidic device was interrogated using a broadband light source
with wavelength range from 1520 nm to 1620 nm. A 3 dB fiber coupler was used to route the
light into and out of the device. The interference spectrum was recorded by an optical spectral
analyzer (OSA, AQ6319). Figure 11-4 shows the reflection spectra of the all-in-fiber optofluidic
device with the FP cavity length of 35 pm and 55 um, respectively. The FSRs of these two
interferometers are 36 nm and 21 nm, respectively, which matched well with those calculated

using Equation (11-2). The interference pattern with a fringe visibility of about 20 dB was

DE-FE0001127 Final Project Technical Report Page 131



obtained with the cavity length of 55 um, which is adequate for most sensing applications. The
excess loss of the device was about 18 dB, which was mainly caused by the roughness of the
cavity surfaces. To a certain extent, the surface quality can be improved by tuning the laser

irradiation power, adjusting the concentration of HF solution and the etching time.

Reflection (dB)
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Figure 11-4. Reflection spectra of the all-in-fiber optofluidic devices with cavity lengths

of 35 and 55 pm in air.

The all-in-fiber optofluidic device with a cavity length of 55 pm was tested for its capability
of RI measurement at room temperature. The sensor probe was directly immerged into the
sucrose solutions with different concentrations of 0.00, 1.00, 2.00, 3.00, 4.00, 5.00, 6.00, 7.00,
8.00 and 9.00 (unit: percentage). The corresponding RIs are 1.3333, 1.3344, 1.3359, 1.3373,
1.3388, 1.3403, 1.3418, 1.3433, 1.3448 and 1.3463, respectively. The ultrasonic bath was used to
assist the liquid to flow into the embedded FP cavity during tests. The device was carefully
cleaned using acetone, deionized water and dried after each measurement to ensure there was no
residual liquid left within the cavity, indicated by the interference spectrum restored to its

original in air.
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Figure 11-5 (a) shows the interference spectra of all-in-fiber optofluidic device in the sucrose
solutions at various concentrations of 0%, 2%, 4%, and 6%, respectively. As the RI increased,
the interferogram shifted towards the long wavelength region (red shift). Figure 11-5 (b) plots
the center wavelength of an interference valley (1567.6 nm) as a function of the RI of the liquid.
Linear regression was used to fit the response curve and the slope of the fitted line was

calculated as the RI sensitivity, which was estimated to be 1135.7 nm/RIU in the tested RI range.
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Figure 11-5. (a) Interference spectra and (b) center wavelength of an interference valley
(1567.6 nm) of the all-in-fiber device in the sucrose solutions with different

concentrations.
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11.4 Summary

In summary, an all-in-fiber 3D optofluidic micro device was fabricated by fs laser irradiation
assisted selective chemical etching. Horizontal and vertical microchannels can be flexibly
created into an optical fiber to form a fluidic cavity with inlets/outlets. The fluidic cavity also
functions as an optical FP cavity in which the filled liquid can be probed. This assembly-free
micro device exhibited a high fringe visibility and demonstrated for measurement of the RI of
the filling liquids. The proposed all-in-fiber optofluidic device is flexible in design, simple to
fabricate, mechanically robust, and miniaturized in size, showing good potentials for
chemical/biomedical sensing and integrated microfluidic applications. Because of the assembly-
free structure, the developed sensor may also find applications in harsh environment sensing

such as for gas analysis in the hot zones of various energy systems.
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12. Optical Fiber Polarization Devices Fabricated by fs laser

12.1 Introduction

Control of the state of polarization (SOP) of light waves, especially in optical fibers, is
essential in a wvariety of applications, such as optical communications [1], networking,
spectroscopy, microscopy [2], and sensing [3]. However, the vast majority polarization
controlling devices (e.g., wave plates and polarizers) used in existing fiber optic systems are still
based on bulk-optic components. These bulk-optic devices have to be interfaced with optical
fibers through collimators and pigtails. This not only increases the cost of implementation but
also compromises the robustness of the system. It is highly desired that the waveplates and
polarizers can be implemented in an all-fiber form, preferably in a standard singlemode fiber,

with minimum insertion loss and desirable performance.

High birefringence (Hi-Bi) or polarization maintaining (PM) optical fibers (e.g., panda, bow-
tie or elliptical core) have a consistent built-in birefringence and can be used to fabricate an all-
fiber waveplate. The amount of phase retardance depends on the fiber birefringence and the
length of the fiber. For example, PM fiber based inline waveplates have been demonstrated using
precise cleaving and controlled splicing [5]. However, it is hard to control the exact length of the
PM fiber during cleaving and fusion splicing. It has also been reported that an anisotropic
photonic crystal fiber (PCF) can be highly birefringent [6]. A large amount of birefringence can
be generated by deforming an air-holed photonic crystal fiber from its side, introducing an
ellipticity in both the core and the air holes [7]. The amount of birefringence can be controlled by

the degree of compression. However, in addition to the difficulty in the practical implementation
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of such a large deformation, PCFs are expensive, difficult to splice, and could be lossy when

heavily deformed [8].

All-fiber polarizers have also been reported by various researchers over the years. Examples
include the in-fiber polarizers based on the side-polished or D-shape fibers coated with optical
absorbing materials on the flat side [9, 10], the in-fiber polarizer based on mechanically
microbending a Hi-Bi fiber [11], the photonic crystal fiber in-line polarizer based on an LPFG
fabricated using CO; laser irradiations [12], and the in-fiber polarizer based on tilted fiber Bragg
gratings (FBG) [13]. These reported devices have shown good extinction ratios but also a
number of shortcomings such as poor mechanical robustness, large insertion loss, narrow

bandwidth, and high implementation cost.

The latest advancements in high power femtosecond (fs) laser technology have opened a new
opportunity to fabricate various optical devices and sensors in solid transparent materials
including optical fibers [14-19]. It has reported that fs laser irradiations can generate
birefringence in transparent materials [20, 21]. Recently, it was reported that a FBG could be
written by a fs laser to generate a high birefringence [23]. However, direct radiations of fs laser
pulses onto the fiber core may bring in larger insertion loss to the in-fiber polarization devices.

Furthermore, the FBG based device worked only within a narrow spectral width.

In this paper, we report a new technique to generate stress-induced birefringence in a
singlemode optical fiber (Corning SMF-28) by creating two parallel stress rods along the fiber
core using an fs laser. The position and size of the fs laser induced stress rods were optimized to
minimize the insertion loss. By controlling the total length of the stress rods, the amount of

polarization birefringence could be precisely controlled to fabricate waveplates of desired
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retardance. Polarization dependent LPFGs were fabricated by introducing periodic stress rods
inside the singlemode fiber. The fabricated LPFGs had a polarization dependent loss exceeding

25 dB at the peak resonance band, showing the promise of being used as an in-fiber polarizer.

12.2 Device Principle and Fabrication

It is well known that mechanical stresses produce additional refractive index change in
optical materials because of the photoelastic effect. As a fact, commercially available Panda and
Bow-tie PM fibers are fabricated by intentionally implanting axial stress rods along the fiber.
The stress rods introduce asymmetric index profile in the cross section of the fiber, resulting in a

systematic linear birefringence along the fiber.

Based on the similar principle, we can use fs laser micromachining to create distributed
cuboid stress patterns in the cladding region of a singlemode optical fiber and produce controlled
birefringence along the fiber. As shown in Figure 1, each pair of fs laser ablated patterns are in
parallel and very close to the fiber core. The two ablated patterns create certain amount of
normal stresses to the fiber core. Because the ablated patterns are asymmetric radially in the
cross section, it is expected that an asymmetric index profile is created within the fiber, which

shall result in a birefringence to the light propagating along the fiber.
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Figure 12-1. Schematic illustration of stress regions created by fs laser micromachining

inside an optical fiber.
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The length, width, and height of each cuboid stress region are denoted as L;, W and H,
respectively. The distance between each two adjacent regions and the offset between the region
and the fiber core are L, and D, respectively. The amount of birefringence will depend on the
amount of stress or the distance (D) between the ablated region and the fiber core. A smaller D

usually results in a large stress but may also cause larger light loss.

The laser ablation induced birefringence allows us to fabricate in-fiber waveplates of desired
polarization rotations. As shown in Figure 12-1(b), each pair of laser-ablated regions produces a
small amount of rotation in polarization. As the number of pairs increases, the total amount of
polarization rotation will increase correspondingly. The amount of polarization rotation can thus

be controlled to fabricate waveplates of any desired polarization rotations.

The ability to precise control the birefringence of a singlemode fiber at specific locations also
allows us to fabricate an in-fiber polarizer. As illustrated in Figure 12-2, the fs laser induced
stress patterns are aligned periodically along the axial direction. Because of the stress-induced
birefringence, the grating will have split resonance. As a result, the resonances of the orthogonal
two polarizations happen at different wavelengths. The device can be used as an inline fiber

polarizer.
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Figure 12-2. Schematic illustration of an optical fiber inline polarizer based on fs laser

micromachining of a polarization dependent long period grating.
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12.3 Experiments, Results and Discussions

Figure 12-3 shows the experimental setup for fabrication of in-fiber polarization devices
using fs laser irradiation technique. A standard single-mode optical fiber was buffer-stripped in
fabricating regions, carefully cleaned using acetone and then clamped by two bare fiber holders
(Newport 561-FH). A water-filled tank with breaks in double sides, which can let the optical
fiber go through, was used in all experiments. Also, distilled water was added in the tank. The
optical fiber, the fiber holders and the water-filled tank were all mounted on a high-precision,
computer-controlled three-axial translation stage (Newport, Inc.) with a resolution of 0.1 pm.
The fs laser beam was focused inside the optical fiber through a water immersion objective lens
(Olympus UMPIlanFL 20x) with a numerical aperture (NA) of 0.4. The spot size of the focused
beam was about 1 um. The scanning velocity of the stage was set at 100 um/s. The actual laser
energy used for fabrication was 0.4 ~ 0.5 uJ per pulse. Two types of in-situ monitoring systems
were used to monitor the performance of the polarization devices during the micromachining
process, as shown in Fig. 2. For the quarter waveplate fabrication, the polarization states
monitoring system (Type 1) consists of a tunable laser, an external polarization controller and a
lightwave polarization analyzer (Agilent, 8509B). While for the LPFG-based polarizer
fabrication, the interrogation system (Type 2) can be substituted to a broadband source (1300-
1700 nm), a commercial fiber inline polarizer, a polarization controller, and an optical spectral

analyzer (AQ6319).
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Figure 12-3. The experiment setup for fabrication of in-fiber polarization devices using
fs laser irradiation technique. Two types of interrogation systems can be substituted for

different cases.

To obtain a high-quality quarter waveplate, the following steps were adopted: Firstly, the
wavelength and the output power of the tunable laser were set at 1550 nm and O dBm,
respectively and a reference polarization state was set at the +45° or -45° linear polarization in
the equator with respect to the Stokes vectors of 0.00, 1.00, 0.00 or 0.00, -1.00, 0.00, respectively,
by tuning the external polarization controller; Then, a series of symmetric cuboid stress regions

with the dimension of L; X HXD; um were fabricated in-order and all the regions were irradiated

sequentially from the bottom to the top to avoid focusing through previously modified regions.
During the irradiation process, the distance L, and the offset D, were tuned gradually until the
tradeoff between the insertion loss and the polarization state trace displayed on the Poincaré
sphere was found; Finally, polarization states were recorded after each two stress region pairs
and the fabrication was stopped after the ultimate polarization state was just located at right or
left circular polarization in the poles with respect to the Stokes vectors of 0.00, 0.00, 1.00 or 0.00,

0.00, -1.00, respectively.
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In another example, the transmission spectra of in-fiber polarizer based on LPFG can be
monitored via Type 2 in-situ monitoring system. One can easily vary the resonant wavelength of
this device by tuning the spatial period (L;+L;) of the grating. The fabrication was stopped after
the largest attenuation peak (might be the critical coupling point) was occurred in the wavelength

range of 1500-1600 nm.

The separation between two adjacent stress regions is necessary because of two reasons. First,
there is a stringent requirement on the relative position between the ablated region and the fiber
core. As such, realignment is necessary after the stage travels the limited traveling range in

which the alignment between the laser beam and the fiber can be maintained accurately.

12.3.1 In-fiber quarter waveplate

Figure 12-4 shows the microscopic image of the fs laser induced stress patterns inside and

optical fiber. The dimension of single cuboid stress region was about 100X 10X20 um, whose

height H is much larger than the diameter of the fiber core. Larger height of the regions shall
guarantee that the stress region pairs can generate identical effect on the fiber core and the
appropriate width of the stress region will provide enough stress-induced birefringence effect

during the irradiation process.

The offset D,was a significant impact factor with respect to the final result as well. Table 1
shows three experimental results during the optimization process. Based on the results from
Table 12-1, we can easily come to a conclusion that the smaller the offset D, is, the larger the
relative transmission 10Ss (Preiative=Pcircular-Plincar, Where P means the real time intensity obtained

from the power meter) will be obtained. In addition, larger offset will increase the number of
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stress region pairs and then influence the ultimate length of the polarization controlled optical

device. In our experiment, the offset D, was set at 10 pm.

Figure 12-4. Microscopic images of two stress region pairs (top view) of in-fiber quarter

waveplate.

Table 14-1. Experimental results during the optimization process

The offset D, (um) The relative transmission loss P (dB) NO. of stress region pairs
2 11.36 9
5 4.35 13
10 0.19 16

To get a better trace along the longitude of the Poincaré sphere, the relationship between the
distance L, and the stress region length L; might be an issue due to the limitation of the
fabrication process. The trace will evidently deviate from the longitude of the Poincaré sphere
when we increase the length of the stress region. In addition, appropriate distance L, between
two adjacent cuboid stress regions will improve the feasibility and controllability to readily
realize the in-situ monitoring during the fabrication process. After tradeoff budgeting, the

distance L, and the stress region length L; were set at 10 um and 100 pm, respectively.
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The ultimate number of stress region pairs is 16. The fabrication sequence (first left then
right or first right then left) can be fine-tuned during the whole process to control the trace of
polarization states from the Poincaré sphere. According to the results obtained from the power
meter, the transmission loss was changed from -14.51 dBm at the +45° linear polarization to -
14.70 dBm at the circular polarization, therefore, the relative transmission loss was about 0.19
dB as we expected. When the fabrication process was terminated, the polarization dependent loss
(PDL) of this in-fiber quarter waveplate was only 0.214 dB detected from the lightwave

polarization analyzer.

Figure 12-5. The characteristic five stress region pair positions of the polarization states
onto the Poincarésphere:No.0 means the reference point and No. 4, 8, 14, 16 indicate the
other four characteristic stress region pair positions of the polarization states during the

fabrication process.

Figure 12-5 shows the characteristic positions of polarization states on the Poincaré sphere.

The reference point represents the starting point with respect to the polarization state of the +45°
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linear polarization with the Stokes vector of (0.00, 1.00, 0.00). The other four characteristic
stress region pair positions (No.4, No.8, No.14, No.16) are also marked, corresponding to the
Stokes vectors of (0.00, 0.97, -0.21), (0.01, 0.79, -0.60), (0.01, 0.30, -0.94) and (0.00, 0.00, -
0.99), respectively. Additionally, the marked positions along the longitude of the Poincaré sphere
indicate that the polarization states can be precisely controlled and gradually changed during the

fs irradiation process.

Based on the experimental results from Figure 12-5, the final polarization state of the fiber
core changed gradually from the +45°linear polarization to the left circular polarization, and a
quarter-waveplate was formed ultimately. The stress-induced birefringence £ of the fiber core

can also be given as:
Bd=+— (12-1)

where 4 is the optical wavelength from the tunable laser and d is the effective length of the

quarter-waveplate determined by:
d=Y L, (0=1,2,3.) (12-2)

In our experiments, the optical wavelength 4 was set at 1550 nm, and the effective length d =
nXL;=16 X100 pum= 1600 pm. Based on the Equations (12-1) and (12-2), the value of stress-
induced birefringence S is approximately 2.42x10*. Compared with the values of conventional
polarization maintaining single-mode fibers (PMFs) [24, 25], such as panda (3.1% 10*) and bow-
tie (3.8x10™), the values are close to each other, which represents that using fs laser irradiation

technique can also obtain highly stress-induced birefringence without doping other materials
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with different thermal-expansion coefficient (CTE). The highly stress-induced birefringence
value indicate that the polarization state of the incident light has a n/2 phase delay between the
two orthogonal electromagnetic components due to the stress-optic effect generated from the
cuboid stress regions fabricated by the fs laser irradiation. As such, the trace changed from the
equator (reference point) to the pole along the longitude of the Poincaré sphere was obtained by
precisely controlling the effective dimensions of the cuboid stress regions besides the fiber core,

as shown in Figure 12-5.

12.3.2 In-fiber polarizer based on LPFG

According to the results shown in the quarter waveplate, the in-fiber stress-induced
birefringence can be obtained by precisely control of the dimension and relative position of the
cuboid stress regions along the fiber core via fs laser irradiation technique. However, when it
comes to the LPFG fabrication, the grating length (~ 4-5 cm) is much larger than the effective
length of quarter waveplate, thus, the issue of time consuming needs to be fully considered in

this case.

Figure 12-6 shows the microscopic image of one stress region pair of the in-fiber polarizer
based on LPFG. In order to save the fabricating time, the height H was decreased to ~3 pm
forming by the non-circular shape of the focused laser beam and the width D; was set at 4 pm.
Each region can be considered as a single-layer cuboid stress region. The offset D,, yielding to
the insertion loss, was set at 8 um. The laser energy was increased to 0.5 pJ to guarantee the
sufficient stress-induced effect to the fiber core. After fine-tuning the fabrication parameters of

the stress region pairs, the desired transmission spectra were observed eventually.

DE-FE0001127 Final Project Technical Report Page 146



The fabricated in-fiber polarizer was interrogated using Type 2 in-situ monitoring system.
Figure 12-7 shows the transmission spectra of the fabricated LPFGs with increasing stress region
pairs, which indicates a 6™ order LPFG with ~1.3dB insertion loss was obtained after irradiating

100 pairs of stress region. The grating period (L1+L2) of the LPFG was set at 460 um.

Figure 12-6. Microscopic image of one stress region pair (top view) of in-fiber polarizer

based on LPFG.

Transmission (dB)

A2 . . ' .
1300 1400 1500 1600 1700

Wavelength (nm)

Figure 12-7. The transmission spectra of the in-fiber polarizer based on LPFG in
different number of stress region pairs. The blue arrow indicates the trend of finding the

critical coupling point of the proposed device in water.
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When the fabrication was terminated, the external polarization controller was twisted a little
bit to find the critical coupling point. In our experiment, the largest fringe visibility of ~22 dB at
the wavelength of 1525 nm was obtained at polarization state 1(P1) in water. We believed that
the difference between the fringes at attenuation peak before and after twisting the polarization
controller might be contributed to the misalignment of each stress region pairs during the
fabrication process. Continually twisting the polarization controller will find the smallest fringe
visibility (almost flat) at the same operating wavelength, which is marked as polarization state 2

(P2) in water, as shown in Figure 12-8 (a).

The polarization performance of the in-fiber polarizer was also investigated when placed it
in air, as shown in Figure 12-8 (b). The largest fringe visibility of attenuation peak in one
polarization state (P1) is about 25 dB, which is nearly the same as the limit of the commercial
fiber inline polarizer (~26 dB). In addition, the whole spectra in two polarization states (P1 and
P2) shifted towards the long wavelength region (red shift) due to the decreasing refractive index

of the surrounding medium, as shown in Figure 12-8 (c¢) and (d).
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Figure 12-8. The transmission spectra of in-fiber polarizer based on LPFG at two
characteristic points in different surrounding mediums: (a) Only in water; (b) only in air;

(c) P1 in water and air; (d) P2 in water and air.

Figure 12-9 shows the polarization extinction ratio (PER) of the in-fiber polarizer based on
LPFG in different surrounding mediums (water and air). Obviously, the largest PER of the

proposed device placed in air is about 25 dB at the operating wavelength of 1527.8 nm.
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Figure 12-9. The polarization extinction ratio (PER) of the in-fiber polarizer based on

LPFG in different surrounding mediums (water and air).
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12.4 Summary

Two in-fiber stress-induced birefringent polarization devices are fabricated by fs irradiation a
series of cuboid stress regions on both sides along the fiber core. The polarization controlled
trace can be optimized by precise control of the dimensions and relative alignment of the
rectangular stress regions. The structure robustness and the insertion loss are also improved,
which is contributed by the precision controller during the fabrication process. The high value of
stress-induced birefringence indicates the capability of polarization controlled optical devices
fabricated by fs laser. In addition, the in-fiber polarizer based on LPFG was also obtained using
fs laser micromachining. The polarization extinction ratio of 25 dB at operating wavelength of
1527.8 nm was observed, which exhibits the capability of polarization devices fabrication using
precisely fs laser technique. As a result, the in-fiber polarization devices are expected to provide

a potential solution for micro-photonics polarization maintaining applications.
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13. Sapphire Fiber SERS Probe Fabricated by fs Laser

13.1 Introduction

Surface-enhanced Raman scattering (SERS) has attracted substantial interests in recent years
[1], [2] because of its unique capability of molecular identification. The concept has also been
implemented on optical fibers, resulting in miniaturized SERS probes for various sensing
applications [3], [4]. A variety of techniques have been developed in the past for fabrication of
fiber optic SERS probes, including metal coating of roughened endface with mechanical means
[5], metallic nanoparticle deposition[6], bio-imprint aided fabrication [7], metal coating on a
fiber taper [8], and femtosecond (fs) laser micromachining [9], [10]. Methods have also been
investigated to improve the sensitivity of fiber SERS probes. For example, Gu et al. reported a
“sandwiched” fiber SERS probe configuration by the combination of depositing silver
nanoparticle on fiber endface and adding suspended silver colloids in the solution to be measured
[11]. Lucottiet al. reported enhanced SERS signals using a double-tapered fiber tip geometry

obtained by two-fold etching [12].

A fiber optic SERS probe is preferred to operate in a reflection configuration in which the
excitation and detection are on the same side. In addition, the probe is desired to have an enough
lead length for convenient installation or insertion. However, the reported SERS probes were
mostly made using doped-silica glass fibers, which have a broad and strong Raman scattering in
the spectral range of 100-1100 cm™ [13]. As the lead length of the probe increases, the fiber
background Raman scattering may accumulate and over shadow the weak Raman signal to be
detected. For this reason, Hartly et al. limited the fiber length to about 25 mm when they

compared the performance of the SERS probes made of different silica fibers [14]. Various types
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of optical fibers have been proposed to reduce the background Raman scattering, including the
low-OH fused silica fiber [15], solid-core [16] and hollow-core [17] photonic crystal fibers, and
the single-crystal sapphire fiber [15,18]. Unlike silica glass materials, single crystal sapphire has
narrow and isolated Raman peaks. When used as a waveguide for excitation and collection of
Raman signals, a sapphire fiber has the advantages of low background Raman scattering and
high collection efficiency as a result of its very large numerical aperture. It is worth noting that
the background Raman of the sapphire fiber strongly depends on the purity of the material. In
[14], a broad background Raman band was observed in a sapphire fiber purchased from
Saphikon and made by the edge-defined film-fed growth (EFG) method. The authors attributed
the broad background Raman band to the fluorescence caused by crystalline impurities in the
sapphire fiber. On the other hand in [18], the background Raman bands of the sapphire fiber
(made by MicroMaterials, Inc.) were found to be weak and narrow. The MicroMaterials sapphire

fiber was made by the laser-heated pedestal-growth (LHPG) method.

In this project, we fabricated and compared three types of fibers for construction of SERS
probes that operate in a reflection configuration, including the fused silica singlemode fiber
(SMF), fused silica multimode fiber (MMF) and single crystal sapphire fiber. The probes are
made by fs laser ablations of nanostructures on the endface and subsequent costing of silver thin

film by chemical plating.

13.2 Fabrication of the SERS Probe

An unclad, single crystal sapphire fiber (MicroMaterials, Inc. SF75-50) with a diameter of 75
um was chosen for the experiment. Before the fs ablation process, a piece of SCSF with a length

of 20 cm was precisely polished on both endfaces. The polishing process was performed by a
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wheel polisher (Ultrapol-1200, Ultra Tec) using diamond lapping films. The rotation speed of
polishing plate was set to be 40 rpm (rounds per minute). Two types of diamond lapping films
were used: a lapping film with 3 pm grain size was first used to flat the sapphire fiber endfaces,

and then a lapping film of 0.1 pm grain size was used for fine polishing.

Two different types of silica fibers with the same length (20 cm) as the sapphire fiber were
also prepared for the purpose of comparison, including a SMF (Corning, SMF-28), and a MMF
(Corning, infinicor 300) with the core and cladding diameters of 62.5 and 125 um, respectively.
The endfaces of the silica fibers were cleaved and cleaned carefully in acetone and distilled

water.

A home-integrated fs laser micromachining system was used to fabricate microstructures on
the endface of the fibers. The central wavelength, pulse width and repetition rate of the fs laser
(Coherent, Inc.) were 800 nm, 200 fs and 250 kHz, respectively. The maximum output power of
the fs laser was approximately 1 W. The laser was switched on or off by electrically gating the
internal clock. The laser pulse energy was attenuated through a half-wave plate and a polarizer to
less than 0.5 W. Several neutral density (ND) filters were applied to reduce the pulse energy to
desirable values before the objective lens (Zeiss EC Epiplan20X) with a numerical aperture (NA)
of 0.4. The attenuated laser beam was focused onto the endface of the fiber. The fiber was
vertically mounted on a computer-controlled three-axis translation stage (Newport, Inc.) with a
resolution of 0.1 um. The scanning velocity was set to be 200 pm/s and the actual laser energy

used was approximately 0.5 pJ per pulse. The fs laser beam spot size was about 1 um in diameter.

During fabrication, the fs laser beam scanned through the fiber endface line by line. The

spacing between two adjacent lines was 1 um and the distance between two neighboring points

DE-FE0001127 Final Project Technical Report Page 155



was also lum. It took less than 30 seconds to cover the entire sapphire fiber endface with a
diameter of 75 um. The ablated fiber endface was then chemical plated with nanometer size

silver particles, whose formation process could be referred to [9].

13.2 Raman Signal Test

Figure 13-1 shows the schematic of the experimental setup for Raman signal test. A Raman
spectroscopy system (Alpha 300s, WITec) was used to acquire the Raman signal. The fiber
probe to be tested was mounted under the microscope. Because the sapphire fiber is uncladded,
only a small portion (about 3 mm in length) of the fiber was taped to the fiber holder to minimize
the extra optical loss. The excitation light was coupled into the fiber probe from its polished or
cleaved endface using an objective lens (Zeiss EC Epiplan 20X) with a numerical aperture (NA)
of 0.4. The other endface of the fiber had SERS active structures and was immersed in the liquid
solution. The laser beam propagated through the fiber to excite the Raman signal at the SERS
active endface. Part of the excited SERS signal was captured by the fiber, travelled backwards

and was collected by the objective lens for recording and analysis.

The background Raman scatterings of the sapphire fiber and the silica fibers were first
measured using the system. The lengths of all fibers were 20 cm and their endfaces were either
fine-polished (sapphire fiber) or cleaved (silica fibers). During background Raman scattering

measurements, the far ends of the fibers were placed in air.

The three types of SERS probes were evaluated using an aqueous Rhodamine 6G (R6G)
solution with a concentration of 107 M diluted in distilled water mixed with a 10mM NaCl
solution [9]. In all experiments, the wavelength and the power of the excitation laser were 532

nm and 30 mW, respectively. The integration time was 2 seconds.
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Figure 13-1. Schematic of the setup for characterization of the background Raman

scattering of the fibers and the performance of the SERS probes

13.3 Results and Discussion

Figures 13-2 (a) and (b) show the scanning electron microscopic (SEM) images of the fs
laser ablated sapphire fiber endface. A magnified image of the square area in Fig. 2 (a) is shown
in Fig. 2 (b). The laser ablation created a roughened surface with quasi-uniformly distributed
features with an average size of several hundred nanometers. We believe that the surface ripples
were removed under the large laser fluence and the quasi-uniformly distributed subsurface
structures was exposed [19]. The SERS performance strongly depends on the surface
morphology, which can be varied by tuning the laser parameters such as the pulse energy,

repetition rate, wavelength, spot size, scan speed, etc.

DE-FE0001127 Final Project Technical Report Page 157



30 pm

(2) (b)

Figure 13-2. SEM images of fs laser-ablated sapphire fiber endface, (a) the fiber tip and
(b) surface profile.

The background Raman scattering spectra of the singlemode, multimode and sapphire fibers
in air are plotted in Figure 13-3. The intensities of the background Raman signal were quite
different. The MMF had the largest intensity because of its large NA and core diameter. The
background Raman signal of the SMF was also strong. The sapphire fiber had the weakest
intensity. In addition, the silica fibers had a broad background Raman spectra peaked at the
frequency of about 430 cm™ with a long tail into the high frequency region. However, the
sapphire fiber had several isolated narrow peaks as shown in the inset of Figure 13-3. The weak
and isolated background Raman scattering of the sapphire fiber makes it a good choice to

construct a reflection based Raman probe.
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Figure 13-3. Background Raman spectra of two silica fibers (SMF and MMF) and a
sapphire fiber (all 20 cm in length) in air; Inset: enlarged background Raman spectrum of

the sapphire fiber.

The laser-ablated fiber endfaces were coated with silver nanoparticles by chemical plating.
The lead lengths of the three fiber probes were all 20 cm. The SERS performance of the probes
was tested by immersing the silver coated endfaces into a R6G solution (107 M concentration).
The SERS spectra of the R6G solution obtained by the three fiber probes are shown in Fig. 4,
where the Raman fingerprint signals of the R6G solution are superpositioned on the Raman
background spectra of the fibers. Both the silica fiber probes have shown strong and broad
Raman background peaks around 430 cm™. The sapphire probe has a much weaker background

Raman.

For better comparison, we normalized the Raman spectra with respect to their highest
intensities as shown in the insert of Figure 13-4.The sapphire fiber had the highest contrast with
high-quality Raman signatures whose intensities were almost as strong as the background. The

MMF probe had recognizable signatures but their strengths were much weaker than the
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background Raman of the fiber. The SMF probe did not pick up any identifiable R6G Raman
signal. We believe this is because the SMF had a much smaller core size, and so was the SERS
active area at its tip, compared with the MMF and sapphire fibers. The contributions from these

differences may become more pronounced as the fiber length increases.
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Figure 13-4. Raman spectra of R6G solution with a concentration of 107 M. Inset:

normalized Raman spectra with respect to their highest intensities.

13.5 Summary

To summarize, three types of fibers were compared for construction of reflection-based
SERS probes including the singlemode and multimode silica fibers and the single-crystal
sapphire fiber. Fs laser micromachining was used to ablate nanometer structures on the endface
of the fiber and silver chemical plating was performed to make the laser-ablated endface SERS
active. Compared with the strong and broad Raman background scattering of the silica
singlemode and multimode fibers, the background Raman scattering of the sapphire fiber was

weak and narrow, making it useful for construction of SERS probes operating in a reflection
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configuration. When tested using a low concentration (10”7) R6G solution, the sapphire fiber
SERS probe showed a good performance. In contrast, the silica SMF probe did not pick up any
recognizable Raman signature and the silica MMF probe had a strong background Raman peak
that overwhelmed the R6G signals. Operating in an attractive reflection-based configuration, the
sapphire fiber SERS probe fabricated by fs laser ablations may find applications for detection

and identification of biological/chemical species.
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14. SERS Substrates Fabricated by fs Laser

14.1 Introduction

Supported by this project, we have also developed various surface enhanced Raman
substrates (SERS) on both silicon and silica planar substrates using fs laser fabrication technique.
In this report, we only take the flat silicon substrate as an example, please refer to the references
for SERS substrates based on other types of materials. This example is chosen because of the
one-step process to fabricate high-quality SERS substrate through fs laser directly ablation in the
aqueous solution of silver nitrate. Parametric studies were conducted for the different
concentrations of aqueous silver nitrate solutions and scanning speeds. The enhancement factor

of the SERS is found to be higher than 10°.

Since the surface-enhanced Raman scattering (SERS) was discovered [1,2], it has been
widely employed for molecular detection due to its capabilities of providing simultaneously the
structural [3] and quantitative information [4,5] as well as strong signal enhancements up to 10"
for single molecular detections [6]. The strength of enhancement depends on the exciting
wavelength and properties of the metal nanostructures which affect the interaction between the
electromagnetic (EM) field and the nanostructures when plasmon propagates at their surfaces.
Since the enhancement factors (EFs) depend on the properties of the metal nanostructures, such
as the surface morphology, categories of metals, and chemical environment of the nanostructures,
a variety of approaches have been developed to fabricate SERS substrates for high EFs,
including the electrochemically roughened electrodes, aggregates of colloidal gold or silver

particles, and nanolithography [7].
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Metal nanocomponents can be synthesized by chemical-reduction [8] or photoreduction [9]
from metal salts into different types of formations such as nanoparticles [10], nanoplates [11],
and nanowires [12]. Employing the photoreduction mechanism to synthesize metal particles has
been demonstrated in glass [13], polymer matrix [14] and solutions [10]. SERS measurements
can be conducted directly in the produced metal colloids or on the solid substrates immobilized
with synthesized metal nanoparticles by chemical methods or directly on the deposited
nanoparticles by physical methods. The photoreduction process produces metal colloids as well
as 2D or 3D microstructures on a solid support [15]. The light source used to reduce metal
cations can be a lamp-based white light [10], a nanosecond laser [16], or a femtosecond (fs) laser

[14,15].

Fs laser micromachining has attracted much attention due to the unique properties of
minimum thermal damage as the pulse duration is shorter than the thermalization time, and the
phenomenon of multiphoton absorption leading tothe benefit of machining dielectrics inside the
bulk material [17]. Fs laser micromachining in dielectric materials opens a window of
opportunity to fabricate functional microdevicesdirectly [18] or indirectly [19]. Recently,
periodic micro/nano-structures generated by fs laser irradiations on silicon wafers were
demonstrated [20]. Their unique optical property of high absorbability in a wide range of
wavelengths (visible light to IR) can be very important for optical detectors to enhance the
optical-electric efficiency and the effective wavelength range [21,22]. Furthermore, the periodic
surface morphology, after depositing metal particles on the surface, was used as the SERS

substrate [23].

In this Section, we report an efficient approach to fabricate SERS substrates which provide

high EFs. A combined process of material ablation, particle synthesis, and particle deposition
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were achieved by fs laser micromachining of silicon wafers in aqueous solutions of silver nitrate.
A high EF of 10° was obtained for the synthesized silver nanoparticles on the substrate using

Rhodamine 6G (R6G) as analyte molecules at the excitation wavelength of 632.8 nm.

14.2 Fabrication Methods

Sample preparation: Silicon wafer substrates were cleaned in an ultrasonic bath with acetone
for 10 minutes and then rinsed by de-ionized water. The cleaned substrates were dipped into 2 ml
diluted aqueous solutions of silver nitrate with different concentrations from 1 M to 1 mM
contained in an open plastic vessel. The fs laser pulses were focused onto the sample via a 10 x
objective lens (NA = 0.3) with a spot size of about 3.3 pm and the samples were translated by the
motion stage during the line-by-line machining process. The pulse energy was adjusted to 27 nJ
which corresponds to about 0.3 J/cm2. The scanning pitch was set as 1 um and the scanning
speed was varied from 0.5 mm/min to 10 mm/min which correspond to the number of laser
pulses deposited on a unit area (NLPDUA) from about 400 to 20. Note for the scanning speed V
(with the unit of mm/min), the NLPDUA = (60 x 3.3) / V, where 3.3 is the laser spot size with
the unit of um. After the machining process, the samples were rinsed in de-ionized water to clean
up the excess silver nitrate solution. The morphology and composition of the produced
nanostructures were examined using scanning electron microscopy (SEM) and energy dispersed

spectrum (EDS) respectively.

Evaluation of nanostructures: First, the silicon wafer was machined by fs laser pulses in de-
ionized water at different scanning speeds and the resulting surface morphology images are
illustrated in Figure 14-1. It is seen, at high scanning speeds, 10 mm/min [Figure 14-1 (a)] and 5

mm/min [Figure 14-1 (b)], the morphology of the roughened surface seems rather random. At the
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scanning speed of 2 mm/min [Figure 14-1 (c)], the grating-like periodic nanostructures start to
appear but they are not completely developed. At high scanning speeds, 1| mm/min and 0.5
mm/min, the nanostructures have been completely developed and the period is independent of
the scanning speed. Compared with the period of the structures machined in air, the structure
period machined in water is smaller which reveals a smoother surface in the large scale. Besides
the grating-like structures, no apparent nanoparticle is observed in this case of machining in de-

1onized water.

Figure 14-1. Surface morphologies of the machined silicon wafer substrates in de-
ionized water with scanning speeds of (a) 10 mm/min, (b) 5 mm/min, (¢) 2 mm/min, (d) 1

mm/min, and (e) 0.5mm/min

Figure 14-2 shows the surface morphologies of silicon substrates machined in 0.1 M aqueous
solutions of silver nitrate at different scanning speeds ranging from 10 mm/min to 0.5 mm/min.
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When the sample was machined in the aqueous solutions of silver nitrate with different scanning
speeds, nanoparticles attached to the machined surface are clearly seen as compared to Figure
13-2. The number of attached nanoparticles increases with the decreasing of scanning speed
(increasing of NLPDUA). In Figure 14-2 (a) and (b), the periodic structures are not fully
developed yet due to the high scanning speeds (low NLPDUA) and only a few nanoparticles on
the surface can be seen. In Figure 14-2 (c) to (e), the particle density significantly increases once

the scanning speed is slower than 2 mm/min (NLPDUA = 100).

Figure 14-2. Surface morphologies of the machined silicon wafer substrates in 0.1 M
silver nitrate solutions with different scanning speeds. (a) 10 mm/min. (b) 5 mm/min. (c)

2 mm/min. (d) 1 mm/min. (e) 0.5 mm/min

In order to identify the compositions of the nanoparticles, the EDS chemical composition

mapping was taken as shown in Figure 14-3. Figure 14-3 (a) reveals the mapping area and Figure
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14-3 (b) and Figure 14-3 (c) show, respectively, the silver mapping and silicon mapping. The
composition of the deposited nanoparticles was proven to be silver. The particle size ranges from
tens of nm to hundreds of nm which is evaluated from the enlarged SEM images. From the SEM
images, the synthesized nanoparticles reside on the machined surface as well as on the valleys of
the grating-like nanostructures. The nanoparticles in the valleys form multilayer nanoparticle
clusters, which leads to higher EFs as compared to single layer structures. Furthermore, the
format of nanoparticles on the machined surface appears to be particle aggregations. These
aggregation structures are also proven to cause higher EFs due to the creation of “hot spots” with

strong EM field enhancements in the nanogap between particles in the aggregations.

(b) (c)

Figure 14-3. EDS mapping of the sample machined in 0.1 M silver nitrate solutions at a
scanning speed of 1 mm/min. (a) SEM image of the mapping area. The scale bar is 500

nm. (b) silver mapping, (c) silicon mapping.
Figure 14-4 shows the surface morphologies of the machined silicon wafer substrates in 1
mM, 10 mM, 0.1 M, and 1 M silver nitrate solutions with the same scanning speed of 0.5
mm/min. For low concentration, 1 mM [Figure 14-4 (a)], silver particles are still being

developed and the particle density attached to the nanostructure is relative low. When the

concentration of the silver nitrate solution increases, the particle density increases as Figure 3-
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6(b). However, there is not much difference in particle density between 0.1 M [Figure 14-4 (c)]
and 1 M [Figure 14-4 (d)]. In other words, the particle density appears to reach saturation when

the concentration is higher than 0.1 M.

Figure 14-4. Surface morphologies of the machined silicon wafer substrates in different
concentrations of silver nitrate solutions with a scanning speed of 0.5 mm/min. (a) 1 mM.

(b) 10 mM. (c) 0.1 M. (d) 1 M

14.3 Tests and Results

Parametric study: The fs laser pulse energy has dual functions; one is to ablate the substrate

to become grating like nanostructures and the other is to reduce the Ag™ cations in the silver
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nitrate solution to Ag atoms by photoreduction mechanism which will attach to the
nanostructures. Hence, the entire process is a combination of material ablation and the
subsequent photoreduction and particle deposition. Apparently, the laser energy density must be
greater than the damage threshold of the substrate in order to ablate it. The first several laser
pulses will ablate the material until the ablation is saturated, i.e., no additional ablation occurs,
then, the subsequent laser pulses will produce silver nanoparticles. Before the ablation saturation
is reached, some nanoparticles may be produced, they would be ablated by the subsequent laser
pulses. Figure 14-5 illustrates the relation of SERS intensity (610 cm ') and NLPDUA at various
concentrations of silver nitrate solutions. In the low concentrations (1 mM and 10 mM), the
increase of NLPDUA does not lead to an apparent increase of SERS intensity. Hence, a higher

concentration of silver nitrate solutions is required to increase the population of nanoparticles.

As it takes time to photoreduce the Ag' cations, the laser scanning speed must be slow
enough (i.e., the NLPDUA must be high enough) allowing time for the photoreduction to occur
and for the formation of nanoparticles. As shown in Figure 14-5, for the concentration at 0.1 M,
the high scanning speeds at 10 mm/min and 5 mm/min, which correspond, respectively, to 20
and 40 of NLPDUA, the SERS intensities are relative low. This is because there is not enough
time for the formation of nanoparticles. In contrast, if the scanning speed is below 2 mm/min
(NLPDUA = 100), the SERS intensity arises significantly. Hence, there exists a threshold
scanning speed which depends on the concentration of the solution and the laser pulse energy to
generate nanoparticles. For the 1 M concentration of silver nitrate solutions, the scanning speed
has to be below 1 mm/min to observe the apparent signal enhancement. During the machining
process in the 1 M silver nitrate solutions, it was observed that a large amount of reduced silver

particles in the solution causes the solution to become locally semi-opaque. As a result, the fs
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laser pulse energy would be scattered or absorbed by the dense particles in the solution reducing
the effective fluence to arrive at the substrate surface and, thus, more laser pulses are required to
achieve the ablation saturation and to generate nanoparticles on the surface of the nanostructures
which leads to the lag of SERS intensity increase at | mm/min. Note the SERS intensities for 0.1
M and 1 M at NLPDUA = 400 are very close to each other which is consistent with the
discussion in Figure 14-5 that their surface morphologies are very similar and the nanoparticle

density has reached saturation at 0.1 M.
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Figure 14-5. SERS intensity vs. NLPDUA in different concentrations of silver nitrate

solutions

Estimation of enhancement factor: The black line and blue line in Figure 14-6 show,
respectively, the measured SERS spectra of 1077 M R6G in the area inside (black) and outside
(blue) of the machined region in the 0.1 M silver nitrate solutions. It is seen the SERS spectra in
the machined area is very strong, while it is almost zero outside of the machined area. The strong
signal enhancement by the deposited silver nanoparticles is evident. The red line and green line

in Figure 14-6 show, respectively, the normal Raman spectra of 10° M R6G on the sample
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machined in de-ionized water (red) and its magnified spectrum (green). For SERS and normal
Raman spectra, the exciting He-Ne laser powers are, respectively, 0.17 mW and 17 mW, and the
accumulating times are, respectively, 0.5 s, 10 s. In the normal Raman spectrum of 10~ M R6G
on the sample machined in de-ionized water, weak R6G signals are seen in the magnified
spectrum (green line), except a strong sharp peak at 520 cm™' and a broad peak from 950 cm™' to
1000 cm ™', The results indicate the silicon substrate is observed due to the high exciting laser
power and long accumulating time. However, the signal of silicon is unapparent in the SERS
spectra due to the existence of strong signal enhancement in the adsorbent R6G molecules which
is several orders of magnitude greater than the Raman signal of silicon. In order to quantify the
performance of the SERS substrate, the SERS signals of 107" M R6G measured on the sample
that was machined in the 0.1 M silver nitrate solution are compared to the normal Raman signals
of 10° M R6G measured on the sample that was machined in de-ionized water. Both samples
were machined at the same scanning speed of 1 mm/min. The commonly accepted EF is defined

by Equation (14-1).

IsgrsNir
_ SERS TR 14-1
EF I,rNsgrs ( )

where [ g and / ggrs are the normal Raman and SERS intensities in the unit of mW_ls_l,

respectively. Nyr and Ngsgrs represent the number of molecules probed in the reference sample

and on the SERS substrate, respectively.

Due to rough surface morphology of the nanostructures with and without silver nanoparticles,
the number of adsorbent molecules is difficult to measure accurately. Thus, two comparable
samples were machined, respectively, in water and in the silver nitrate solution to generate the

same (or very similar) surface roughness. Assuming the effective surface areas of both
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nanostructures are identical and there is no specific binding between the analyte and the sample
surface, the number of adsorbent molecules on the surface is proportional to the concentration of
the analyte solution in which the sample was dipped. Using Equation (14-1) and the
aforementioned assumptions and conditions, the EFs at Raman peaks 610 cem ', 1310 cm ™!, 1360
cm ', and 1510 cm ' are, respectively, 1.3 x 10%, 1.1 x 10%, 1.3 x 10° and 1.7 x 10°, which

demonstrates the high sensitivity for SERS measurements with a low R6G concentration.
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Figure 14-6. SERS and Raman spectra. Black: SERS spectrum of 10”7 M R6G measured
in the area machined by fs laser in the 0.1 M silver nitrate solution. blue: SERS spectrum
of 107" M R6G measured in the un-machined area. red: Raman spectrum of 10> M R6G
measured in the area machined by fs laser in the de-ionized water. green: magnified (10 x
) Raman spectrum of 10> M R6G measured in the area machined by fs laser in the de-

ionized water.

14.3 Summary

By fs laser machining of silicon wafer in the aqueous solutions of silver nitric under a

suitable concentration and laser scanning speed, the generation of grating-like nanostructures and
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the subsequent formation of silver nanoparticles on the nanostructures were simultaneously

accomplished. The one-step fabrication of SERS substrates with high enhancement factors of 10

were demonstrated. The selective laser patterning approach provides the opportunity of directly

fabricating SERS active substrates in a functional micro device or chip.

14.4 References

1.

M. Fleischmann, P. J. Hendra, and A. J. McQuillan, “Raman spectra of pyridine adsorbed at
a silver electrode,” Chem. Phys. Lett. 26(2), 163—166 (1974).

D. L. Jeanmaire, and R. P. Van Duyne, “Surface raman spectroelectrochemistry Part I.
Heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized silver electrode,” J.
Electroanal. Chem. 84(1), 1-20 (1977).

C. Fang, A. Agarwal, K. D. Buddharaju, N. M. Khalid, S. M. Salim, E. Widjaja, M. V.
Garland, N. Balasubramanian, and D. L. Kwong, “DNA detection using nanostructured
SERS substrates with Rhodamine B as Raman label,” Biosens. Bioelectron. 24(2), 216221
(2008).

P. Measor, L. Seballos, D. Yin, J. Z. Zhang, E. J. Lunt, A. R. Hawkins, and H. Schmidt, “On-
chip surfaceenhanced Raman scattering detection using integrated liquid-core waveguide,”
Appl. Phys. Lett. 90(21), 211107 (2007).

L. Su, C. J. Rowlands, and S. R. Elliott, “Nanostructures fabricated in chalcogenide glass for
use as surfaceenhanced Raman scattering substrates,” Opt. Lett. 34(11), 1645-1647 (2009).
K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, I. Itzkan, R. R. Dasari, and M. S. Feld,
“Single Molecule Detection Using Surface-Enhanced Raman Scattering (SERS),” Phys. Rev.
Lett. 78(9), 1667-1670 (1997).

R. J. C. Brown, and J. T. Milton, “Nanostructures and nanostructured substrates for surface-
enhanced Raman scattering (SERS),” J. Raman Spectrosc. 39(10), 1313-1326 (2008).

P. C. Lee, and D. Meisel, “Adsorption and surface-enhanced Raman of dyes on silver and
gold sols,” J. Phys. Chem. 86(17), 3391-3395 (1982).

H. Hada, Y. Yonezawa, A. Yoshida, and A. Kurakake, “Photoreduction of silver ion aqueous

and alcoholic solutions,” J. Phys. Chem. 80(25), 27282731 (1976).

DE-FE0001127 Final Project Technical Report Page 174



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

R. Sato-Berru, R. Redoén, A. Vazquez-Olmos, and J. M. Saniger, “Silver nanoparticles
synthesized by direct photoreduction of metal salts. Application in surface-enhanced Raman
spectroscopy,” J. Raman Spectrosc. 40(4), 376-380 (2009).

X. Tian, K. Chen, and G. Cao, “Seedless, surfactantless photoreduction synthesis of silver
nanoplates,” Mater. Lett. 60(6), 828—830 (2006).

H. T. Tung, I. G. Chen, J. M. Song, and C. W. Yen, “Thermally assisted photoreduction of
vertical silver nanowires,” J. Mater. Chem. 19(16), 23862391 (2009).

Z.Zhou, J. Xu, Y. Cheng, Z. Xu, K. Sugioka, and K. Midorikawa, “Surface-enhanced Raman
scattering substrate fabricated by femtosecond laser direct writing,” Jpn. J. Appl. Phys. 47(1),
189-192 (2008).

S. Maruo, and T. Saeki, “Femtosecond laser direct writing of metallic microstructures by
photoreduction of silver nitrate in a polymer matrix,” Opt. Express 16(2), 1174—1179 (2008).
A. Ishikawa, T. Tanaka, and S. Kawata, “Improvement in the reduction of silver ions in
aqueous solution using two-photon sensitive dye,” Appl. Phys. Lett. 89(11), 113102 (2006).
S. J. Henley, and S. R. P. Silva, “Laser direct write of silver nanoparticles from solution onto
glass substrates for surface-enhanced Raman spectroscopy,” Appl. Phys. Lett. 91(2), 023107
(2007).

R. R. Gattass, and E. Mazur, “Femtosecond laser micromachining in transparent material,”
Nat. Photonics 2(4), 219-225 (2008).

T. Wei, Y. Han, H. L. Tsai, and H. Xiao, “Miniaturized fiber inline Fabry-Perot
interferometer fabricated with a femtosecond laser,” Opt. Lett. 33(6), 536538 (2008).

C. H. Lin, L. Jiang, H. Xiao, Y. H. Chai, S. J. Chen, and H. L. Tsai, “Fabry-Perot
interferometer embedded in a glass chip fabricated by femtosecond laser,” Opt. Lett. 34(16),
2408-2410 (2009).

J. Bonse, S. Baudach, J. Kriiger, W. Kautek, and M. Lenzner, “Femtosecond laser ablation of
siliconmodification thresholds and morphology,” Appl. Phys., A Mater. Sci. Process. 74(1),
19-25 (2002).

C. H. Crouch, J. E. Carey, M. Shen, E. Mazur, and F. Y. Genin, “Infrared absorption by
sulfur-doped silicon formed by femtosecond laser irradiation,” Appl. Phys., A Mater. Sci.
Process. 79, 1635-1641 (2004).

Z. Huang, J. E. Carey, M. Liu, X. Guo, E. Mazur, and J. C. Campbell, “Microstructured

DE-FE0001127 Final Project Technical Report Page 175



23.

24.

25.

26.

27.

28.

29.

30.

silicon photodetector,” Appl. Phys. Lett. 89(3), 033506 (2006).

E. D. Diebold, N. H. Mack, S. K. Doorn, and E. Mazur, “Femtosecond laser-nanostructured
substrates for surface-enhanced Raman scattering,” Langmuir 25(3), 1790-1794 (2009).

M. Futamata, and Y. Maruyama, “Electromagnetic and chemical interaction between Ag
nanoparticles and adsorbed rhodamine molecules in surface-enhanced Raman scattering,”
Anal. Bioanal. Chem. 388(1), 89—-102 (2007).

Y. Han, C. H. Lin, H. Xiao, and H. L. Tsai, “Femtosecond laser-induced silicon surface
morphology in water confinement,” Microsyst. Technol. 15(7), 1045-1049 (2009).

T. Kondo, K. Nishio, and H. Masuda, “Surface-enhanced Raman scattering in multilayered
Au nanoparticles in anodic porous alumina matrix,” Appl. Phys. Express 2, 032001 (2009).
LLW. Sztainbuch, “The effects of Au aggregate morphology on surface-enhanced Raman
scattering enhancement,” J. Chem. Phys. 125(12), 124707 (2006).

P. A. Temple, and C. E. Hathaway, “Multiphonon Raman spectrum of silicon,” Phys. Rev. B
7(8), 3685-3697 (1973).

R. P. Van Duyne, J. C. Hulteen, and D. A. Treichel, “Atomic force microscopy and surface-
enhanced Raman spectroscopy. 1. Ag island films and Ag film over polymer nanosphere
surface supported on glass,” J. Chem. Phys. 99(3), 2101-2115 (1993).

G. L. Liu, and L. P. Lee, “Nanowell surface enhanced Raman scattering arrays fabricated by
soft-lithography for label-free biomolecular detections in integrated microfluidics,” Appl.

Phys. Lett. 87(7), 074101 (2005).

DE-FE0001127 Final Project Technical Report Page 176



15. Measurement of RI change of optical fiber core induced by fs laser

15.1 Introduction

Recent advancement in ultrafast femtosecond pulse laser technology has opened a new
window of opportunity for one-step without additional assembly fabrication of micro- and even
nanoscale photonic structures in various solid materials.1,2 A femtosecond laser beam can be
focused into a transparent object, creating localized optical features at the focal point on the

surface or inside the solid material.

Various miniaturized optical devices have been demonstrated using femtosecond lasers.
Compared with other fabrication methods, the femtosecond-laser-based technique has the unique
feature of fabricating 3-D microstructures with great flexibility. Femtosecond-laser-based
fabrication of optical devices can be either destructive or nondestructive. In a destructive
fabrication, the femtosecond laser ablation effect is directly used to sculpture solid materials into

desired 3-D shapes.

Optical device examples include microlenses,3 microfluidic channels,4 fiber inline Fabry-
Perot interferometers,5,6 and optical switches.7 Destructive fabrication is above the material
ablation threshold. Nondestructive fabrication, called subablation fabrication, is below the
material ablation threshold. Although the point at which absorbed laser energy is not sufficient to
break the bonds between molecules of a material, the short-pulse lasers cause nearsurface
thermal stresses, which can lead to a wide variety of micromechanical responses.8,9 In a
nondestructive way, femtosecond laser irradiations can induce the refractive index in optical
materials.10-12 As a result, optical waveguides,13,14 gratings,15,16 and directional couplers1?

have been demonstrated, for instance, fiber Bragg gratings and long-period fiber Bragg gratings.
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The amount of refractive index variation induced by femtosecond laser exposure inside the
photonic device is one of the most critical variables that determine the characteristic of the target
structure, such as fiber Bragg grating. Quite a few research groups study laser induced refractive
index change in different materials. However, up until now, although femtosecond-laser-induced
refractive index change on bulk fused silicon has been studied, no precise measurement has been

conducted toward this parameter in optical fiber.

This work mainly focuses on the measurement method of femtosecond-laser-induced
refractive index change in the optical fiber core. Assisted by the most recently developed
femtosecond laser fabricated fiber inline Fabry-Perot interferometer (FPI), the refractive index
change can be calculated by the optical length change measured in fiber inline FPI. Since the
fiber inline FPI was fabricated on the optical fiber in one step, together with the fact that the
refractive index measurement was carried out on the same device, the whole experiment was
integrated on the same structure by one-time assembly, which further improved the measurement

accuracy.

15.2 Measurement Platform Fabrication

Figure 15-1 shows the optical image of the fabricated fiber inline FPI device. The device was
fabricated for an optical fiber (Corning SMF-28] by femtosecond laser micromachining
following the procedures reported previously.5 The cavity length was about 40 um as estimated
from the optical image. The depth of micronotch was around 72 pm, just passing the fiber core.
The cavity was made 5 mm to the end of the cleaved fiber tip. The background loss of this
particular device was about 20 dB. This device can be considered as a combination of two FPIs.

The femtosecond laser ablated notch section is the extrinsic Fabry-Perot interferometer (EFPI),
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while the following fiber segment to the end of the fiber tip is the intrinsic Fabry-Perot
interferometer (IFPI). The EFPI corresponds to interference spectra with a period of around 40
nm, and the IFPI has that of around 0.15 nm. In this experiment, the IFPI was used as the
measuring device, and the IFPI signal is relatively independent from that of EFPI as a result of
the huge scale difference between the interference spectra. With femtosecond laser scanning
close to the IFPI cavity, the shift of IFPI interference can be detected due to the refractive index

change in the fiber core.

Figure 15-1. Microscopic optical image of the fabricated fiber inline FPI device.

15.3 Principle and Theory

The refractive change can be measured using a fiber inline FPI as schematically shown in
Figure 15-2. The IFPI section serves as an interferometer, in which the reflections at the two
endfaces, coupling back to the lead in fiber through the femtosecond ablated notch (EFPI
section), superimposed to form an interference signal at the optical power meter (HP8163). By
stepping the tunable laser through its available wavelength range and coordinating the signal

detection at the power meter using a computer, the interference spectrum of the IFPI can thus be
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recorded. When exposed to femtosecond laser irradiations, the IFFPI section at the end of the
fiber tip changes its refractive index, resulting in a phase shift in the interference signal. The
femtosecond laser-induced fiber refractive index change can thus be calculated based on the

amount of phase shift after laser irradiation.

Assuming that the two reflected lights from the IFPI section have the intensities of /iand 2,

respectively, the interference signal /: generated by these two reflections is given by:

4
L‘= I] + I] + 2\)(“"2 C()S[_[()L) + (/){}]
y (15-1)
where OL is the optical length of IFPI, defined as the product of length and the refractive index

of the core; ¢ois the initial phase of the interference; and A is the optical wavelength in vacuum.
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Figure 15-2. System schematic of the setup for measurement of fs laser irradiation

induced refractive change inside an optial fiber core using a fiber inline FPI.
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As shown in Figure 15-2, the two adjacent valleys at A1 and A2in the interference spectrum
have a phase difference of 2m, that is:
4 4ar
—OL|-|—OL|=27
A N (15-2)

Therefore, the initial optical length of the IFPI section can be calculated using the following

equation:

AN\,

OL = PN
h(?\l —)\3} (15_3)
Since the device is fixed under a tension-free circumstance, and the IFFPI section is
considerably short (about 5mm), the change in optical length is mainly caused by the laser
irradiation-induced refractive index change inside the fiber core. For multiple-point laser
irradiations at different locations, the accumulated change in optical path is given by
AOL=m- (AOLg,5.) =m - (An- W) (15-4)

where m is the total number of laser irradiations, An is the refractive index change, and W is

the width of one femtosecond laser exposure scan.

When the change in optical path length is small enough that the phase shift is less than 2,
the phase ambiguity issue can be avoided. The relative optical length change can be calculated
based on the spectral shift of the interferogram at the featured points such as the peak, valley,

and center of the interference fringes, given by

DE-FE0001127 Final Project Technical Report Page 181



AN,
AOL = }\—OL

: (15-5)
Combining Equations (15-4) and (15-5), one finds the refractive index change:
I AN,
An = —VV )\— OL
m ] (15-6)

In the experiments, the laser pulse energy was tunable. An alternative way of calculating the
refractive index change is directly based on Equation (15-4), in which the change in optical
length is a linear function of the number of laser exposures, and the slope of the line is linearly
proportional to An. Experimentally, one can measure the optical length change after a various
number of laser exposures, and curve-fit the measurement results into a line. The slope of the
fitted line can thus be used to calculate An. This method uses multiple data points in calculation

and can effectively reduce measurement uncertainty.

15.4 Experiments and Results

The experiment was carried out on a home-integrated femtosecond laser 3-D
micromachining system. The repetition rate, center wavelength, and pulse width of the
femtosecond laser (Legend-F, Coherent, Incorporated), were 1 kHz, 800 nm, and 80 fs,
respectively. The maximum output power of the femtosecond laser was approximately 1 W. A
combination of a half-wave plate and a polarizer was used to reduce the laser power to 20 mW in
the first place, and then several neutral density filters were applied to further reduce the laser
pulse energy to desired values of 0.5, 0.8, and 1 uJ, based on different experimental conditions.

The attenuated laser beam was directed into objective lenses (Olympus UMPLFL 20X) with a
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numerical aperture (NA) of 0.45, and was focused at the center of the IFPI section. Each time,
with the help of a five-axis motion stage (Aerotech, Incorporated), providing 1 pum resolution, a
block (20x15x15 um®) was scanned covering the fiber core potion with a width of 20 pm,
defined as one femtosecond laser exposure scan. We altered the distance between the single laser

scans, as the experiment went along, to avoid the grating effect, which might disturb the

interference signal.
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Figure 15-3. Changes of the interferograms as the number of laser scans increases.

Figure 15-3 shows the initial interference spectrum and those after 10, 20, and 30-fs laser
scans with laser pulse energy of 0.8 pJ. The large fringe visibility—the ratio of the size or
amplitude of oscillations to the sum of the powers of the individual waves—indicated the high
quality of the interference signals. Since each laser scan induced a small amount of energy loss,

the fringe visibility of the interference signal reduced as the number of laser exposures increased.
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This is still an open topic; some groups employed the Kramers-Kronig relations to explain laser

pulse properties and refractive index change.18,19

The interference spectrum shifts to the short wavelength as the number of laser scans
increases. By tracing the interferogram shift, we calculated the changes of optical length based
on Equation 15-4. The results, as a function of the number of laser scans, are plotted in Figure
15-4, where the measured data points fit nicely into a line with a slope of 6.9 nm per fs laser scan.

The induced An was 3.45%10* based on Equation 15-4.

Optical length change (um)

Number of fs laser scan
10 15

Figure 15-4. Change in fiber optical length versus numbers of the laser scans

To investigate the induced refractive index at alternative laser pulse energy, we repeated the
previous experiments by varying the femtosecond laser pulse energy by adding or dropping ND
filters. Figure 15-4 shows the change in fiber optical length as a function of the number of the
laser scans with different pulse energy of 0.5, 0.6, 0.8, and 1 pJ. For comparison, the refractive

changes induced by different pulse energy are 2.5x107°, 2.78x107, 3.45x10™*, and 8.95x107*,
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respectively. Obviously, the refractive index change induced by 0.5 pJ, approximately the
refractive index modification threshold for fusion silicon ablation, is ignorable. The experiment
revealed that pulse energy less than the refractive index modification threshold cannot produce
an observable refractive index change, which we believe is because smaller pulse energy below
the threshold is not able to significantly change the material thermal stresses, inducing refractive

index modification. Still, it is an open issue that needs further verification and investigation.

15.5 Summary

We demonstrate a fiber inline IFPI-based measurement method to investigate the
femtosecond-laser-induced refractive index change in an optical fiber core. The femtosecond-
laser-induced refractive index change is found to be 2.5x10°°, 2.78x107°, 3.45x10°*, and
8.95x107%, at different pulse energy levels 0.5, 0.6, 0.8, and 1 pJ, respectively. We believe
accurate refractive index change values can help develop and design nondestructive femtosecond

laser fabricated photonic devices.
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16. Fiber Sensor based on a Radio Frequency MZI

16.1 Introduction

Optical fiber sensors are well known for their advantages, such as small size, light weight,
immunity to electromagnetic interference, resistance to chemical corrosion, and high temperature
survivability [1]. Also, as a transmission line, optical fiber is supreme in terms of transmission
loss and cost in comparison with its analog, coaxial cable in the radio frequency (RF) domain.
These unique features position optical fiber sensors to fulfill the needs of a wide range of sensing
tasks. In general, the interrogation techniques of optical fiber sensors are conducted using optical

instruments, such as an optical powermeter and an optical spectrum analyzer.

Interestingly, researchers have demonstrated the possibility to interrogate optical fiber
sensors in the RF domain. Until now, most of the reported techniques focus on active sensing
devices. The main idea is to generate two signals at slightly different wavelengths in the optical

domain and measure their beat frequency in the RF domain.

One successful example is by tracing the beat frequency between two polarization states in a
distributed feedback laser constructed by a section of active fiber and two identical fiber Bragg
gratings [2]. It has been reported that such a configuration can be used to measure temperature
[3], strain [4], acoustic waves [5], etc. Another example is by using the beat frequency of the
longitudinal modes in a fiber laser to measure the optical path length of the laser cavity, which
varies as a function of ambient temperature [6], strain [7], and vibration [8]. In both examples,
the spectral information is converted from the optical domain to the RF domain. As a result, an
electronic signal spectrum analyzer can be used to replace an optical spectrum analyzer to

interrogate the fiber sensor.
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On the other hand, optical fiber devices have been explored to create microwave photonic
(MWP) processors, including filters [9], signal generators [10], mixers [11], etc. It is proven that
the photonic signal processing offers wide bandwidth operation, high resolution, and low noise
performance [12]. These unique features stem mainly from the intrinsic excellent properties of
optical fiber delay lines. Inspired by the MWP processors, different from previously reported
active RF optical fiber sensors, we propose a passive optical fiber sensor that can be interrogated
using RF instruments. An optical fiber RF Mach—Zehnder interferometer (MZI) with one
reference arm and one sensing arm was demonstrated to measure temperature changes. The

interference pattern of the RF-MZI sensor shifts to lower frequencies as temperature increases.

16.2 System Configuration and Results

Figure 16-1 is the schematic of the RF-MZI sensor and the instrumentation to acquire the
signal. A cw laser at 1541.7 nm (Agilent 81651A) is amplitude modulated by an electro-optic
modulator (EOM, Agere 2623N). The EOM is driven by port 1 of a network analyzer (NWA, HP
8753es). The modulated light is then fed into a 3 dB coupler to be split into two optical fiber
arms. Both arms can be considered as optical fiber delay lines; the upper arm with a length of
0.52 m serves as the reference arm, while the lower one with a much longer length serves as the
sensing arm. The second 3 dB coupler is used to merge the signal from both optical fiber arms.
The two 3 dB couplers, together with the reference and the sensing delay line arms, form the
passive RF-MZI structure. The output light from the RF-MZI is injected into a photodiode (PD,
Agilent 83440d), which converts the light signal into an RF analog signal. Port 2 of the NWA is
connected to the PD to receive the converted RF signal, where an RF amplifier is used to provide

gain to the signal to help the output RF signal reach the sensitivity limit of the NWA.
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Figure 16-1. Schematic of RF-MZI sensor and instrumentation for interrogation (dotted

lines are coaxial cable and solid lines are optical fiber link).

The NWA sweeps the frequency at a fixed voltage level at port 1 and records the transmitted
voltage in correspondence to each frequency step at port 2. The interference pattern of the RF-
MZI is achieved by plotting the magnitude of the voltage transmission coefficient (S21), which is
defined as the ratio between output voltage and input voltage of the NWA with respect to

frequency. The magnitude of the transmission coefficient of the RF-MZI can be expressed as

|b2l| = G cos (Zﬂ:f Ard) (16-1)
where f is the swept frequency, Atdis the optical fiber delay difference between the sensing arm
and the reference arm, and G describes the transmission efficiency along the wave path,
including the RF-to-light-signal conversion efficiency of the EOM, the light-to-RF-signal
conversion efficiency of the PD, the gain of the RF amplifier, and the loss of the coaxial cable

and the fiber couplers.

Equation (16-1) shows that |Sz2i| follows a sinusoidal trend, which is also known as the

interference pattern of the RF-MZI. The delay line difference can be written as
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Az, =
fd c (16-2)

where nerris the effective refractive index of the singlemode optical fiber and c is the speed of

light, Lrris the physical length of the referencing arm, and Lsen is the length of the sensing arm.
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Figure 16-2. Transmission coefficient of RF-MZI sensor when (a) the sensing arm is 10

km and (b) the sensing arm is 100 m.

Figure 16-2 plots the interference pattern of the RF-MZI with two very different sensing arm
lengths, 10 km and 100 m. The resolution bandwidth is set at 30 Hz and the total number of
sampling points is set to be 1601 for both cases. The bandwidth of the RF-MZI with the 10 km

sensing arm is 10—10.1 MHz, while the bandwidth of the one with 100 m is 1000—1010 MHz. In
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both cases, one sweep of the NWA takes less than 1 s. The frequency at the minima on the
interference spectrum is defined as the resonant frequency (f ws) of the RFMZI, which can be

predicted by the following equation [13]:

fre:s = (2k + 1)
2Negr (Lsen — Lier) (16-3)

where k = 0; 1; 2...is the harmonic order of resonant frequencies. Thus, the free spectrum
range (FSR), defined as the frequency span between two consecutive resonant frequencies, is
given by

C
Nty (LS(‘I'I - L]‘(‘f)

FSR =
(16-4)

By applying the fiber parameter ne/= 1.46 in Equation (16-4), the FSR calculated for the 10
km sensing arm is 20.6 kHz, while the one with the 100 m sensing arm is 2.04 MHz. In both

cases, the predicated FSR matched well with the experimental results marked in Figure 16-2.

The sensing mechanism of the RF-MZI is based on tracking the shift of the resonant
frequency. Given the optical path length of the reference arm of an RF-MZI is unchanged, the
variation of the sensing arm, including both neff and Lsen, results in a frequency shift of the

resonant frequency.

To test the sensing function of the RF-MZI, a temperature test was performed on the RF-MZI
with a sensing arm of 10 km. The sensing arm was placed in an electrical oven (Yamato DX300).
Two small pieces of the sensing arm, with a total length of 0.43 m, stick out of the oven to splice

to the couplers. It is worth noting that the measured temperature affects only the portion of the
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sensing arm inside the oven, defined as the effective length. The sensitivity decreases when the
sensing arm reduces its effective length. The test temperature ranged from 25°C to 70 °C with a
step of 5 °C. We waited for around 15 min after the oven reached each desired temperature point
to give enough time for the oven to stabilize. Two resonant frequencies, 10.0232 and 100.0853
MHz at room temperature, were used for temperature sensing in this experiment. A fourth-order
polynomial fit was applied to the measured data near the resonant frequency to smooth the curve
by reducing the ripple effect during the measurement. The resonant frequency was determined
after curve fitting. Both resonant frequencies shifted to lower frequency as the temperature
increased. This phenomenon indicates that the optical path in the sensing arm increases as

temperature rises, which agrees with the previously reported results using an active fiber sensor

[6].

1_7_'_‘77_*‘*—‘0——_,
+—ﬂ____._;_.___|
3 -0.0583 kHz/°C
— -8 1
N
T
>
= -13
E -0.6093 kHz/°C
L
(7, ]
g -18
(¥
e at 10 MHz
23 = at 100 MHz
_28 T T T T
25 35 45 55 65

Temperature (°C)

Figure 16-3. Resonant frequency shift as a function of temperature of a RF-MZI with a

10 km sensing arm: resonant frequency at 10 MHz and resonant frequency at 100 MHz.
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Figure 16-3 plots the resonant frequency shift as a function of temperature. The resonant
frequency shift is inversely linear proportional to the temperature. In addition, the sensitivity of
the resonant frequency at around 10 MHz is —0.0583 kHz/°C, while at around 100 MHz, the
sensitivity is —0.6093 kHz/°C, which is approximately 10 times that of the resonant frequency at
10 MHz. Equation (16-4) suggests that the higher-order resonant frequency is associated with a
larger frequency shift in response to certain optical path changes in the sensing arm, which
explains the increased sensitivity at higher frequencies. Also, the sensitivity is linearly
proportional to the resonant frequency under observation. However, in real applications, higher
sensitivity may generate a frequency shift that is larger than the FSR, which would result in an
ambiguity issue, similar to those interferometric sensors in the optical domain [14]. For example,
in this experiment, a total temperature change of 45 °C produces a resonant frequency shift of
~28 kHz, which surpasses its FSR (20.6 kHz). As a result, it is impossible to differentiate the
observation resonant frequency and the consecutive resonant frequency with a smaller harmonic

order.

The second temperature test was applied on the RFMZI with a 100 m sensing arm. Sufficient
time was given for the oven to fully cool down after the first temperature test. The resonant
frequency to be monitored was set at ~1002.3 MHz. By repeating the same experimental
procedure, a sensitivity of —6.1 kHz/°C was achieved, which agreed well with the predicated
value of —6.093 kHz/°C. Also, the total temperature variation generated a frequency shift of
274.5 kHz, which was within the FSR (2.04 MHz) of this sensor. In addition, the 100 m sensing

arm is much easier to handle than the 10 km one, which makes it a better solution in this case.
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Just like a regular optical fiber MZI, the RF-MZI is sensitive to polarization drift and
instability of the reference arm. The polarization of the two interfering beams may drift
randomly due to alterations in the residual birefringence of the fiber caused by minor variations
in temperature or position of the fiber, resulting in unpredicted phase shift. Also, the instability
due to minor temperature or position variation in the reference arm may lead to unpredictable
phase shift. The undesirable phase shifts restrict the sensor performance in terms of minimum
detectable temperature change, as well as measurement accuracy. To evaluate the measurement
instability, the interference spectrum of the 100 m sensing arm RFMZI was taken every 3 s under
room temperature with a total number of 1000. By tracing the frequency at one minima position
in the interference spectra, we calculated that the frequency standard deviation is 0.252 kHz,

corresponding to a temperature change of approximately 0.4 °C.

16.3 Summary

To summarize, we developed and demonstrated a passive optical fiber RF-MZI for sensing
applications. An RF modulated laser source was injected into an optical fiber MZI and the
interference signal was collected by a PD and analyzed in the RF domain. High-quality
interference patterns were observed in the RF domain by sweeping the modulation frequency
using an NWA. The proposed RFMZI was demonstrated for temperature sensing. The resonant
frequency shifted to lower frequency as temperature increased. In addition, the sensitivity,

observation resonant frequency range, and the length of the sensing arm are discussed.
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17. Optical Carrier Microwave Interferometer: Theories

17.1 Introduction

Optical interferometry has been widely used for accurate measurement of various physical,
chemical and biological quantities by encoding the information of interest into the propagation
delay between the optical beams. The principle has been implemented into various sensors and
found a many important applications in various scientific and engineering fields. Although
optical interferometers have many well-known advantages (e.g., high resolution), they have also
shown certain disadvantages such as the stringent requirements on surface qualify and
fabrication precision, difficulty to be multiplexed, and strong dependence on the material and
geometry of the optical waveguides. As a result, optical interferometers have limited field

applications despite their wide usage in laboratory conditions and controlled environments.

Governed by the same -electromagnetic theories, microwave and optics have many
characteristics in common but significant differences in properties and applications. Two
microwave beams can also be coherently superimposed to generate an interference pattern
similar to two optical beams. Due to the large wavelength (low frequency) of microwave, the
size of a microwave interferometer is larger than that of an optical interferometer. Construction
of a microwave interferometer thus does not necessarily require a manufacturing accuracy as
high as that required by an optical interferometer. In addition, the stringent requirements on
optical waveguides (e.g., geometry, dispersion, modal and material characteristics) for making an
optical interferometer can be relieved significantly in a microwave interferometer. However,
microwaves cannot transmit over a long distance because of the large loss of the waveguide (e.g.,

a coaxial cable). A promising effort is to bring the strengths from both microwave and optics
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together by combining microwave and optics. This combination, which is called microwave
photonics, is already widely used in optical communication and related broadband wireless
access network areas. The success of microwave-photonics in telecommunications intrigued us

to explore the possibility of combining microwave and photonics for sensing applications.

17.2 Novel Concept AND Modeling of OCMI

The essence of OCMI is to read an optical interferometer in microwave domain as described
in Figure 17-1. The light from an optical broadband source is intensity modulated by a
microwave signal, and sent into an optical interferometer whose output is recorded by a high-

speed photodetector. The optical detection is synchronized at the modulation frequency.

Simplified Condition: For simplicity we assume two-beam interference with equal

amplitude. The complex amplitudes of the two intensity-modulated optical waves are given by

E\(t,Ly) = A\/l +M co{g(z +Mﬂ -exp{—jw(z +ﬂﬂ
¢ c

Ey(t.Lo) = A\/1+MCO{Q(;+MH 'exp{— ja)(”ﬁﬂ
¢ c

(17-1)

where ¢ is the time; 4 and M are the amplitudes of the optical carrier and microwave envelope,
respectively; w and € are the optical and microwave angular frequencies, respectively; ¢ is the
speed of light in vacuum; W is the electrical length of the common microwave path; Lo; and Lo;
are the two optical path lengths, respectively. The power of the superimposed optical waves is

thus given by
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Microwave term

A
[ \

B =|E, +E,[ =24 +2A2MCOS[QLOI_L02}0{Q(Z+WMH

2c 2c

+2A2\/{1+MCOS[Q(HMHHHMCOS[Q(HMH} I cos[wLOl_Lozjda)
c c c

\ J

Opticrzll term (17-2)

where @, and @, are the minimum and maximum frequencies of the light source, respectively.
The detected signal given in Eq. (17-2) includes three terms: the DC, microwave and optical
terms. When the OPD = Lo; — Lo is sufficiently larger than the coherence length of the optical
source, the integral term of the optical contribution approaches zero. The synchronized detection
at the microwave frequency eliminates the DC term to provide the amplitude and phase of the
microwave signal in Eq. (17-2). By scanning the frequency, the microwave amplitude and phase
spectra can be acquired as shown in Figure 17-1 (a) and (b). The microwave amplitude spectrum
(i.e., microwave interferogram) can be analyzed to determine the OPD and/or its changes for the
purpose of sensing. In addition, the microwave phase is a function of the total length (i.e., the
summation of the electric and optical lengths) between the microwave source and detector. As
shown in Figure 17-1(c), the Fourier transform of the complex microwave spectrum provides the
propagation delays of the two paths, which can be used to determine the location of the

interferometer.
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Figure 17-1. Conceptual illustration of the optical carrier based microwave

interferometry. The light from an optical broadband source is intensity modulated by a

microwave signal, and sent into an optical interferometer whose output is recorded by a

high-speed photodetector. The optical detection is synchronized at the modulation

frequency. By scanning the frequency, the microwave amplitude spectrum (a) and phase

spectrum (b) are acquired. The Fourier transform of the microwave complex spectrum

shows the propagation delays of the two paths (c).

General Condition: The modeling of OCMI under general condition is shown as follows:

Assume a polarized optical wave given by:

DE-FE0001127 Final Project Technical Report

Page 200



(17-3)

where, ¢ is the time; E," and E,;” are electric fields in the x and y directions, respectively; 4" and
A" are the amplitudes and ¢* and ¢’ are the phases of the corresponding electric fields,

respectively; w is the angular optical frequency; 4, and a@,are the unit vectors along x and y

directions, respectively.

The microwave signal used to modulate the optical wave is given by:

s(ty=M cos(Qt + ¢)

(17-4)
where M is the amplitude, Q is the angular frequency, and ¢ is the phase.
The electric field of the light wave modulated by the microwave becomes:
E=m*()E}d, +m” (E)a, -
where m'(f) and m’(¢) are the amplitude modulation terms, given by
m* (1) = 1+ (1) =1+ b M cos(Qt + ¢)
(17-6)

m? (6) =1+ 5(1) = 1+ h* M cos (Qt + )

where " and #” are the modulation index in the x and y direction, respectively. Note that the

microwave modulations may be different in the x and y directions.

The microwave modulated light is split into two optical paths. These two light waves

propagate through different paths (z; and z,), excite different optical modes, experience different
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polarization evolutions (¢* and ¢"), and eventually superimpose to generate the interference

signal.

The complex electric field amplitudes of the two microwave-modulated light waves

propagating in the i-th mode are given by

El’i (t,zl) = El’fi (t,zl)[ix +Ely’i (t,zl)c_iy

mffl- (t,zl )E(fl,i (t,zl )5x + mly’i (t,zl )anl’i (t,zl )5y

EZ,[ (t, 22) = E;:i (t, z, )ﬁx + Eii (t,22 )éy

=mj; (t, z, )E;Cz’i (t, Z, )5x + m%l (t,22 )Egyz,i (t, z, )ﬁy (17-7)

Note that in Equation (17-7), both the optical and microwave components are functions of

their corresponding optical path lengths.

The optical components (i.e., electric fields of the i-th optical mode in the x and y directions)

in Equation (17-7) are given by

Zn
Ey . (t.2) = A exp {—j a{t+ ! ;ﬁ” ]+(pf;—

| S———

. Z Moy i
E);(t,2) = Al exp {—j a{t +%] +o;

| S——

x x . ZoMefr i X
Ey i (t.z) =4, exp{—] a{t + %) +0, }

._ ZyNepr i |
Eoyz’l.(t,zz):Azy’iexp{—] a{t+—c€ﬂlj+(p{i }
(17-8)

where 4;", A; 7, A>i', A5/ are the electric field amplitudes of the optical waves; c is the speed of

light in vacuum; z; and z, are the lengths of the two optical paths, respectively; n.s; is the
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effective refractive index of the i-th optical mode; ¢, ¢/;, ¢3,, @3, are the polarization phase

terms.

The microwave amplitude modulation terms in Equation (17-7) are

n ; Z N -
mffi(t,zl):\/l+thcos Q(t+K+ 1 eﬂ”}rg(pﬁ. z\/1+thcos{Q(t+K+ﬂH
2

C c C c

zZn . zZn .
}'nIyi(t,Zl):\/l-i-h’vMCOS Q{t+K+ 1 eff’l]+9¢’1yi z\/l+hyMcos Q(r+K+l—eﬂ”H
’ c c (O

ZaW ZAW o :
mfi(t,z2)=J1+thcos{Q(t+Z+M]+9go§l}z\/1+thcos Q[H-K-FMH
’ c c o 7

ZHN . ZAN .
m{i(t,zz):\/1+hyMcos{Q[t+Z+2—eff”j+9(p{i:|=\/1+hyMcos{Q(t+K+2—eﬂ"H
’ c c o c c
(17-9)

where the microwave envelopes include two delay terms. The first is the delay associated with

the common electrical length (W) of microwave system and this delay is the same for all the
paths. The second delay term is the contributions from the optical propagation delays along the
different optical paths. It is interesting to notice that the polarization phase contributions are
reduced by a factor of @/(2, becoming negligible because w is at least 5 orders magnitude larger
than (. As such, the variations in optical polarization have very little influence on the

microwave signals.

Assume that the optical source has a spectrum width from @, and ®,.., the total optical

power of the superimposed optical waves of all modes is thus given by
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Z(El,i +E5; )
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iy | 11 (17-10)

N

Z(Elx,i +Ey; )

i=1

where N is the total number of optical modes.

The total optical power in x direction can be further derived as follow,

M=

Im‘ !

N max | N N
(e ) Seses) || o) 3eses ) oo

. i - 1 (17-11)

where the first two terms are the self-products and the last two terms are the cross-products.

Let’s first examine the cross-products in Equation (17-11)

Omax [ N N
| [Z(El’fiEf;)+Z(EfffE§,i)}dw

Oin i=1 i=1

N
w X X
= z mi A Ay j {2‘305[ (21 —22) g +(¢1,i — P, )}}d@
o i (17-12)
It is interesting to notice that the cross-product terms is the optical interference signal similar
to a conventional all-optical interferometer. In the OCMI, the optical path difference (OPD) is

chosen to be sufficiently larger than the coherence length of the optical source, i.e.,

2rc

Zy = Zy )N . >>
( : 2) @ Drmax

. As a result, the integral term in Equation (17-12) approaches zero.
— ),

The optical variations (e.g., variations in polarization states and modal interferences) commonly
seen in an all-optical interferometer have much reduced influences on the OMCI. In our
experimental OCMI system, we used a light source with a spectral width of 50 nm at the center

wavelength of about 1550 nm, whose coherence length was about 48 um. A typical OCMI has
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an OPD of a few centimeters that is much larger than the coherence length of a broadband light

source.

Let’s examine the self-product terms in Equation (17-11)

o R e e R

i=1

:i[ All A21 :|+AxCOS(Qt+(DX)

= (17-13)
Equation (17-13) is easy to calculate using the Phasor method. As such, we have
\/Z Ay cos(8 — 4 ) (17-14)
N
Z Ay sin(¢e_’} ’l.)
@* = arctan A’/ , @ e{-rx n}
ZA;%,- cos(¢;}f’l—)
! (17-15)
and
4 4 2 Mo
o \/(Afi) () <2 CO{Q%(ZI_ZZ)}
(17-16)
(Affi )2 sin {Q[W + Zlnejflﬂ + (A;J )2 sin {Q[W + Zznefflﬂ
C C C c
¢e"ﬂ,i = arctan , ¢Lf}f’i ez, n}
(Affi )2 cos {Q[W 4 e H + (Afi )2 cos {Q{W L P2l H
’ c c ’ c c
(17-17)
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Similarly, the total optical power in y direction is found to be

N

- Z[(Afi J o+ (4, )2} + 4 cos(Qr+ @ )

i=1

E,V

total

where

\/Z o i eﬁJCOS( effi eyff,j)

N
Ae}ﬁlsm( effl)
®” = arctan| —. , @©el-rx, m}

efflcos( eﬁl)

NMz

Ay =M (Afi)“ +(A;,i)4 +2(AfiA{i)2 coslg@(zl -z, )}

'\ 21 Mgy i 2 ZyWyp
Ax sin| Q K-Fi + Ay sin| Q K_{_i
Li c c 2,i c c

yoo_
. = arctan

2 ZiMypr 2 2N i
(4) co{g(%lm]}%) co{g[%zm
’ c c c c

¢q)2f’i € {_ﬂa ﬂ-}

(17-18)

(17-19)

(17-20)

(17-21)

(17-22)

The OCMI uses synchronized detection to eliminate the DC term in Equation (17-13) and

(17-18) and record only the amplitude and phase of the microwave signal at the microwave

frequency Q. As a result, the total signal after optoelectronic conversion (with an optical gain of

g) and synchronized microwave detection is found by summing the powers in x and y directions,

given by

DE-FE0001127 Final Project Technical Report

Page 206



S = g[Ax cos(Qt+®x)+ A7 cos(Qt+(Dy )}

(17-23)
= Acos(Q + D)
where
2 2
A= g4 +(#) +24 4" cos(0* -0 (172
A" sin((Dx)+ A’ sin((Dy)
® = arctan > ®e -7, 7}
A" cos(d)x)+ A cos(d)y)
(17-25)

17.3 Simulations and Results

The Microwave interferogram — the amplitude and phase spectra: Numerical simulations

were performed to understand Equation (17-23) and study the amplitude and phase of the signal

as functions of the optical parameters.

First, let’s examine the case of a singlemode fiber (SMF) based OCMI. Assume the fiber
used is Corning SMF-28e with the effective refractive index of the core of n.y= 1.468 according
to the datasheet from the manufacturer. The optical power is equally split into the two paths. The
lengths of the two optical paths are z;= 0.1 m and z, = 0.2 m, respectively. The common electric
length is W = 1 m. The two polarization states are evenly excited. Based on the assumption, the

microwave signal in Equation (5-23) becomes

- 2W +(zy + 2z, ),
S = 2A2gM cos Quneff cos Qlt+ ( 1 2) eff
2c 2¢

2W +(zy +z, )n .
OPD}cos[Q(Z+ (21 +22) ey H
c 2c

=24°gM COS{Q >

(17-26)
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whereoPD =|L,, —L02|=|(zl —zy)ny|. Lor and Lo, are the optical path lengths of the two optical

paths, respectively.

Equation (17-26) indicates that the amplitude of the signal varies as a sinusoidal function of
the microwave frequency and OPD, and the phase of the microwave signal is a function of the
summation of the electric and optical lengths. Figure 17-2 shows the simulated microwave
amplitude and phase spectra of the OCMI in the frequency range of 0 — 6 GHz. The free spectral

range (FSR) of the spectrum is a function of the OPD, given by

c
OPD

FSR =

Similar to an optical interference spectrum, the microwave amplitude spectrum in the OCMI
can be used to find the optical path difference of an interferometer. It can also be used to find the

change in OPD based on the interference fringe shift.

By applying complex Fourier transform of the signal shown in Equation (17-22), one can
find the propagation delays of the microwave signal. As shown in Figure 17-2 (c), the common
electric length (W) and the two optical path lengths can be clearly identified, allowing the OCMI
to locate the position of the interferometer and enabling its unique capability of distributed

sensing.
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Figure 17-2. Simulation of an OCMI implemented using single-mode fibers. The optical
power is equally split into the two paths. The lengths of the two optical paths are z; = 0.1
m and z; = 0.2 m, respectively. The common electric length is W = 1 m. (a) Amplitude
spectrum (i.e., interferogram), (b) Phase spectrum, (c) Delay diagram obtained by

applying complex Fourier transform on the amplitude and phase spectra.
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The multimodal influences: The influence of multiple optical modes on the OCMI signal is

clearly shown in Equations (17-14) and (17-19), where the effective refractive indices of the
optical modes are different. In addition, the multimodal influences also depend on the lengths of
propagation (z; and z;). In essence, the multimodal dispersion generates phase differences among

the different optical modes and reduces the fringe visibility of the interferogram.

In reality, the number of modes excited inside the fiber strongly depends on how the light is
coupled into the fiber. In addition, the optical power usually is not evenly distributed among the
various modes. The detailed analysis is quite involved. Here for the purposes of gaining a
qualitative understanding of the multimodal influences, we simplify the case by assuming that all

optical modes are evenly excited and the power is evenly distributed among them.

2
The number of modes supported in a multimode optical fiber can be estimated by N, ~ VT

2
for a step-index fiber and N, ~ VT for a graded-index fiber. V' is the normalized frequency, given

b 2ra 2

y V:7 n naa - The effective refractive index ney of a guided mode in a multimode

core
fiber is bounded between the core and cladding refractive indices. That is ., <n, <n,,, , where

Neore and n.,q are the refractive index of the core and cladding, respectively. The actual effective

index range (Snyy = Ny max Moy min ) Of the multimode fiber can be estimated based on the group

delay of the optical fiber, given by

core

_Long 1A 1

oty , for a step-index multimode fiber, (17-27)

¢ c nclad

and
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= —L§neﬁ"cl ~ £A2 n

ot
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for a graded-index multimode fiber (17-28)

core

where A=(n,,, —n,,) / n,,. 18 the index difference between the core and cladding, A<<I; L is

the length of the fiber. The ranges of the effective indices of the modes supported in multimode

fibers are thus found to be

on, o = A-n,,, fora step-index multimode fiber, (17-29)

and

An,, o ~ A -n,, /8 for a graded-index multimode fiber. (17-30)

Simulations were performed to study the multimodal influence on OCMIs and its dependence
on the fiber type and length. Figure 17-3 shows the simulated interferograms of an OCMI
implemented using a step-index multimode fiber. The step-index multimode fiber had core and
cladding diameters of 62.5 and 12.5um, respectively. The refractive index of the core is n.r. =
1.488, and the index difference is A = 0.01. Based on Equation (17-29), the maximum effective

refractive index difference is found to be on,; o =0.01n,,, . The lengths of the two optical beams

varied but their difference was kept the same (z; — z; = 0.2 m). It is noticed that the contrast of
the interferogram reduces as the optical length increases, indicating that the multimodal
influence is accumulative along the fiber length. In addition, the contrast reduction becomes
more noticeable in the high frequency region. The peak-to-peak value at 3 GHz and 10 m fiber
length reduces by half compared with that at 1 m fiber length. It is anticipated that the fringes

may completely disappear when the length exceeds a certain value.
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Figure 17-3. Simulation of an OCMI implemented using step-index multimode fibers.
All optical modes are equally excited. The core and cladding diameters of the fiber are
62.5 and 125 pm, respectively. The refractive index of the core is 7., = 1.488, and the
index difference is A = 0.01. The common electric length is W = 1. (a) Amplitude
spectrum when z;=1 m and z,=1.3 m. (b) Amplitude spectrum when z;=5 m and z,=5.3

m. (c) Amplitude spectrum when z;=10 m and z,=10.3 m.

Figure 17-4 shows the simulated interferograms of an OCMI implemented using a graded-
index multimode fiber with core and cladding diameters of 62.5 and 12.5 pm, respectively. The
common electric length is W = 1. The refractive index of the core is n.,. = 1.488, and the index
difference is A = 0.02. Based on Equation (5-30), the maximum effective refractive index
difference is found to besn,, g =7.4x107n,,,, which is significantly smaller than that of a step-
index multimode fiber. As shown in Figure 5-4, the contrast of the interferograms reduces slowly
as the fiber length increases. The peak-to-peak value around 3 GHz reduces by half after

propagating through 1 km of graded-index fiber. In comparison, it only takes 10 m step-index

multimode fiber to decrease by half from its original peak-to-peak value.
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Figure 17-4. Simulation of an OCMI implemented using graded-index multimode fibers.
All optical modes are equally excited. The core and cladding diameters of the fiber are
62.5 and 125 pm, respectively. The refractive index of the core is 7., = 1.488, and the

index difference is A = 0.02. The common electric length is W = 1. (a) Amplitude
spectrum when z;=10 m and z,=10.3 m. (b) Amplitude spectrum when z;=100 m and

z,=100.3 m. (c) Amplitude spectrum when z;=1000 m and z,=1,000.3 m.

The simulation results indicate that OCMI can be implemented using multimode fibers.
However, the modal dispersions will lower the quality of the interferogram by decreasing the
contrast of the fringes. The larger the modal dispersion is, the lower the fringe contrast becomes.

The dispersion effect is also accumulative along the fiber length. The contrast decreases as the

length of the multimode fiber increases.

17.4 Typical System Implementation

While there are many ways to implement the OCMI concept, Figure 17-5 illustrates an
example system configuration where a microwave vector network analyzer (VNA) is used as the
microwave source and signal detector. A broadband light source with the bandwidth of 50 nm is

intensity modulated using an electro-optic modulator (EOM) driven by the microwave signal

DE-FE0001127 Final Project Technical Report Page 213



from the Port 1 of a VNA (HP 8753es). The VNA output is DC-biased and amplified to achieve
a high modulation index. The modulated light is then sent into an FOI (or FOIs) whose outputs

are detected by a high speed photodetector.

For a reflection type FOI (e.g., a Fabry-Perot or Michelson interferometer), a fiber circulator
is used to route the input light into and the output signal out of the FOI (solid lines in Figure 17-
5(b)). For a transmission type FOI (e.g., a Mach-Zhender interferometer), its output is directly
connected to the photodetector (dashed lines in Figure 17-5(c)). An optional erbium doped fiber
amplifier (EDFA) can be used for additional signal amplification. After DC-filtering and RF
amplification, the photodetector output is connected to the Port 2 of the VNA, where the
amplitude and phase of the signal are extracted. By sweeping the VNA frequency, the

microwave spectrum of the interferometer is obtained.

Figure 17-5 only shows the main components that are required to construct a typical OCMI
system. In practical applications, many supporting components may need to be added to the
system for performance enhancement. These components may include RF amplifiers, RF filters,
optical amplifiers, optical filters, DC bias filters, optical circulators, RF circulators, and
transimpedance amplifiers. These components can be used to enhance the optical or RF signals

at certain point of the microwave-photonic system while suppress the noises.
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experiments. A broadband light source (bandwidth ~50 nm) is intensity-modulated using

an electro-optic modulator (EOM) driven by the microwave output (DC-biased and

amplified) from Port 1 of a VNA (HP 8753es). The output from the FOI is detected by a

photodetector whose signal, after DC-filtering and RF amplification, is recorded at Port 2

where the amplitude and phase of the signal are extracted. By sweeping the VNA

frequency, the microwave spectrum of the interferometer is obtained (i.e., the S21 of the

VNA). (a) For a reflection type FOI (e.g., Michelson or Fabry-Perot), a fiber circulator is

used to route the optical input and output. (b) For a transmission type FOI (e.g., Mach-

Zehnder), its output is directly connected to the photodetector.
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18. Optical Carrier Microwave Interferometer: Prove the Concept

18.1 Introduction

Optical carrier microwave interferometer (OCMI) is a powerful concept that has the potential
to provide the revolutionary solutions for many challenging sensor needs. The essence of OCMI
is to read optical interferometers using microwave. As such, it combines the advantages from
both optics and microwave. When used for sensing, it inherits the advantages of optical
interferometry such as small size, light weight, low signal loss, remote operation and immunity
to EMI. Meanwhile, by constructing the interference in microwave domain, the OCMI has many

unique advantages that are unachievable by conventional optical interferometry, including:

1) High measurement resolution: OCMI uses coherent detection in which the modulation,
detection and demodulation are all synchronized to the same microwave frequency. As a result,
OCMI has a higher SNR comparing with the traditional all-optical interferometers that use DC
detection. In addition, the measurement of distance change is based on tracking the spectral shift

of the interferogram. As such, the measurement resolution is expected to be high.

2) Distributed sensing with spatial continuity and reconfigurable gauge length: Time-
resolved reflections can be easily obtained by complex Fourier transform of the microwave
signals with phase and amplitude information. Distributed sensing can be achieved with spatial
continuity by taking consecutive measurement between two adjacent reflectors. In addition, the

gauge length can be varied by taking measurement between two arbitrary reflectors.

3) Insensitivity to the types of optical waveguides. The differences in optics (e.g., dispersion
and modal interference) have little influences on the microwave signal. As such, multimode

waveguides (e.g., POFs) can be used to construct OCMI for distributed sensing.
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4) Insensitivity to optical polarizations. In OCMI, the interference is a result of coherent
superposition of the microwave envelops. As such, OCMI does not have the polarization fading

issue commonly faced by all-optical interferometers.

5) Relieved fabrication requirements. In order to obtain a high-quality interference signal,
the surface smoothness of the reflectors needs to be smaller than 1/20 of the wavelength. The
wavelength of microwave is much larger than that of an optical wave. In a sense, currently

available micromachining techniques can easily satisfy the precision requirements of OCMI.

To prove these advantages, we have conducted a number of experiments using various
optical fibers including singlemode, multimode, uncladded, polymer and sapphire fibers. We will
provide some examples in this Section to serve the proof-of-concept purposes. Other detailed

experiments and results will be provided in the following sections.

18.1 OCMI Concept using Singlemode Fibers

In principle, the OCMI concept can be implemented in most types of FOIs. Two types of
commonly-used FOIs are selected to demonstrate the concept. Figure 18-1 (a) shows a Mach-
Zehnder FOI implemented using SMFs (Corning SMF-28¢) with a length difference of 18.10 cm.
Figure 18-1 (b) shows the microwave interferogram in the frequency range of 0 — 3.5 GHz. The
fringes are clean with a visibility exceeding 45 dB. The free spectral range (FSR) was found to
be 1.125 GHz. Based on Equation (17-2), the OPD was found to be 26.67 cm. Using the
effective refractive index of the fiber core of 1.468, the length difference was calculated to be
18.16 cm, which agreed well with the value measured by the caliper. An optical fiber

polarization controller was inserted in Path 1 to test the polarization dependence. As shown in
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Figure 18-1 (c), the interferogram showed very little dependence on the polarization, with a

maximum variation of 0.12 dB at the interference peak.
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Figure 18-1. (a) Schematic of a Mach-Zehnder OCMI implemented using SMFs
(Corning SMF28e). (b) Microwave interferogram of the Mach-Zehnder OCMI showing a
visibility exceeding 45 dB. Using the effective refractive index of the fiber core of 1.468,

the length difference was calculated to be 18.16 cm, which agreed well with the value
(18.10 cm) measured by the caliper. (c) Variation of an interference peak at different
polarization states. A maximum intensity variation of 0.12 dB was observed at all

polarization states.

In addition to the high signal quality, large fringe visibility and easy implementation, the
most significant advantages of the OCMI based singlemode fiber sensor is its polarization
insensitivity. It has been well-known that singlemode fiber interferometers are sensitive the

polarization variations during its deployment and applications. This is commonly referred to as
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the polarization fading issue. That is the fringe visibility varied significantly as the polarization
states of the two interfering arms change. When the two polarizations match each other, the
fringe visibility becomes the highest. However, when the two polarizations are orthogonal, the
visibility becomes lowest (zero). In real applications, it is very difficult to control the
polarization state of the light propagating inside a single mode fiber. As a result, conventional
single mode fiber based Mach-Zehnder or Michelson interferometers have been found very
limited usages. The COMI concept effectively overcomes the polarization fading issue and
therefore shall find many applications using the well-established fiber optic Mach-Zehnder and

Michelson interferometers.

18.2 OCMI Concept using Multimode Fibers

In many applications multimode fibers are preferred because of their large numerical aperture
and easy light coupling. Other situations may prefer multimode optical fibers such as polymer
optical fibers and sapphire fibers because of the superior mechanical or thermal properties of
these specialty fibers. For example, a polymer optical fiber is preferred in structural health
monitoring because of its large core diameter and large axial strain capability. A sapphire optical
fiber is preferred in high temperature applications because of its high melting point.
Unfortunately, multimode optical fibers cannot be used to build interferometers due to their large
modal dispersions. There are many optical modes inside a multimode fiber. These models have
different propagation constants. As a result, the light traveling in a multimode fiber loses its
coherence after traveling through a multimode fiber of a certain distance. On the other hand, we

know that interferometers have very high sensitivity when used as sensors. A challenging
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question is that can we build interferometers using multimode fibers? The OCMI concept may

provide an answer for this challenging question.
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Figure 18-2. (a) Schematic of a Michelson OCMI implemented using graded index
MMFs (Corning, InfiniCor-300). (b) Microwave interferogram of the Michelson OCMI,
showing a visibility exceeding 40 dB and a FSR of 798 MHz. Using the fibre core
effective index of 1.488 at 1550 nm, the path difference was found to be 12.61 cm, in

excellent agreement with the value (12.40 cm) measured by the caliper.

The OCMI concept has been validated using a multimode fiber (MMF, Corning InfiniCor-
300, with 50 and 125 um in core and cladding diameter, respectively) Michelson interferometer
as shown in Figure 18-2 (a). The acquired microwave interferogram (Figure 18-2 (b)) has an

excellent quality with a visibility over 40 dB. The FSR is 798 MHz. Using the fiber core
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effective index of 1.488 at 1550 nm, the path difference was found to be 12.61 cm, in excellent
agreement with the value (12.40 cm) measured by the caliper. The experiment results prove that
the OCMI concept is insensitive to multimodal influences and can be conveniently implemented

using various MMFs.

18.3 Strain Measurement using a SMF Fabry-Perot OCMI

A SMF extrinsic Fabry-Perot interferometer (EFPI) OCMI was constructed as schematically
shown in the inset of Figure 18-3 (b). The EFPI had a cavity length (i.e., the distance between the
two reflectors) of about 2 m with both ends cleaved. The lead-in fiber was angle cleaved to
eliminate its own reflection and connected to the EFPI sensor using a capillary tube. A high
quality microwave interferogram was obtained, with fringe visibilities exceeding 40 dB and a
FSR of about 40 MHz. The long interferometer was tested as a strain sensor. Figure 18-3 (a)
shows the interference fringes at different applied axial strains. The fringe moved towards the
low frequency regime as the strain increased, indicating the optical length of the interferometer
increased correspondingly. Figure 18-3 (b) plots the frequency shift as a function of the applied
strain at a step of 100 pe. The frequency shift varied with the applied strain linearly with a slope
of -2.37 kHz/pue. This monotonic, linear relation clearly demonstrated the potential of using the

OCMI for strain sensing.

One of the challenges in strain sensor development is that limited choice of gauge length.
The OCMI has the advantages of flexible gauge length ranging from a few centimeters to several

tens of meters. For example, in structural health monitoring, it is highly desired to have sensors
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that can cover structural components of different dimensions. The OCMI shall provide an

excellent solution for such demands.
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Figure 18-3. SMF extrinsic Fabry-Perot OCMI for strain sensing. (a) Zoom-in
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microwave interferograms under various applied axial strain (inset: interferogram

observed in the frequency range of 1 - 1.5 GHz, (b) Spectral shift as a function of applied

strain (inset: schematic of the Fabry-Perot interferometer with a length of 2 m).
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18.4 Temperature measurement using a SMF Michelson OCMI

The OCMI concept has been validated for temperature sensing using a SMF based Michelson

interferometer with a fiber length difference of 0.31 m. Figure 18-4 (a) shows one interference

fringe valley at different temperatures from 50 to 900 °C at an increment of 50 °C. The fringe

moved towards the low frequency regime as the temperature increased, indicating the optical

length of the interferometer increased correspondingly. Figure 18-4(b) plots the frequency shift

of the interference valley as a function of temperature. The frequency shift varied with

temperature almost linearly with a slope of -35 kHz/°C. This monotonic, linear relation clearly

demonstrated the capability of using the OCMI system for temperature sensing.
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Figure 18-4. SMF Michelson OCMI for temperature sensing. (a) Zoom-in microwave

interferograms at various temperatures from 50 to 900°C at an increment of 50°C. The

interference fringe shifted towards low frequency region indicating the increases of the

optical path difference as the temperature increased. (b) Spectral shift as a function of

temperature. The slope shows a temperature sensitivity of -35 kHz/°C.
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19. Optical Carrier Microwave Interferometer: Distributed Sensing

19.1 Introduction

In the past few decades, optical fibers have been widely used for various sensing applications
due to their low loss, light weight, immunity to electromagnetic interference (EMI), and
resistance to corrosion [1]. One of the most attractive features of optical fiber sensing is its
capability of measurement of spatially distributed parameters. In general, optical fiber based
distributed sensing can be implemented either by multiplexing a large number of discrete sensors
to form a spatially-distributed measurement network or by sending a pulsed signal to probe the

spatially-resolved information as a function of time-of-arrival.

In multiplexed sensing, or the so-called quasi-distributed sensing, many discrete sensors are
cascaded in series along a single optical fiber. The signals of the sensors are unambiguously
demodulated either in time or frequency domain. For example, fiber Bragg gratings (FBGs) have
been cascaded along a single fiber for multiplexed sensing. The cascaded FBGs can have
different Bragg wavelengths so that their spectral shifts can be unambiguously determined [2, 3].
Thousands of weakly reflecting FBGs can also be made of the same resonant wavelength and
interrogated using either optical time domain reflectormetry (OTDR) [4] or optical frequency
domain reflectometry (OFDR) [5]. In addition to FBGs, fiber optic interferometers (FOIs) can
also be multiplexed [6]. For example, fiber Fabry-Perot interferometers (FPIs) of different cavity
lengths have been multiplexed onto a single fiber. Identification of the cascaded FPIs can be
achieved by Fourier transform of the optical interferogram in the spectral domain to obtain their
individual optical path differences [7, 8]. Recently, it has been demonstrated that cascaded FPIs

with the same or similar cavity lengths can be discriminated using microwave assisted separation
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and reconstruction of the individual optical interferograms in the spectrum domain [9]. One
unique feature of the multiplexed sensing is that each point sensor along the optical fiber can be
flexibly encoded to measure different physical, chemical and biological quantities [10, 11].
However, the current multiplexed sensing techniques were still quasi-distributed or spatially

interrupted, only providing discrete sampling of the space, leaving dark zones among the sensors.

Spatially continuous measurement can be achieved by collecting the back-scattered signals
generated by the elastic (e.g., Rayleigh) [12, 13] or inelastic (e.g., Brillouin or Raman) [14-16]
scatterings along the fiber. Optical probing and collection of these back-scattered have been done
in the time domain through OTDR [17] or in the frequency domain using OFDR [18]. The
unique advantage of the scattering based distributed sensing is the spatial continuity (no dark-
zones). For example, long-range spatially continuous Brillouin optical time-domain analysis
(BOTDA) measurement systems has been demonstrated using both methods [19, 20]. Another
advantage of the back-scattering based distributed sensing is that it does not necessarily require
extra modifications to the optical fiber, making it possible to cover a long measurement distance
(e.g., tens of kilometers). Most of the quantitative measurements based on scattering have been
performed using singlemode fibers. The back-scattered signals in an optical fiber are mainly

sensitive to strain and temperature.

Recently, we demonstrated a new concept of optical carrier based microwave interferometry
(OCMI) [21] inspired by the research advancements in microwave photonics [22, 23]. By
interrogating optical interferometers in microwave domain, the OCMI concept integrates the
strengths of optics and microwave, providing several unique features that are particularly

advantageous for sensing application. These features include low dependent on the types of
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optical waveguides, insensitive to variations in optical polarizations, high signal quality, relieved

fabrication requirements, and the potential capability for distributed sensing.

Here, we studied using the OCMI technique for spatially continuous distributed sensing.
Intrinsic FPIs formed by cascaded weak reflectors in an optical fiber are used for the purpose of
demonstration. It is expected that the proposed technique can also be used for multiplexing other
types of fiber interferometers. Distributed strain sensing is used as an example in this paper.
However, we believe that the interferometry based system can be easily modified for distributed

measurement of other physical, chemical and biological parameters.

19.2 Concept of Distributed Sensing Based on Cascaded OCMI-FPIs

Figure 19-1 illustrates the fundamental concept of the spatially continuous distributed
sensing technique using cascaded inline OCMI-FPIs. The essence of OCMI is to read an optical

interferometer in microwave domain as described in [21].

As shown in Figure 19-1, the light from a broadband optical source is intensity-modulated by
a microwave signal whose frequency can be scanned via computer control. The microwave-
modulated light, where the optical is the carrier and the microwave is the envelope, is then sent
into (via a fiber optic circulator) an optical fiber with cascaded weak reflectors. The optical
reflections travel backwards, pass the fiber circulator and are detected by a high-speed
photodetector. The optical detection is synchronized with the microwave frequency by a phase
lock loop (PLL) so that the amplitude and phase of the reflected signal can be resolved. After
scanning the microwave frequency through the entire available range, the reflection spectrum

(with both amplitude and phase) is obtained.
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The inverse complex Fourier transform of the reflection spectrum provides the time-resolved
discrete reflections along the optical fiber. A time gating function with two opening windows is
then applied to the time series so as to “cut out” two arbitrary reflections (e.g., /; and [ in Fig. 1)
while suppressing other values to zero. These two reflections are then Fourier transformed back
to frequency domain to reconstruct a microwave interferogram, which can be used to find the
optical path difference (OPD) between the two reflectors (e.g., d). The change in the OPD
between these two reflectors (e.g., 4d;) can be calculated based on the frequency shift of the

microwave interferogram.
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Figure 19-1. Schematic illustration of the fundamental concept of the spatially
continuous distributed sensing using cascaded FPIs. The segmentation is achieved by
implementing a time-gating function with two windows to isolate two arbitrary
reflections (e.g., I; and ) for reconstruction of the microwave interferogram, whose
spectral shift is proportional to the length change of the segment between the i-¢4 and j-th
reflectors (i.e., Adj).

Because any two reflectors can be chosen to form an OCMI interferogram, spatially
continuous distributed sensing can be realized by consecutively selecting two adjacent reflectors

along the cable. In addition, the base length of the interferometer can be varied by choosing any
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two arbitrary reflectors (e.g., select 2 and 5 and suppress the other reflectors). As such, the gauge

length can be flexibly reconfigured during measurement.

19.3 Modeling and simulations

Let’s start with an optical wave in the form of
EO:Aexp{—j[a)t+(p]} (19-1)

where, ¢ is the time; E, is the electric field; A4 is the amplitude; ¢ is the phase; w is the angular

optical frequency.
The microwave signal used to modulate the optical wave is given by
s(1) =M cos(Qt +¢) (19-2)

where M is the amplitude of the modulation, which falls in the range of 0 to 1, Q is the

microwave angular frequency, and ¢ is the phase.
The electric field of the light wave modulated by the microwave becomes
E=mQ)E, (19-3)

where m(?) is the amplitude modulation term, given by

m(t) = \JT+5(t) =1+ M cos(Qr + p) (19-4)

The microwave-modulated light, in which the optical is the carrier and the microwave is the
envelope, is then sent into an optical fiber with cascaded reflectors. The reflection of each

reflector can be designed to be weak enough so that the light can be transmitted over many
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sensors and the multiple reflections are negligible. The electric field of the total reflected light

wave is given by
N N
Eioral :ZEi (t’Zi):Zmi(t’zi)Eo,i(t’Zi) (19-5)
i1 i1

where N is the total number of the reflectors. z; represents the location of the i-t4 reflector. Note
that in Equation (19-5), both the optical and microwave components are functions of the

locations (z;) of the reflectors.

The optical component (i.e., the electric field of the i-th optical reflection) in Equation (5) is

given by

E, (2)- FiAexp{— jMH 2o m ©6)

where 7 is the amplitude reflection coefficient of the i-#4 reflector seen by the photodetector;

c 1s the speed of light in vacuum; 7 is the effective refractive index.

The microwave amplitude modulation term in Equation (19-5) is

c c

m(t,zi):\/1+Mcos{§2(t+l+2z’nﬂ (19-7)

where the microwave envelopes include two delay terms. The first is the delay associated with
the common electrical length () of the microwave system and this delay is the same for all the
paths. The second delay term is the contribution from the optical propagation delays at different

reflectors.
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For simplicity, let’s assume that the broadband optical source has a rectangular shaped
spectrum in the frequency range from @y, t0 @u... The total power of the superimposed optical

waves of all the reflections is given by

1 :
|Etatul| :ij. ;E,-(t,zi) do
(19-8)
1 Omax N 5 Opax N . )
= a}J- ;|E(Z,Z,-)| da)+wj i_l,;#j[E(t’Zi)E (t,zj)+E (t,zi)E(t,zj)]da)

‘min min

where the first integral is the self-product term and the second integral is the cross-product term,

and Aw=w,,, — o, -

Let’s first examine the cross-product term in Equation (19-8)

L I | Z V[E(t,zl-)E*(t,zj)+E*(t,zi)E(t,zj)}da)
min =117, (19-9)

2 N Dpnax 2
S 3 manloe i [ o] 2o

i=l,j=Li#j Opin

It is interesting to notice that the cross-product term is the optical interference signal similar
to a conventional all-optical interferometer. In the OCMI, the optical path difference (OPD) is

chosen to be sufficiently larger than the coherence length of the optical source, i.e.,

(z,—z)n>> %w. Under this condition, the integral term in Equation (19-9) approaches zero. In

our experimental OCMI system, we used a light source with a spectral width of 50 nm at the
center wavelength of about 1550 nm, whose coherence length was about 48 um. A typical OCMI

has an OPD of a few centimeters that is much larger than the coherence length of a broadband

DE-FE0001127 Final Project Technical Report Page 230



light source. As a result, the contribution from pure optical interference as depicted in Equation

(19-9) is negligible in a typical OCMI system.

The self-product term in Equation (19-8) is found to be

Tﬁ]}s do = Zr A2+ZF A Mco{Q(t+%+2zcnﬂ (19-10)

i=l1

which includes a DC term and the summation of a series of sinusoids at the microwave

frequency of (2.

The OCMI system uses synchronized detection to eliminate the DC term (first term) and
record the amplitude and phase of the microwave signal (second term) in Equation (19-10). As a
result, the total signal after optoelectronic conversion by the photodetector (with a gain of g) and

synchronized microwave detection is given by

S:Agﬁcos(Qt+d)eﬁr) (19-11)

In Equation (19-11), A,y and @ are the amplitude and phase of the microwave signal,

respectively.
e// - \/Z eff i eﬂ]COS( effz_¢efj",j)
ZFZ sm{Q(W 2z nﬂ
, c
@, =arctan| —- s Dy el-n 7}
ZFZ cos[Q( W 2z nﬂ
c
where

DE-FE0001127 Final Project Technical Report Page 231



2 2
Ay =TI4M ,

22
Ay =T54M

2
¢ef1_FAM(W znj

c c

22 n
by =T2 AZM[W J

C C

After scanning the microwave frequency through the entire available range (from ,;, to
Qmax), the complex microwave reflection spectrum (with both amplitude and phase) is obtained.
By applying a complex and inverse Fourier-transform to the microwave spectrum, a series of

cardinal sine functions are obtained at discrete reflectors, given by:

Q

X(t)=— j Sexp(jQu)dQ

‘min

w

- I ZF A MCOS{Q(I+—+ZTHexp(]Qt)dQ (19-12)

= ZFZ 2M‘smc max — min )(t+z'l-)]‘

2z.n . . . . .
where 7; = W, 25" i the propagation delay of the signal corresponding to the i-th reflector.
c c

In Equation (19-12), the maximum amplitudes of the discrete sinc functions are proportional
to the reflectivity of the cascaded reflectors. In addition, Equation (19-12) also provides the
location information of the reflectors along the optical fiber. The peaks of the sinc functions are
at the specific reflector locations (z;) that can be found when the delays (z;) are determined. The

frequency bandwidth (£, -Qin) determines the spatial resolution, i.e., the minimum distance
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between two adjacent reflectors to avoid an overlap of the two pulses in the time domain. The
larger the microwave bandwidth, the narrower is the pulse width (sinc function) in time domain

and the higher is the spatial resolution.

A time gating function with two windows is then applied to time domain signal given in
Equation (19-12) so as to isolate two arbitrary reflections. The gate functions could be designed
to have different shapes such as rectangular, Hanning, Turkey, etc. Here we generalize the gate
function as g(z). The time domain signal after applying a gate function is thus given by X(z)g(z).
The gated signal is then Fourier transformed back to the frequency domain to reconstruct the
microwave interferogram, which can be used to find the optical distance between the two

reflectors (e.g., dj). The reconstructed OCMI-FPI interferogram is thus given by
Socwr =8 *G (Q)exp(—-iQ7,) (19-13)

where G(Q) is the inverse Fourier transform of the gate function g(?); 7y is the time delay of the
gate function. As shown in Equation (19-13), the reconstructed microwave FPI interferogram in
spectrum domain is in essence a convolution of the microwave signal S and G(Q). Here we

define the optical path difference (OPD) of the OCMI-FPI is

1

OPD =d; =[2(z, -z, )| (19-14)

The free spectral range (FSR) of the reconstructed interference spectrum is a function of the

OPD, given by

FSR=—=< (19-15)
OPD
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Similar to an optical interference spectrum, the microwave amplitude spectrum in the
reconstructed OMCI-FPI can be used to find the OPD of an interferometer. It can also be used to

find the change in OPD based on the interference fringe shift.

Numerical simulations were performed to gain an intuitive understanding of using the OCMI
technique for distributed sensing. In the simulation, the fiber used was a Corning SMF-28e
singlemode fiber with the effective refractive index of the core of 1.468 according to the
datasheet from the manufacturer. The microwave frequency was chosen to be in the range of 0-6
GHz with 20000 equally-spaced sampling points. 8 weak reflectors with equal reflectivity of 1%
were implanted in the fiber at the discrete locations of 0.30, 0.40, 0.60, 0.75, 0.80, 0.90, 1.20,
1.60 m, respectively. The common electrical length of the microwave system was chosen to be

0.20 m.

Figures 19-2 (a) and (b) plot the calculated amplitude (4.5) and phase (D.;) spectra based on
Equation (11). Figure 19-2 (c) and (d) plot the calculated results based on Equations (19-12) and
(13), respectively. As shown in Figure 19-2(c), the 8 reflectors can be clearly identified at the
corresponding locations. A Hanning window function was applied to the time-domain signal
shown in Figure 19-2(c) to cut out a section including the 4™ and 5" reflectors. The center of the
Hhanning window was located at the center between the two reflectors and the width of the
window was chosen to be 1.22 ns. The cut-out section of the time-domain signal was then
Fourier transformed back into the frequency domain as shown in Figure 19-2(d), where an
interferogram can be clearly identified. The reconstructed interferogram is the result of the
microwave interference of the two reflected signals at the 4™ and 5™ reflectors. The FSR was

found to be 1.005 GHz, which matched well with that calculated based on Equation (19-15).
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Figure 19-2. Simulation of 8 reflectors along a single-mode fiber. The optical reflectivity
is equally distributed. The locations of the reflectors are 0.5, 0.6, 0.8, 0.9, 1, 1.1, 1.4,
1.8m, respectively. (a) Calculated amplitude spectrum (4.5) based on Eq. 19-11. (b)

Calculated phase spectrum (@) based on Eq. 19-11. (c) Calculated time/spatial domain
result based on Eq. 19-12. (d) Calculated microwave interferogram of the 4™ and 5t

reflectors based on Eq. 19-13.

In a similar way, any two reflectors can be cut out by applying a proper windowing function.
In essence, the two cut-out reflectors and the fiber section between them defines a low-finesse
fiber intrinsic FPI whose interferogram can be reconstructed in the frequency domain. The
reconstructed microwave interferogram can be processed to find its OPD or changes in OPD for
sensing applications. The location of the cut-out FPI is also known because the positions of the
two reflectors can be found in the time-domain. Spatially continuous distributed sensing can be

realized by consecutively selecting two adjacent reflectors along the optical fiber. In addition,
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any two arbitrary reflectors on the optical fiber can be selected to construct the interferometer.

As such, the gauge length can be flexibly reconfigured during measurement.

19.4 Experimental demonstration

According to the aforementioned modeling and simulation results, the OCMI interferogram
of any two reflectors can be unambiguously reconstructed for spatially continuous distributed
sensing. To validate the proposed concept, we designed two experiments based on cascaded

optical fiber FPIs.

19.4.1 System implementation

While there are many ways to implement the OCMI concept, Figure 19-3 illustrates an
example system configuration where a microwave vector network analyzer (VNA) is used as the
microwave source and signal detector. A broadband light source with the bandwidth of 50 nm is
intensity modulated using an electro-optic modulator (EOM) driven by the microwave signal
from the Port 1 of a VNA (HP 8753es). The VNA output is DC-biased and amplified to achieve
a high modulation index. A fiber circulator is used to route the modulated light into and the
output signal out of the distributed fiber optic Fabry-Perot interferometers. An optional erbium
doped fiber amplifier (EDFA) can be used for additional signal amplification if needed. After
DC-filtering and RF amplification, the photodetector output is connected to the Port 2 of the
VNA, where the amplitude and phase of the signal are extracted. By sweeping the VNA

frequency, the microwave spectrum (i.e., the S21 of the VNA) of the interferometer is obtained.
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Figure 19-3. Schematic of the OCMI system used to support proof-of-concept
experiments. A broadband light source (bandwidth = 50 nm) is intensity-modulated using
an electro-optic modulator (EOM) driven by the microwave output (DC-biased and
amplified) from Port 1 of a VNA (HP 8753es). The output from the fiber interferometer
is detected by a photodetector whose signal, after DC-filtering and RF amplification, is
recorded at Port 2 where the amplitude and phase of the signal are extracted. By
sweeping the VNA frequency, the microwave spectrum of the interferometer is obtained

(i.e., the S21 of the VNA).

19.4.2 Strain measurement using OCMI-FPIs

As shown in Figure 19-4(a), 6 weak reflectors were implemented on a singlemode fiber
(SMF-28e) by intentionally misaligning the fibers during fusion splicing. The 6 reflectors
divided the entire fiber into 5 measurement sections of different lengths as schematically shown
in Figure. The sensors were interrogated using the OCMI system described in Figure 19-3. The
microwave interference spectrum of the distributed sensors was first acquired and then complex
inverse Fourier transformed to obtain the time resolved reflections along the optical fiber as
shown in Figure 19-4(b), where the 6 reflections can be clearly identified at the time intervals
matching the section lengths. Using a time gating window, we isolated the two reflectors

defining Section 19.3 and reconstructed its microwave interferogram by complex Fourier
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transform as shown in Figure 19-4(c), where interference fringes are clean with the visibility
exceeding 25 dB, indicating excellent signal quality. Distributed sensing capability was tested
by applying axial strains to Section 3 only. Figure 19-3(d) plots the 3D view of the frequency
shift of the interferogram as a function of the applied strain, where the frequency decreases
linearly as the strain increases. In contrast, the other sections were left unstressed. As a result, no
frequency shifts were observed along the fiber outside Section 3. As shown in Figure 19-4(e), the
FPI defined by Section 19.3 had a linear response to the applied axial strain with a sensitivity of

2.26 KHz/pe.

It is worth noting that the reflectors created by fiber misalignments had large losses. As a
result, the reflections were not even and their amplitudes dropped quickly. A reflector with
controlled reflectivity and negligible losses is needed so that better fringe visibilities can be
obtained for each section and the number of reflectors can be significantly increased (thus a
much longer monitoring span). Nevertheless, the experiment results clearly show the capability
of using OCMI-FPI for strain sensing and the capability of locating the spatial position of the

interferometer using the OCMI technique.

19.4.3 Spatially continuous measurement of distributed strains

We also experimentally validated the spatially continuous distributed sensing capability
using cascaded optical fiber intrinsic Fabry-Perot interferometers (IFPI) as illustrated in Figure
19-5(a), where 10 weak reflectors were inscribed inside the core of a SMF using femtosecond (fs)
laser micromachining. The fs laser is a regeneratively amplified Ti: Sapphire laser (Coherent,
Inc.). The central wavelength, pulse width and repetition rate of the laser are 800 nm, 180 fs and

250 kHz, respectively. The maximum output power of the laser is 1 W. The actual power used
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for fabrication was controlled by adjusting the laser beam optics. The laser operation is fully
controlled by a computer. A microscopic video system is included in the system to observe the

fabrication process in real time.
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Figure 19-4. Validation of the distributed sensing capability of OCMI. (a) SMF
distributed sensors with 6 reflectors implanted to divide the entire length into 5 sections,
(b) Time resolved reflections along the optical fiber and time gating window to isolate
Section 3, (¢) Reconstructed microwave interferogram of Section 3, (d) Zoomed
interference spectra at different strains, (e) 3D view of the distributed OCMI fiber sensor
in response to axial strains applied to Section 3 only, and (f) Frequency shift as a function

of the applied strain.

During fabrication, the lens and fiber were immersed in deionized water. The focused fs laser

beam penetrated into the fiber and ablated a small cuboid shape with the dimension of 5 um x 30
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pum x 20 um in the fiber core as shown in Figure 19-4(f). The typical reflectivity of such a
structure was about -45 dB and the loss was about 0.02 dB measured by an optical power meter.
The weak reflectivity and very small loss allow us to cascade many reflectors along a fiber,

enabling distributed sensing over a long distance.

The reflectors divided the fiber into 9 consecutive measurement sections. Each section was
an IFPI with a length of about 12 cm. The IFPI sensors were epoxied on the surface of an
aluminum cantilever beam with its length, width, and thickness of 1,250, 80, and 9.10 mm,
respectively. One side of the beam was clamped in a vice. The other side was pushed by a micro-
actuator to bend the beam and apply strain to the attached sensors. The distance between the
clamp and the micro-actuator was 1.14 m. As the cantilever beam deflected, the amounts of axial
strain seen by the IFPI sensors were different. The mathematical model of the cantilever beam

used to calculate the strain distribution can be found in [24].

The complex microwave spectrum (amplitude and phase spectrum) of the distributed sensors
was first acquired as shown in Figure 19-5(b) and (c). Then complex inverse Fourier transform
was performed to obtain the distance-resolved reflections along the fiber as shown in Figure 19-
4(d), where the 10 reflections can be clearly identified and their separations match the
corresponding section lengths. Using a Hanning window, we isolated the two reflectors defining
Section 8 and reconstructed a microwave interferogram by applying complex Fourier transform
to the window-gated data. As shown in Fig. 5(e), the reconstructed interferogram is clean and has

a visibility exceeding 25 dB.

The deflections of the aluminum plate were increased at a step of 5 cm, measured by a

caliper. As the strain increased, the interferogram of each IFPI shifted correspondingly, as shown
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in Figure 19-5(e). By tracking the frequency shift of the individual interferogram, the changes in
OPDs (thus the physical lengths) were calculated for all the consecutive sections. The strain
value of each section was calculated by dividing the physical length change with respect to its
initial length calculated based on the FSR of the interferogram. Figure 19-5(e) shows the
measured strains (black dots) of various sections along the cantilever beam at the deflections of 5,
10 and 15 cm, respectively. The measurement data agreed well with the statics model predictions,
i.e., the mesh grids in Figure 19-5(g). The strain increased at the location that was closer to the
clamped end of the beam. The strain also increased at the same location as the deflection

increased.

In our preliminary OCMI system, the microwave bandwidth was about 6 GHz, which
provided a theoretical spatial resolution of about 3 cm. The pulses shown in Figure 19-5(d)
indicated no obverse overlap for the reflectors separated by about 12 cm. Given that modern
microwave instrumentation can easily reach 50 GHz bandwidth, the spatial resolution can be as

high as a few millimeters.
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Figure 19-5. (a) Schematic illustration of the experiment setup to validate the distributed

strain sensing capability of OCMI. (b) Amplitude spectrum and (c) phase spectrum of the

distributed sensor systems. (d) Time/distance resolved reflections along the optical fiber
where the 10 weak reflections can be clearly identified with excellent SNR. (e)

Reconstructed microwave interferogram of Section 8. (f) Confocal microscopic image of
a weak reflector fabricated by femtosecond laser micromachining. Using water

immersion fabrication, the focused fs laser beam penetrated into the fiber and ablated a
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very small region inside the fiber core. The reflector has a typical reflectivity of about -45
dB and a typical loss of about 0.02 dB. (g) Measured strain distribution at the different
sections along the beam under different amounts of deflections. The strain increased at
the location that was closer to the clamped end of the beam. The strain also increased at

the same location as the deflection increased.

19.5 Summary

In conclusion, a new distributed fiber optic sensing technique using optical carrier based
microwave interferometry was developed. Many optical interferometers with the same or
different optical path differences are interrogated in the microwave domain and their locations
can be unambiguously determined. The concept is demonstrated using cascaded weak optical
reflectors along a single optical fiber, where any two arbitrary reflectors are paired to define a
low-finesse Fabry-Perot interferometer. Spatially continuous (i.e., no dark zone), fully
distributed strain measurement was used as an example to demonstrate the capability of the
proposed concept. The spatial resolution is inversely proportional to the microwave bandwidth.
With a microwave bandwidth of 6 GHz, the spatial resolution can reach 3 cm. Although
distributed strain measurement using cascaded FPIs was used as a demonstration, the proposed
concept may also be implemented on other types of waveguide or free-space interferometers. In
addition to strain measurements, it can also be flexibly designed to measure other physical,
chemical and biological quantities by encoding the parameters to be measured into the OPDs of
the interferometers. As presented in [21], by reading the fiber optic interferometers in microwave
domain, the system offers many unique features including high signal quality, relieved

requirement on fabrication, low dependence on the types of optical waveguide, and insensitivity
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to the variations of polarization. It is also envisioned that the proposed technique could be

implemented in special optical fibers (e.g., multimode, single crystal sapphire and polymer

fibers), optical waveguides and free space. The new distributed sensing concept may enable

many important applications that are long-desired but currently unavailable.
y 1mp pp g y

19.6 References

1.

K. Grattan and T. Sun, "Fiber optic sensor technology: an overview," Sensors and

Actuators A: Physical 82, 40-61 (2000).

A.D. Kersey, T. Berkoff, and W. Morey, "Multiplexed fiber Bragg grating strain-sensor
system with a fiber Fabry—Perot wavelength filter," Optics Letters 18, 1370-1372 (1993).

K. O. Hill and G. Meltz, "Fiber Bragg grating technology fundamentals and overview,"
Journal of Lightwave Technology 15, 1263-1276 (1997).

Y. Wang, J. Gong, B. Dong, W. Bi, and A. Wang, "A quasi-distributed sensing network
with time-division-multiplexed fiber Bragg gratings," IEEE Photonics Technology
Letters 23, 70-72 (2011).

A.A. Childers, M. E. Froggatt, S. G. Allison, T. C. Moore Sr, D. A. Hare, C. F. Batten,
and D. C. Jegley, "Use of 3000 Bragg grating strain sensors distributed on four 8-m
optical fibers during static load tests of a composite structure," in SPIE's 8th Annual

International Symposium on Smart Structures and Materials, (International Society for

Optics and Photonics, 2001), 133-142.

J. L. Brooks, R. H. Wentworth, R. C. Youngquist, M. Tur, B. Y. Kim, and H. Shaw,
"Coherence multiplexing of fiber-optic interferometric sensors," Journal of Lightwave

Technology 3, 1062-1072 (1985).

J. Wang, B. Dong, E. Lally, J. Gong, M. Han, and A. Wang, "Multiplexed high
temperature sensing with sapphire fiber air gap-based extrinsic Fabry—Perot

interferometers," Optics Letters 35, 619-621 (2010).

DE-FE0001127 Final Project Technical Report Page 244



8. F. Shen and A. Wang, "Frequency-estimation-based signal-processing algorithm for
white-light optical fiber Fabry-Perot interferometers," Applied Optics 44, 5206-5214
(2005).

9. J.Huang, L. Hua, X. Lan, T. Wei, and H. Xiao, "Microwave assisted reconstruction of
optical interferograms for distributed fiber optic sensing," Optics Express 21, 18152-
18159 (2013).

10. A. Sutapun, M. Tabib-Azar, and A. Kazemi, "Pd-coated elastooptic fiber optic Bragg
grating sensors for multiplexed hydrogen sensing," Sensors and Actuators B: Chemical

60, 27-34 (1999).

11. L. Chen, T. Li, C. C. Chan, R. Menon, P. Balamurali, M. Shaillender, B. Neu, X. Ang, P.
Zu, and W. Wong, "Chitosan based fiber-optic Fabry—Perot humidity sensor," Sensors
and Actuators B: Chemical 169, 167-172 (2012).

12. M. Froggatt and J. Moore, "High-spatial-resolution distributed strain measurement in

optical fiber with Rayleigh scatter," Applied Optics 37, 1735-1740 (1998).

13. Y. Koyamada, M. Imahama, K. Kubota, and K. Hogari, "Fiber-optic distributed strain
and temperature sensing with very high measurand resolution over long range using

coherent OTDR," Journal of Lightwave Technology 27, 1142-1146 (2009).

14. X. Bao, J. Dhliwayo, N. Heron, D. J. Webb, and D. A. Jackson, "Experimental and
theoretical studies on a distributed temperature sensor based on Brillouin scattering,”

Lightwave Technology, Journal of 13, 1340-1348 (1995).

15. J. Dakin, D. Pratt, G. Bibby, and J. Ross, "Distributed optical fibre Raman temperature

sensor using a semiconductor light source and detector," Electronics Letters 21, 569-570

(1985).

16. M. N. Alahbabi, Y. T. Cho, and T. P. Newson, "150-km-range distributed temperature
sensor based on coherent detection of spontaneous Brillouin backscatter and in-line

Raman amplification," JOSA B 22, 1321-1324 (2005).

17. K. Shimizu, T. Horiguchi, Y. Koyamada, and T. Kurashima, "Coherent self-heterodyne
Brillouin OTDR for measurement of Brillouin frequency shift distribution in optical

fibers," Lightwave Technology, Journal of 12, 730-736 (1994).

DE-FE0001127 Final Project Technical Report Page 245



18. W. Eickhoff and R. Ulrich, "Optical frequency domain reflectometry in single-mode
fiber," Applied Physics Letters 39, 693-695 (1981).

19. M. A. Soto, G. Bolognini, F. Di Pasquale, and L. Thévenaz, "Simplex-coded BOTDA
fiber sensor with 1 m spatial resolution over a 50 km range," Optics Letters 35, 259-261

(2010).

20. Y. Dong, L. Chen, and X. Bao, "Time-division multiplexing-based BOTDA over 100km
sensing length," Optics Letters 36, 277-279 (2011).

21.J. Huang, X. Lan, H. Wang, L. Yuan and H. Xiao, "Optical carrier-based microwave

interferometers for sensing application," Proc. SPIE 9098, 90980H (2014).

22.]. Capmany and D. Novak, "Microwave photonics combines two worlds," Nature

Photonics 1, 319-330 (2007).
23.J. Yao, "Microwave photonics," Lightwave Technology, Journal of 27, 314-335 (2009).

24. K. Bisshopp and D. Drucker, "Large deflection of cantilever beams," Quarterly of
Applied Mathematics 3 (1945).

DE-FE0001127 Final Project Technical Report Page 246



20. High Temperature Sensor Testing System Design

20.1 Testing Capabilities

To support the evaluation and testing of the developed high temperature sensors and

instrumentation systems, a high temperature sensor testing system has been established in the

PI’s lab at Clemson University. The system has been successfully used to test the various

developed high temperature sensors and instrumentation. In addition, the testing system has been

used to evaluate the sensor packaging design and implementation.

Figure 20-1 shows the block diagram of the sensor test system. The system includes the following

seven functional units.

Gas #1

Ceramic test chamber

1

Gas #2

High temperature furnace

Gas #3

Gas mixer and controller

Figure 20-1. Block diagram of the sensor testing system

Sensor
interrogation, data
acquisition,
processing and
recording

Packaged sensor

The developed sensor testing system has the following testing capabilities and functions:

Capabilities

1) Temperature survivability the packaged sapphire sensor up to 1450°C.

2) The temperature sensitivity of the packaged sapphire sensor upto 1450°C.
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3) The temperature measurement resolution of the packaged sapphire sensor upto 1450°C.

4) The temperature measurement accuracy of the packaged sapphire sensor upto 1450°C.

5) The stability of the packaged sapphire temperature sensors at high temperatures (1450°C)

for an extended period of time of 300 hours and longer.

System functions

1) A electrical furnace to provide a high temperature capability upto 1600 C.

2) Gas suppliers and regulator/controller to provide different gas environment at high

temperatures.

3) A Ceramic test chamber to provide the high temperature and high pressure testing

environment.

4) A sensor insertion port for installation of the packaged sapphire sensors to be installed

into the test chamber.

5) Automated sensor interrogation, signal processing and recording.

20.2 Sensor Testing System Implementation

High Temperature Furnace: A 1730 Series high temperature furnace was purchased from
CM Furnace Company and fully assembled in our lab. It is a high temperature horizontal tube
furnace with double wall construction to allow rapid temperature heating as well as keeping the
outside skin temperature lower and cooling the terminals of the heating elements. The furnace
has a maximum continuous operating temperature of 1700 °C in air, providing us the required

high temperature characterization capability.
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To protect the fragile heating elements from damage during transportation process and
package their furnace and controlling system, the CM furnace system was delivered unassembled.
We installed the whole furnace system by assembling the heating elements, thermocouples,
power wires and extensions from furnace to the control system, positioning the ceramic posts
into the tube furnace, and connecting the water sealed models on the post terminals through solid
state cooling/chilling system. Figure 20-2 shows the fully assembled furnace, which has passed

the inspection by the university safety department.

Back side Front side

Figure 20-2. Images (back and front views) of the new, fully assembled CM 1730
furnace system, showing the furnace, controller, chilling system, connected heating

elements, thermo couples, extension wires, power transformer and ceramic post.

Gas composition system: The pressured air is provided by three gas cylinders (N, O, and

CO,) with a maximum pressure of 800 psi. The pressured airs from the cylinders are separated
regulated, mixed by a three-way mixer and then pressure-controlled to feed the high temperature
chamber. By varying the flow rate of the individual gas stream, the gas compositions inside the
test chamber can be changed to study the sensor dependence on the gas composition changes.

Specifically, we are interested in the oxygen rich environment and its influences on the sensor
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outputs. The system is also designed to test the sensor long term stability in different gas

compositions.

Integrated sensor testing system: Figure 20-3 shows the photograph of the desk-top sensor

interrogation system where an large size desk-top VNA is used. In field tests, the large size VNA
will be replaced by a portable VNA. A computer program has also been developed for automated

sensor logging.

Figure 20-4 shows the photograph of the packaged sapphire fiber sensor placed inside the
high temperature furnace. The long stainless steel tube is used to protect the fiber leads. The
sapphire sensor is placed in the ceramic portion and inserted into the high temperature furnace.
The gas cylinders and regulation system are used to change the gas compositions inside the test

chamber.

Figure 20-3. Photograph of the integrated automated sensor interrogation system.
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Figure 20-4. Photograph of packaged sapphire fiber sensor inserted inside the high

temperature furnace.

20.3 Evaluation of the Sensor Testing System

Single mode fiber Michelson interferometer based OCMI sensors have been used to evaluate

the developed sensor testing system as well as the performance of the instrumentation system.
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Figure 20-5 (a) shows the schematic construction of a SMF Michelson interferometer with a
length difference of 29 cm. The MI first splits light into two paths by a 2x2 optical coupler. The
two light beams travels along a distance and are reflected back by two reflectors inserted into the
two paths. The two reflected beams are then recombined at the coupler. The superposition of the
two beams results in an interference signal that is a function of the optical path difference (OPD)
between the two different paths. The time resolved reflections from two endfaces of these fibers
are shown in Figure 20-5 (b), and the reflection intensities from two endfaces are very close to
each other. Figure 20-5 (c) plots the microwave interference spectrum from this SMF Michelson
interferometer. The fringe visibility is 30~40 dB showing an excellent signal to noise ratio
(SNR). There are many methods to create the reflection mirrors, and we directly use the two
endfaces of SMF fibers as reflectors. It is worth noting that there are two factors impacting the
quality of interference signal: one is the magnitude of reflected intensities and the other is the
relative difference between two reflected intensities. To obtain a high quality interference
spectrum, the two reflection light intensities should be very close to each other, while the

magnitudes should be relatively strong.

The singlemode fiber based COMI Michelson interferometer was packaged into a ceramic
tube with an inner diameter of 0.5 mm. The ceramic tube was inserted into a programmable tube
furnace for high temperature sensing characterization, as shown in Figure 20-6. A vector
network analyzer was used to record the interference signals. The intermediate frequency
bandwidth (IFBW) and the sampling point of the VNA were set to be 100 Hz and 1600,

respectively.
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Figure 20-5. The schematic and the spectrum from OCMI based Michelson

interferometer using single mode fiber.

Figure 20-6. Pictures of experimental setup using the sapphire optical fiber based OCMI-

Michelson interferometer
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The stability of SMF Michelson interferometer was characterized by programming the tube
furnace stay at specific temperature points for certain longer time period. In our test, we set the
temperature increase speed as 100 °C per 15 minutes, and the dwelling time at each specific
temperature was 80 minutes in the temperature increase process. For temperature decreasing
process, due to much longer recovery time is needed for lower temperature, the temperature
decrease speed was set at 100 ° C per 30 minutes for 400 and 300 °C and dwelling time at 200 °C
was set to 120 minutes to fully stabilize the temperature in tube furnace. Some abrupt
temperature changes are due to the limited programmable steps from our tube furnace and 100 °

C spectra was not taken due to too long waiting time needed.

i~
)]
o]

3760

w

~J

()]

NS
1

3744 -

3736 -

1100

Q
N
<o

T T T T T T T
0 300

Resonance frequency (MHz)

T T T T T
600 900 1200 1500 1800

Time (minutes)

Figure 20-7. Stability test of OCMI based optical fiber Michelson interferometer at
different temperatures (100 ~ 1100 ° C).

Figure 20-7 shows the stability test results of OCMI Michelson interferometer (MI2) in the
whole temperature increasing and decreasing procedure. The spectrum bottom values were

recorded after each circle of frequency scan, and temperature increasing, decreasing and
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stabilizing process can be easily and clearly distinguished from each other in this figure. Based
on the experimental data, the sensor stability can be characterized by reading the frequency
variation values. It is estimated that the temperature variation range is around £3 ~ £ 10 °C in the
whole test process, demonstrating OCMI Michelson interferometer has high stability even under

very high temperature environment.

The reversibility of OCMI Michelson interferometer was characterized by recording and
comparing the resonance frequency shifts during temperature increasing and decreasing process.
The experimental data was acquired from Michelson interferometer 1, with maximum

temperature reaching 900 °C and the processed results were plotted in Figure 20-8.
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Figure 20-8. Repeatability test of temperature-induced resonant frequency shifts with

OCMI based optical fiber Michelson interferometer.
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This OCMI Michelson interferometer was firstly tested at temperature increasing condition,
and before the temperature was decreased, this device was kept under 900 ° C for 24 hours, with
resonance frequency shifted a little bit to smaller frequency region. Basically, the recorded
decreasing temperatures matched well with those taken at increasing procedure, meaning good
reversibility can be realized using this temperature sensor, and no obvious optical hysteresis was

obtained.
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21. Sapphire Fiber Cladding Using Polymeric Precursor Method

21.1 Introduction

High temperature sensors capable of in-situ monitoring physical and chemical properties of
gases are needed in the emerging advanced fossil fuel power plants for process control and
optimization to improve energy efficiency and emission reduction [1]. Sapphire (i.e. a-phase
Al,O3) optical fibers are promising candidates for constructing high temperature fiber optic
sensors (FOSs) to meet such harsh environment analytical needs [2] because of their very high
melting point (~2050°C) and outstanding chemical resistances and mechanical strength at high
temperature [3,4]. Pure sapphire crystals also possess excellent optical transparency over a broad
spectrum covering UV to infrared (IR) wavelengths. Unfortunately, commercially available
sapphire fiber waveguides are not cladded due to limitations associated with the manufacturing
processes based on melting-crystallization mechanism. The uncladded sapphire fibers suffer
severe losses of transmitting light intensity and interference from the environment due to the
very large difference of refractive index between sapphire and the surrounding gas as well as
surface scattering [5,6]. In addition, without the cladding protection, the sapphire fiber core will
be quickly damaged when it directly contacts the dusty fossil fuel gases at very high
temperatures. Therefore, the realization of high temperature sapphire FOS depends on the
development of appropriate sapphire fiber cladding to improve the waveguide efficiency and

provide fiber surface protection [7].

For applications in high temperature fossil energy production processes, such as coal-
gasification and combustion, the sapphire fiber cladding material must meet several basic

requirements, including a refractive index slightly smaller than that of the sapphire fiber, long-
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term thermochemical stability on sapphire, inertness in oxidizing and reducing atmospheres, and
coefficient of thermal expansion (CTE) close to sapphire. In the open literature, attempts have
been made on developing sapphire claddings using refractory materials such as polycrystalline
alumina (Al,O;), metal niobium, silicon carbide (SiC), and zirconia (ZrO;) [3]. These materials
have major issues of chemical or structural instabilities at high temperatures. Because of the
identical chemical composition, polycrystalline alumina can readily incorporate into the sapphire
phase that causes the cladding/core interface to disappear. The silicon carbide and metal cladding
layers readily react in high temperature oxidizing atmospheres [8]. The zirconia cladding layer is
generally ineffective for improving the waveguide efficiency because it has refractive index
greater than sapphire; also zirconia experiences monoclinic-to-tetragonal phase transition at
~1000°C accompanied by large volume changes which can induce structural damage in the

cladding or the fiber core [9].

Spinel MgAl,0O4 1s a well-known refractory ceramic material with a high malting point of
~2135°C [10] and a CTE (~8.1x10° °C' [11]) similar to that of sapphire (a-Al,03;, CTE =
7.5%10° °C™") [12]. The refractive index of MgAl,Oy4 single crystal is about 1.716 at A = 600 nm
(dn/dA = 0.0612 um™), which is slightly smaller than the index of sapphire single crystal (n =
1.769 at A = 600 nm, dn/dA= 0.0588 um™). These basic properties of spinel MgAL,Oy are
desirable for sapphire fiber cladding. The MgAl,O4 also possesses excellent chemical resistance
not only in high temperature oxidizing and reducing atmospheres but also in acidic and basic
environments [10]. Spinel claddings have been recently fabricated on ¢400um sapphire optical
fibers through direct reaction between a pre-coated thick MgO or MgO/MgAl,O4 layer with the
sapphire core at very high temperatures (>1500°C) for a short time [13]. The spinel-cladded

sapphire fibers were able to drastically reduce the numerical aperture (NA) and improve the
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transmission light intensity. However, the chemical compositions of these spinel claddings were
not equilibrated in the high temperature reaction process that could limit their thermochemical
stability as inter-diffusion and reaction between MgO and Al,O; will continue at high

temperatures [13,14].

In this work, we synthesized the spinel MgAl,Oy thin film cladding on ¢75pum sapphire fiber
by a relatively low temperature process for potential high temperatures applications. The MgO-
a-Al,O3 phase diagram contains two phase-equilibrium regimes which share a boundary of
spinel phase [15]. The spinel phase at this boundary has an MgO/Al,0O3 molar ratio (Ruo/41203)
of ~1.0 which remains almost constant at temperatures up to ~1250°C. Below 1250°C, when
Rugouzos of the entire specimen (including the coated film and sapphire substrate) is smaller
than 1.0, a final equilibrium state will be reached between a MgA1,O4 (Rugo/41203 ~1.0) phase and
a nearly pure a-Al,O3 phase; in contrast, when the overall Ry,o/u203 1s greater than 1.0, the
system will reach an equilibrium state between an alumina-doped MgO phase and a spinel
MgALO4 phase (Rygo/ui03 ~1.0). The hypothesis of this research is that, a spinel MgAl,O4 thin
film with Ry0u203 of 1.0 can be chemically stable on the sapphire substrate at temperatures up
to 1250°C because the compositions of the spinel and sapphire phases are already the same as or

very close to the values of their thermodynamic equilibrium state.

Spinel MgAl,O4 materials have been synthesized by various techniques such as solid state
reaction, spray drying, citrate precipitation, and sol-gel methods [10]. However, these
conventional methods are ineffective for coating spinel thin films on the sapphire fibers because
they employ extremely high temperature (1700-1900°C) for solid state reactions to form uniform
spinel phase and for film densification to achieve sufficient refractive index. In addition, directly

coating uniform inorganic solid precursor or spinel particle layer on the micron-sized cylindrical
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surface is technically challenging. Here, a facile polymeric precursor based approach was used to
synthesize the spinel thin film on the sapphire fiber. The polymeric precursor-based fabrication
process involves the synthesis of a liquid phase metal ion chelated polyethylene glycol (M-PEQG),
coating of the M-PEG on the substrate surface, and conversion of the M-PEG precursor coating
into a ceramic thin film by firing in air at relatively low temperatures (<800°C) [16,17]. The
liquid polymeric precursor is particularly convenient for coating thin films on small size
substrates with complicated geometries. More importantly, this synthesis method avoids thermal
treatments at extreme temperatures for the formation of dense and uniform metal oxide solutions
because the constituting metal ions are mixed at molecular level with precisely controlled atomic

ratio in the precursor [18,19].

21.2 Experimental Procedures

The polymeric precursor was prepared by acid-catalyzed polymerization of an aqueous
solution containing ethylene glycol and metal ions with predetermined molar ratios. The general
reaction process of the formation of M-PEG is shown below [16]. The metal ions (M) involved

this work include Al’* and Mg2+.
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The basic procedures for the polymeric precursor synthesis, precursor film coating on
sapphire wafers and optical fibers are similar to those described in our previous publications
[17,19]. The starting aqueous solution for synthesizing the Al’" and Mg chelated PEG (Al+Mg-

PEG) contained 0.02 mol of metal ions, 20 ml DI water, 0.02 mol glycine (used as pH buffer),
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and 40 ml ethylene glycol (EG). The AI’’/Mg*" molar ratio in the solution was 2:1 which was
obtained by dissolving 0.0133 moles of AI(NOs3);-9H,0 (Aldrich, 99.997%) and 0.0067 moles of
Mg(NOs3),-6H,0 (Fluka, >99.0%). The polymerization was conducted at 80°C for 144 h in a
125-ml glass flask which was placed in a gravity convection oven with its mouth open for water
removal. After completing the polymerization process, the flask was sealed and cooled naturally

to room temperature before being used for film coating.

The Al+Mg-PEG precursor film was coated on the single crystal sapphire fiber (<001>
orientation, Micromaterials Inc.) which was 10-cm-long and 75-um in diameter (¢75-um). The
polymer precursor coating was obtained by sliding a droplet of the viscous liquid M-PEG over
the horizontally suspended sapphire fiber. The droplet was manually pulled by a brush tip
moving back and forth along the fiber for 5 times at a speed of about 1~2 cm/s. The precursor
film-coated fibers were dried in an oven at 120°C for overnight to remove water and residual
volatile organics and then fired at 700 °C in air for 90 min. The heating and cooling rates used in
the firing process were 5°C/min. This three-step solid oxide film synthesis cycle, i.e. precursor
film coating, drying, and firing, was repeated for multiple times to achieve desired thickness of

the final oxide film.

The metal oxide thin films were also coated on single crystal sapphire wafers (<001>
orientation, 2.5cmx2.5cm, Crystal Systems, MA) for studying the film microstructural, material
stability, and optical refractive index. The precursor film was coated on the sapphire wafer by a
programmable two-stage spin coater. The spin-coating program included an initial step of 18-
second spinning at 500 rpm and a second step of 40-second spinning at 2100 rpm. The precursor-
coated substrates were dried and then fired under conditions similar to those used for coating the

fibers, namely drying at 120°C and then firing at 700°C for 90 min with heating and cooling rates
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of 5°C/min. Multiple cycles of precursor film coating, drying, and firing was employed to
achieve certain film thicknesses. In addition, powdery samples of the metal oxide materials were
also prepared by drying and rapidly firing thick layers (~2 mm) of the polymeric precursor

placed in large ceramic crucibles.

The polymer precursor samples were tested by Attenuated Total Reflectance (ATR; with
diamond crystal) Fourier transform infrared spectroscopy (FTIR; Nicolet 7600, Thermo
Scientific) in a wavenumber range of 400 ~ 4000 cm™ . The pure polyethylene glycol (PEG) and
ethylene glycol (EG) monomer were used as blank samples which were also tested by ATR-
FTIR for comparison. The crystal phase, morphology, and chemical compositions of the
synthesized metal oxide powders and films were characterized by X-ray diffraction (XRD;
PANalytical X’Pert Pro diffractometer, CuKo 1.54060A radiation, Bragg-Brentano 0-20),
scanning electron microscopy (SEM; FEI XL-30 System, accelerating voltage 10 — 15 kV), and
energy-dispersive spectroscopy (EDS; EDAX Corp., d=10mm and accelerating potential 15 keV).
The refractive index (n) was measured for the films coated on sapphire wafers by ellipsometry
(Woollam VASE32 ellipsometer) in a visible wavelength range of 500 — 900 nm. To investigate
the thermochemical stability of the MgAl,O4 film on sapphire substrate, the samples were
annealed for extended periods of time at 1000°C, 1200°C and 1300°C, respectively. The annealed
samples were examined by XRD, SEM, and EDS line scanning to observe changes in crystal

phase, microstructure, MgAl,O4/sapphire interface, and metal ion distribution across interface.

The effect of MgAl,O4 thin film on waveguide effectiveness of the sapphire fiber was
evaluated by comparing the numerical aperture (NA = sin(0)) of the fibers with and without the
MgAl,O4 coating. The apparatus for NA measurement is schematically shown in Figure 21-1.

The light input to the sapphire fiber was introduced by a single mode fiber (SMF, NA=0.14,
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Corning SMF-28e) which was connected to a tunable laser source. The SMF was placed on a
high precision rotation stage so that the angle of input to the sapphire fiber could be varied to
cover all possible excitation conditions. The output light from the other end of the sapphire fiber
was received by a multimode fiber (MMF, NA=0.22, Fiberguide 105/125Y) which was
connected to a photo detector (Newport 818-IR) and a power meter (Newport 2831-C). The NA
measurements were performed with the distance between the light source SMF and sapphire
fiber endface fixed at 2 mm, 4 mm, and 10 mm, respectively. The excitation SMF was rotated

step-by-step at a small angle (0) of 0.5° or 1° for each step.
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Figure 21-1. Schematics showing the apparatus for NA measurement.

21.3 Results and Discussion

The formation of the metal ion chelated polymer precursor is critical to achieving uniform
metal oxide solid solution at relatively low firing temperatures. Figure 21-2 shows the FTIR
spectra of the EG, PEG, and Al+Mg-PEG. The absorption peaks at ~1752 cm™ and ~1632 cm™

(vC=0), which were observed for the Al+Mg-PEG sample but not for PEG and EG, indicate the
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presence of C=0 double bonds resulted from metal chelates in the Al+Mg-PEG molecules [15].
Comparing with the spectrum of PEG, the new absorption peaks for Al+Mg-PEG at about 835
cm™ and 925 cm™ also indicate the existence of weak bonding between metal and oxygen in the
chelate structure [17,20]. The results of FTIR measurements prove that the metal ions were

effectively chelated onto the PEG chain.

Intensity

700 900 1100 1300 1500 1700 1900 2100
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Figure 21-2. FTIR spectra of the Al+Mg-PEG precursor, metal-free PEG, and EG

monomer.

Powdery samples of the solid oxide obtained by firing the Al+Mg-PEG precursor were
examined by XRD to confirm the formation of spinel MgAl,O4. The solid oxide powders were
fired in air for 20 h at 700°C, 1000°C, 1200°C, and 1400°C, respectively. The samples fired at
700, 1000, 1200, and 1400°C are denoted as P700, P1000, P1200, and P1400, respectively. The
XRD patterns of all these samples are shown in Figure 21-3 where the standard XRD pattern of
pure spinel MgAl,O4 powder (PDF-00-021-1152, JCPDS) is also included for comparison. The

perfect match of 20 positions of the XRD peaks between the spinel MgAl,O4 standard and
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powder samples confirms that spinel phase was formed after firing at the low temperature of

700°C. The formation of spinel MgAl,O4 at such a low firing temperature was due to the

molecular level mixing of the chelated AI’* and Mg ions on the polymer chain that instantly

produces a uniform MgO-Al,O; solid solution upon combustion of the polymer backbone

[16,19]. Also, the fast firing process of the thin precursor film creates a large number of

molecular oxides that leads to rapid nucleation and formation of MgAl,O4 nanocrystallites. The

low intensity and broad XRD peaks of the spinel particles obtained at 700°C are characteristic of

nanocrystalline microstructures. As the firing temperature increased, the XRD peak intensity

increased and the peak broadness decreased because of the growth of grain size by sintering

effect.

Intensity

20()

Figure 21-3. XRD patterns of the metal oxide powders obtained by firing the Al+Mg-
PEG precursor at different temperatures (a: P700; b: P1000; c: P1200; d: P1400; s:

standard cubic spinel MgAl,Oy).
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Figure 21-4. SEM images of the spinel films on sapphire substrates obtained by firing
the precursor films at 700°C for 90 min (a: spinel film surface; b: cross-section of the

MgAl,04-coated sapphire wafer; c: cross-section of the MgAl,O4-coated sapphire fiber).
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The MgAl,O4 films were coated on the sapphire wafers by 40 cycles of precursor spin-
coating, drying, and firing process. The MgAL,O, films on the 10-cm long sapphire fibers were
obtained by 25 cycles of brush-coating, drying and firing process. The MgAl,O4 films on both
the sapphire wafers and fibers were initially obtained by firing the precursor films at 700°C in air
for 90 min. Figure 21-4 shows the SEM images of the spinel films on the sapphire wafer and
fiber. Although the numbers of coating cycles were different, the films on the wafer and fiber
had similar thicknesses of ~ 800 nm because the thickness of the resultant oxide film obtained by
a single spin-coating cycle (~20 nm per coating cycle) was much smaller than that of the film

obtained by a single cycle of brush coating (30 — 35 nm per coating cycle).

The sapphire wafer-supported films obtained by 90-min of firing at 700°C (denoted as Sp-
700) were further annealed in air for 168 h at temperatures of 1000°C (denoted as Sp-1000) and
1200°C (denoted as Sp-1200), respectively. Figure 21-5 presents the cross-sectional SEM images
of the Sp-1000 and Sp-1200 samples. As can be seen in the SEM pictures, both films had clearly
defined interfaces between the MgAl,O4 film and sapphire substrate. By comparing the textures
of the film cross-sections shown in the SEM images, it is quite obvious that the sample film Sp-

1200 is more densified and has larger grain size than Sp-1000.

The MgAl,O4 film coated sapphire wafers, including Sp-700, Sp-1000, and Sp-1200, were
also examined by XRD. The XRD patterns of these samples are shown in Figure 6 in comparison
with the spectra of standard spinel MgAl,O4 powders and sapphire wafer (<001> orientation).
The XRD patterns of all three samples show the characteristic peaks of MgAl,O4 and sapphire

substrate without appreciable new peaks.
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Figure 21-5. The cross-sectional SEM images of the MgAl,O4 films on sapphire wafers
after 168 h of annealing at (a) 10000C (Sp-10000 and (b) 1200°C (Sp-1200).

For the spinel peaks, the intensity increased while the broadness decreased as the annealing
temperature increased because of the grain growth caused by sintering effects. A Sp-1200 sample
was further annealed at 1200°C for additional 672 h. The SEM picture of the cross-section of this
further annealed MgAl,O4 film (not shown) was not visibly different from the image of the
original Sp-1200 shown in Figure 21-5 (b). EDS line scanning was performed for the Sp-1200
after the 672-h annealing process. The line canning started from surface of the MgAl,04 film and

ended deep inside the sapphire substrate. The results of EDS line scanning along the film
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thickness are presented in Figure 21-7. As can be seen in Figure 21-7, the Mg”" was observed
only within the thickness of the MgAl,O, film, confirming that solid state diffusion of Mg®" into
the sapphire substrate was not appreciable during the long-time annealing at 1200°C. The
extraordinary thermochemical stability of the MgAl,O4 coating on the sapphire surface was
obtained because the spinel film had a pre-made composition (i.e. Rygou203 = 1.0) that is the
same as or very close to that required for establishing equilibrium state with the sapphire (-
AlO3) phase at temperatures up to 1250°C. Because at phase equilibrium state, there is no
driving force for net ion transfer or element redistribution across the interface of the two phases,

the MgAl,O, film is able to achieve long-term stability at <1250°C.

|

Intensity

15 25 35 45 55 65 75 85
260(°)

Figure 21-6. XRD patterns of the sapphire wafer-supported spinel films annealed at
different temperatures (1: standard of spinel MgAl,O4; 2: sapphire substrate; 3: Sp-700;
4: Sp-1000; and 5: Sp-1200).

DE-FE0001127 Final Project Technical Report Page 269



400

300 A

200

Counts

100 {5

0 1 2 3 4 5 6 7

Distance from surface, um

Figure 21-7. Results of EDS line scanning along the MgAl,O4 film thickness for Sp-
1200 after further annealing at 1200°C for 678 h.

According to the MgO-Al,Os; binary phase diagram shown in Figure 21-8 [21], the
equilibrium composition of the spinel phase and the mass distribution between the two phases
will change rapidly when temperature exceeds 1250°C. When the compositions change to reach a
new equilibrium state at a higher temperature (>1250°C), Rugos203 1n the spinel film becomes
less than 1.0 as a results of Mg®" and AI’" diffusion across the interface. Therefore, such a
change of equilibrium compoistion at >1250°C is expected to make the spinel/sapphire interface
disappear because of the solid state reaction at the interface. To study the morphological change
of the sapphire supported MgAl,Oy film at >1250°C, a 2.5cmx2.5¢cm Sp-700 sample was cut into
two pieces which were then annealed at 1300°C for 24 h and 48 h, respectively. The cross
sections of the two films were examined by SEM as shown in Figure 21-9. The spinel-sapphire
two-layer structure remained distinguishable after being annealed at 1300°C for 24 h but became
completely undistinguishable after 48 h of annealing at 1300°C. These observations prove that

spinel MgAl,0y is thermodynamically unstable on the sapphire surface at >1250°C. Based on the
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results of the current study, it can be concluded that the spinel MgAlL,O4 film (with Rygo/u203
~1.0) can maintain long-term stability on the sapphire substrate below 1250°C but becomes

thermodynamically unstable when temperature exceeds 1250°C.

3000
5}
[
et
£ 2000 A
o
B
="
&
v
& -

MgO + spinel spinel + o-ALO,
1000 r y v .
0 0.2 0.4 0.6 0.8 1.0

Mole fraction ALO,

Figure 21-8. Phase diagram of the MgO-a-Al,O5 binary system [21].

The refractive indices of the sapphire wafer-supported spinel films fired at 700°C (Sp-700),
1000°C (Sp-1000) and 1200°C (Sp-1200) were measured by ellipsometry in a wavelength range
of 500 ~ 900 nm. The results of the ellipsometric measurements are shown in Figure 10. The
refractive index of the spinel film increased with increasing the annealing temperature because of
the enhanced densification of the MgAl,O,4 film at higher temperatures. The refractive indices of
the films annealed at 1000°C and 1200°C for 168 h were close to the value of single crystal
spinel. For example, at A = 600 nm, the refractive indices of Sp-1000 and Sp-1200 were 1.611
(i.e. ~94.9% of the single crystal value) and 1.660 (~96.8% of single crystal value), respectively.
The refractive indices of the Sp-1000 and Sp-1200 are slightly smaller than the sapphire single
index (n = 1.769 at A = 600 nm) that makes them optically suitable for sapphire fiber cladding.

The Sp-700 had a refractive index value of 1.522 at A = 600 nm (88.7% of the single crystal
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index) that is significantly smaller than that of the sapphire single crystal. Thus, the MgAL,O4
film fired at 700°C may be inappropriate for high temperature sapphire fiber cladding because
the film density will inevitably increase to cause large changes in its index at application

temperatures higher than 700°C.

Spinel

e

Sapphire

Figure 21-9. The cross-section SEM images of the spinel films on sapphire wafers after
being annealed at 1300°C for (a) 24h and (b) 48h, respectively.
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Figure 21-10. Refractive index (n) for the spinel films on sapphire after annealing at

different temperatures.

To study the cladding effect, the 800-nm-thick MgAl,O4 film coated sapphire fiber (Figure
21-4 (c)) was tested by NA measurement after being annealed at 1000°C for 168 h. The sapphire
fiber used in NA measurements was 8-cm-long after cutting and polishing the two ends. The NA
measurements were performed for three different distances (d = 2, 4, and 10 mm) between the
end of the light source SMF and the input end of the sapphire fiber. An uncoated blank sapphire
fiber of same length was also tested under identical conditions for comparison. The results of the
measurements are presented in Figure 21-11 and Table 21-1. The NA value reflects the reception
angle (20) of the cone of light that can be admitted into the sapphire fiber. For an optical fiber,
small values of NA (=sin0) indicate high waveguide effectiveness in terms of preserving the
transmitting optical signal intensity and integrity that is critical to fiber optic sensor development.
Compared to the uncoated fiber, the 20 and NA values of the spinel-coated sapphire fiber were
significantly reduced. The detected power distribution curves of the spinel-coated fiber are
smoother and the peak intensities are stronger than those of the uncoated fiber. In addition, the

20 value of the coated fiber was essentially independent of its distance from the light source
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SMF while the 20 value of the uncoated fiber increased significantly as this distance increased
from 2 to 10 mm. These results demonstrate that the MgAl,O4 thin film after annealing at high

temperature (e.g. >1000°C) can be used as effective cladding for the sapphire fiber.
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Figure 21-11. Results of NA measurements for the uncoated and MgAl,O4-coated
sapphire fibers (source light A: 1520 ~ 1560nm): (a) d =2 mm; (b) d =4 mm; and (c) d =

10 mm.

Table 21-1 Results of NA measurements for the uncoated and spinel-coated sapphire fibers

(determined at output power of 1% of the maximum power)

20 (NA=Sin0)
Distance, mm 2 4 10
Uncoated 41°(0.350) 48°(0.407) 58°(0.485)
23.5° 23.5°
Spinel-coated 22°(0.191) (0.204) (0.204)
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21.4 Summary

The spinel MgAlL,O; thin films were coated on the ¢75-um single crystal sapphire fiber and
sapphire wafer using the facile polymeric precursor method. The polymeric precursor method
avoids the extremely high temperature treatments that are needed for the conventional synthesis
techniques to achieve dense MgAl,Oy4 films. The spinel films were demonstrated to possess long-
term thermochemical stability on the sapphire substrate at up to 1200°C. The extraordinary
stability of the MgAl,O4/sapphire layered structure is based on a unique thermodynamic property
that the spinel MgAl,O4-sapphire (a-alumina) equilibrium compositions remain virtually
independent of temperature up to ~1250°C. The MgAl,0, films, after being annealed at 1000°C
and 1200°C, obtained refractive indices which were close to its single crystal value and
meanwhile slightly smaller than the index of the sapphire single crystal. The 800-nm-thick
MgAl,O4 film coated sapphire fiber was able to dramatically reduce the NA values and improve
the transmitting light intensity as compared to the uncoated fiber. Results of this research
demonstrate that the spinel MgAl,O4 films are suitable as sapphire fiber cladding for long-term
applications at high temperatures of up to 1200°C. Although we are currently unable to anneal
the MgAl,O4-coated fiber at above 1000°C due to the small chamber size of our high
temperature furnace, it is anticipated that annealing at 1200°C will further improve the cladding
effectiveness and long-term stability in applications at <1200°C. Our future research will be
directed to further understanding the effects of annealing temperature and duration and spinel
film thickness on the cladding effect and structural stability at high temperatures. Improvement
of the coating technique is also needed for reducing the required coating cycles and enhancing

the fabrication efficiency.
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22. Sapphire Fiber Sensor Packaging

22.1 Introduction

To be able survive and operate in any high temperature, high pressure harsh environment, the
sensor has to be properly packaged. Although an assembly-free sensor fabricated by fs laser
micromachining has greatly improved the survivability of the sensor device, the sensor still
needs to be properly packaged no matter how simple it becomes. To package the developed
sapphire fiber sensors, there are two critical technical challenges that must be resolved. The first
challenge is to permanently connect the sapphire fibers with fused silica optical fibers. This is
not only to save the cost because sapphire fibers are expensive, but also to improve the optical
performance because sapphire fibers have a much larger optical loss than a fused silica fiber. It is
common to use sapphire fibers in a high temperature environment while the rest of the system is
placed in a low temperature environment. However, due to the crystal nature of sapphire fibers, it
is very difficult to fusion splice them together just like fusion splicing two glass fibers together.
In this project, we have developed a special fusion splicing program to permanently join a

sapphire fiber and a fused silica fiber together.

Another challenge is to design and implement a sensor package to protect the sensor from the
adverse environment. The protections include reducing the chance of breakage caused by excess
heat, avoiding optical contaminations to the sapphire sensor, relieving thermal stresses caused by
high temperature, and assisting sensor mounting to the equipment under monitoring. In the
project, we have designed, implemented and tested a package to host the developed sapphire
fiber sensors for temperature measurements inside a hot zone. The package for sapphire fiber

based pressure and strain sensors can follow the similar design guidelines.
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22.2 Fusion Splice a Sapphire Fiber with a Silica Fiber

It has barriers to splicer silica fiber and sapphire fiber together using traditional fusion
method because there are differences in their physical properties, including differences in
thermal expansion coefficients and the 400°C difference in their melting points. Fortunately, we
found a method to permanently spice the sapphire fiber with a regular silica fiber. The method
was based on a large-core fusion splicer (3SAE)—LDS, which is designed for splicing optical
fibers and other optical devices that are beyond the capability of conventional optical fiber
splicers. The LDS is a semi-automated fiber processing station that provides far more range of
positioning adjustment than conventional optical fiber splicers. Depending on different selected
options, up to ten separate angular and positional axes can be controlled, allowing unprecedented
adjustment of the geometry of the splice. Therefore, by adjusting different options, we could
change the preheating/heating/annealing arc power, fusion position, fusion pushing force,
annealing pulling force, to perform our experiments. Moreover, the Ring of Fire technology
provides a highly controllable plasma field that completely surrounds the fibers for even heat
distribution. Basically, the adjustable positioning features and the Ring of Fire plasma
technology allow us access the operation of splicing sapphire fiber and silica fibers together,

manually or semi-automatically.

First, the fusion position needs to be determined. We placed the arc probes surrounding the
sapphire fiber side (typically with 300~400 um offset) because sapphire fiber has much higher
melting point, larger thermal expansion coefficient (CTE) and better heat transfer capability. As
the splicing process started, the large CTE will induce the sapphire fiber to expand itself, which
is equivalent to a ‘push’ movement towards the silica fiber; then a slightly push was applied to

contact the sapphire fiber with silica fiber and these two fibers began to be fused together. The
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third procedure, which is called as annealing treatment, is critical in the whole splicing process.
The arc power needs to be gradually lowered until the fibers stopped glowing, so that the fibers
would not separate due to the rapid change in temperature. The heating area before and after
fusion, sapphire and silica fibers are shown in Figure 22-1. The diameters of the sapphire fiber
and silica fiber are both 125 micron. In this figure, a piece of single crystal sapphire fiber (125
pum in diameter and 1.8 m in length) was successfully fused with a multimode fiber. A series of

sapphire fiber with different lengths were also successfully fused with multimode silica glass

fibers.
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Figure 22-1. Images of two fusion points of the sapphire fibers and the silica with top

views (left) and side views (right).
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As shown in Figure 22-1, two pieces of single crystal sapphire fibers (125 um in size) were
successfully fused with the multimode fibers. The splice points were examined through the
OCMI system, which was delivered to the fusion filed to in situ monitor the quality of the fusion
point, as shown in Figure 22-1. We modified the fusion system by adding a measurement system
and an improved recipe to ensure that we can obtain two balanced reflection beams. The
measurement system consists of an optical source, a high speed photo detector and a vector

network analyzer that synchronizes the light modulation and signal detection.

As shown in Figure 22-2 (a), a laser diode (LD) with the bandwidth of around 1 nm is
directly modulated by the microwave signal from the Port 1 of the VNA. The center wavelength
and the modulation bandwidth of the light source are 1307 nm and 300 KHz to 6 GHz,
respectively. The microwave-modulated light is sent into one arm of the 2x2 coupler. The fiber
coupler is used to route the input microwave-modulated light into and the output signal out of the
Michelson interferometer. After reflected from the sapphire fiber endfaces, the beams are
detected by a high speed photodetector (PD) via another arm of the coupler. The photodetector
has a detection bandwidth of 6 GHz and a multimode detection area of 62.5 pm in diameter and
is connected to Port 2 of the VNA, where the amplitude and phase of the signal are extracted.
By sweeping the VNA frequency, the microwave spectrum of the Michelson interferometer is
obtained (i.e., the S21). By extracting the time domain signal, two reflection beams can be

identified with distinguished amplitudes, as shown in Figure 22-2 (b).

DE-FE0001127 Final Project Technical Report Page 282



Figure 22-2. (a) Photograph of the improved fusion system with the in situ monitoring
capability, including large fusion splicer, a VNA, a light source, a photo detector, the

packaging tube and lead-in fibers; (b) two balanced reflections in the time domain.

Our target is to make the two reflections have the same amplitudes using the improved fusion
recipe, which is achieved by fine tuning different fusion parameters and adding another fusion
circle after the first annealing treatment. The second fusion circle re-heats the joint with minor
pushing force and gentle plasma flame. The critical part is combining the monitoring system and

fusion splicing process together. The monitoring results provide a feedback to the re-fusion
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process and ensure the final balanced amplitudes. So far, we have improved the reflection power

by using this method and better interference spectrum has been obtained.

22.3 Packaging Sapphire Fiber High Temperature Sensors

To provide good mechanical stability without compromising the optical response of the senor,
as well as to protect the fiber sensor from other damaging effects induced by harsh industrial

environments, we have designed the sensor packaging as detailed in Figure 23-3.

The package design has considered many factors to enhance the sensor survivability and long
term stability by minimizing the adverse impacts from the harsh environment. The sensor
package has two general sections: 1) the hot zone which is mainly made of a ceramic tube with
two bored inner holes to host the sapphire fiber sensor and 2) the lead zone which is mainly
made of stainless steel tubes and fittings to protect the lead-in fibers, the fiber coupler, and to

reduce the stresses on the fiber.

To minimize the contact loss of the uncladded sapphire fibers, a number of ceramic ferrules
were evenly spaced to support the fiber inside the ceramic tube. The ferrules have an inner
diameter of 130 pm, which fits the sapphire fibers with a diameter of 125 um. The outer
diameter of the ceramic tube is a little smaller than the inner diameter of the stainless steel tube
so that the ceramic tube can be inserted into the stainless steel tube and fixed using high

temperature ceramic adhesives.
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Figure 22-3. 3D CAD drawing of the packaged sapphire fiber sensor.

Stainless steel tubes and fittings were used to construct the lead-in fiber protection section of
the packaged sensor. The insertion portion is designed to interface a Y4 inch port using a
compressed fitting for easy sensor installation. After the insertion port, a % inch stainless steel

tube is used to host another section of ceramic tube. The lead-in fibers were co-wrapped around
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the ceramic tube to minimize the thermal expansion induced stress. As the temperature changes,
the two lead-in fibers varied at the same rate. As a result, the mismatches between the two leads
are minimized. This section of 1/4" tube is also useful to provide a better adjustability for
different length of extending fibers. At the end of the stress relief section, another section of 1/4"
tube is added for protection of the fiber coupler. At the very end of the sensor packaging, a
custom-machined fitting is used to host two metal housed flexible fiber cables with FC

connectors for optical connections.

22.4 Preliminary Tests of the Packaged Sapphire High Temperature Sensors

Figure 22-4 shows the photograph of a fully assembled/ packaged sapphire fiber sensor, with

its ceramic tip inserted into the high temperature furnace at a temperature of 1450 C.

Figure 22-4. Fully packaged sapphire fiber sensor inserted into a hot furnace. The
sapphire sensor showing is the longest sensor for the purpose of in situ monitoring of the
gasification process (to be inserted from the top). Other sensors with shorter lengths are

being constructed for monitoring other power systems such as a gas turbine.
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A packaged sensor has been placed inside the furnace for 10 hours. The sensor have
successfully survived the high temperature of 1400°C. Figure 22-5 shows the time domain signal
of the sensor, where the two reflections have good contrast and signal-to-noise ratio when the
sensor is placed in the high temperature zone. The results indicated that the packaged sensors

successfully survived the high temperature environment.

Figure 22-5. Time domain reflections of the packaged sapphire fiber sensor at a high

temeprature of 1000°C. The sensor successfully survived the high temperature.

DE-FE0001127 Final Project Technical Report Page 287



23. Sapphire Fiber OCMI Sensor for High Temperature Sensing

23.1 Introduction

Silica glass optical fibers have been extensively used for sensing applications in the past few
decades, showing advantages such as low loss, light weight, immunity to electromagnetic
interference, and resistance to corrosion [1]. However, when used in harsh environments,
especially in high temperatures above 1000 °C, the softening of the silica glass material and the
diffusion of the dopants (e.g., Germanium) inside the fiber core raised a concern on the long-
term stability of the sensors. For better survivability and stability in high temperatures, single-
crystal sapphire optical fibers have been used for sensor development due to their high melting

point (2040 °C) and hardness [2].

Sapphire material has low transmission loss in a wide spectrum range and a large numerical
aperture [2]. The early sapphire optical fiber sensors utilized these features for temperature
measurement by coating the fiber tip with a thin layer of metal and monitoring the blackbody
(thermo) radiation [3, 4]. The blackbody radiation based temperature measurement worked well
at high temperatures but had low resolution at the low temperature region. Later, various sensor
devices, e.g., fiber Bragg gratings [5-7] and Fabry-Perot interferometers [8-10], have been
developed using sapphire fibers aiming to enhance the measurement resolution as well as for

measurements of other parameters such as strain and pressure.

However, sapphire fibers are highly multimode owning to their large core diameters,
uncladded structure and large numerical apertures. As a result, it is generally very difficult to
make sapphire sensors with satisfactory performance. Despite high temperature coatings [11-13]

have been developed to improve the waveguiding properties by decreasing the numerical
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aperture to a certain degree, the optical mode number was still larger than the conventional
multimode fiber. Because of the multimodal influence, it is difficult to fabricate a Bragg grating
or an interferometer using a sapphire fiber with good signal quality. For example, to construct a
Fabry-Perot interferometer on a sapphire fiber, the two reflectors must be precisely fabricated
with good smoothness and aligned exactly in parallel. An angle of 107 misalignment could
reduce the fringe visibility significantly [14]. In addition, the input light source must be well
collimated to reduce the number of excited optical modes. While most of the sapphire fiber
sensors are based on optical DC detection, the background blackbody radiation in the sapphire
material at high temperatures may severely interfere with the sensors’ signals. In summary, the
combination of multimodal influence, requirement of high fabrication precision and interference
of background blackbody radiation have placed a bottleneck on the development of high quality

sapphire fiber sensors.

A research area known as the microwave-photonics has been explored over the past 30 years
aiming to bring together the strengths from both microwave and optics. It intrigued us to explore
the possibility of combining microwave and optics for sensing applications, which has led to our
recently proposed concept of the optical carrier based microwave interferometry (OCMI) [15,
16]. By interrogating an optical interferometer in microwave domain, the OCMI concept
integrates the strengths of optics and microwave, providing several unique features that are
particularly advantageous for sensing application, including low dependence on the types of
optical waveguides, insensitive to variations in optical polarizations, high signal quality, relieved
fabrication requirements, and spatially continuous distributed sensing. In addition, OCMI uses

coherent detection in which the modulation, detection and demodulation are all synchronized and
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phase-locked to the same microwave frequency. The influence of background blackbody

radiation can be drastically reduced when the sensor is used in high temperatures.

In this project, we developed a microwave interrogated sapphire fiber Michelson
interferometer for high temperature sensing using the OCMI technology. The OCMI concept can
also be implemented for other types of sapphire fiber interferometers such as a Fabry-Perot or
Mach-Zehnder configuration. The interferometric sensor can also be used for measurement of

other parameters such as strain and pressure in high temperatures.

23.2 Experiments

While there are many ways to implement the OCMI concept, Figure 23-1 illustrates an
example system configuration where a microwave vector network analyzer (VNA) is used as the
microwave source and signal detector. A broadband light source (BBS) with the bandwidth of 50
nm is intensity modulated using an electro-optic modulator (EOM) driven by the microwave
signal from the Port 1 of a VNA (HP 8753es). The VNA output is amplified to achieve a high
modulation index. A fiber inline polarizer and a polarization controller are used for better
modulation. The modulated light is then sent into an optical interferometer (the sapphire fiber
sensor) whose output is detected by a high speed photodetector. The photodetector has a
detection bandwidth of 6 GHz and a detection area of 62.5 pm in diameter. A 3 dB fiber coupler
is used to route the input microwave-modulated light into and the output signal out of the fiber
sensor. After DC-filtering, the photodetector output is connected to Port 2 of the VNA, where the
amplitude and phase of the signal are extracted. By sweeping the VNA frequency, the

microwave spectrum of the sensor is obtained (i.e., the S;; of the VNA).
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Figure 23-1. Schematic of an OCMI interrogation system. VNA: Vector network
analyzer. BBS: Broadband source. PC: Polarization controller. EOM: electro-optic
modulator. MA: Microwave amplifier. PD: Photodetector. Color inset: Schematic of the

sapphire fiber based Michelson OCMI.

A single crystal sapphire fiber based OCMI Michelson interferometer was demonstrated for
measurement of high temperatures. As shown in the inset of Figure 23-1, the Michelson
interferometer was made by fusion splicing two sapphire fibers onto the two leads of' a 3 dB, 2x2
multimode fiber coupler. The fiber coupler was made of graded-index fibers with core and
cladding diameters of 62.5 and 125 pm, respectively. The single crystal sapphire fibers
(MicroMaterials, Inc.) were uncladded with a diameter of 125 pum. The two leads of the
multimode fiber couplers were cleaved to have the same length. The far ends of the sapphire

fibers were fine polished.

The incident microwave-modulated light is first split into two paths through the fiber coupler.
One beam is reflected from the endface of the sapphire fiber #1; the other beam is reflected from

the endface of sapphire fiber #2. The two reflected beams are then recombined at the fiber
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coupler. The superposition of the two beams results in an interference signal that is a function of
the optical path difference (OPD) between the two different paths. The OPD of the proposed
interferometer is longer than the coherence length of the optical source but shorter than the
coherence length of the microwave source. As such, the optical carrier waves build up
incoherently while the microwave signals (envelopes) build up coherently to form an

interferogram in the microwave domain [15].

To reduce the reflection and the transmission attenuation of the joint of silica and sapphire
fibers, the sapphire fibers were permanently fusion spliced to the two lead silica fibers of the
coupler. A large-core fusion splicer (3SAE) was used to precisely push the sapphire fiber step by
step while heated. Then the joint was gradually annealed to release the stress caused by the

fusion.

In the experiment, the intermediate frequency bandwidth (IFBW) and the sampling point of
the VNA were set to be 700 Hz and 16001, respectively. The driving power from port 1 was 4
dBm. The microwave frequency was swept from 2 to 5 GHz. Without taking averages in data

acquisitions and processing, it took about 7 seconds to acquire a microwave spectrum (S,;).

23.3 Results and Discussions

Figure 23-2 shows the time domain signal after applying a complex and inverse Fourier
transform to the recorded microwave spectrum. The first peak represents the reflections from the
fusion points between silica and sapphire fibers. Because the two splice points have almost the
same length measured from the coupler, the two reflections generated at the splice points were

inseparable in the time domain.
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Figure 23-2. Time domain signal after applying a complex and inverse Fourier transform

to the recorded microwave spectrum (Sy;).

The two other two peaks, representing the reflections from the two sapphire endfaces at the
far end, can be clearly identified. As illustrated in Figure 23-2, a gate function was applied in the
time signal to cut out the two reflections from the sapphire fibers and eliminate the reflections
from the silica-sapphire joints. Then the cut-out data was complex Fourier transformed to
reconstruct the interferogram as shown in Figure 23-3. This interferogram is the result of the
coherent superposition of the two far-end sapphire fiber reflections in the microwave domain, i.e.,
the OCMI interferogram of the sapphire fiber Michelson interferometer. The fringes are clean
with a visibility exceeding 40 dB at the microwave frequency of about 3500 MHz. It is obvious
that the multimodal interference in a sapphire fiber does not influence the interferogram in
microwave domain, indicating that the OCMI technology is basically insensitive to the
multimodal influence. The free spectral range (FSR) was measured to be 571.5 MHz. Based on
the equation in [15], the OPD of the interferometer was calculated to be 52.50 cm. Assuming

1.74 to be the effective refractive index of sapphire fiber, the length difference of the two
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interferometer arms was estimated to be 15.08 cm, which agreed well with the 15 cm measured

by a caliper.
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Figure 23-3. Microwave interferogram of the sapphire fiber Michelson OCMI showing a
visibility exceeding 40 dB at the microwave frequency of about 3500 MHz.

To avoid breakage and keep them in parallel during test, the two sapphire fiber arms of the
interferometer were inserted into a ceramic tube with an inner diameter of 0.5 mm. The ceramic
tube hosted sensor was then placed in a programmable tubular electric furnace for
characterization of its capability for high temperature sensing. The temperature was increased
from 100 to 1400 °C and then decreased back to 100 °C at an incrementing/decrementing step of
100 °C. As the surrounding temperature increased, the OPD of the two beams increased due to
the combination of the thermo-optic effect and the thermal expansion of the sapphire material.

The increase of OPD induced an interference spectrum shift towards the lower frequency region.

Figure 23-4 (a) and (b) show the interference fringes at different temperatures during
increasing and decreasing steps, respectively. The fringe moved towards the low/high frequency
regime as the temperature increased/decreased, indicating the optical length of the interferometer

increased/decreased correspondingly. It is interesting that the fringe visibility and intensity did
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not change too much at temperatures lower than 1000 °C, while it dropped dramatically when the
temperature is above 1000 °C. There exist two possible reasons. The first reason could be the
large black body radiation of the sapphire fiber at high temperatures functioning as an undesired
DC-component, would probably offset the signal and cause saturation to the high-speed
photodetector. A possible solution is to add an optical band-pass filter before the photodetector
to suppress the radiation in visible and IR regimes. Another possible reason is the thermally
induced attenuation in sapphire fibers at high temperature [17]. The attenuation increases almost
exponentially at high temperature (up to 1000 °C) and causes huge drop to the fringe intensity
shown in Figure 23-4. The deceasing of the fringe visibility is due to the unbalanced reflection
from the two arms with different lengths in the heated region. During the temperature deceasing

cycle shown in Figure 23-4 (b), the fringes went back their original waveforms indicating a good

repeatability.
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Figure 23-4. Interference fringes of the sapphire fiber based OCMI at different

temperatures during (a) increasing and (b) decreasing steps, respectively.
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Figure 23-5 plots the center frequency of the interferogram valley at about 4300 MHz at
different ambient temperatures. A non-linear relation was observed. The higher the ambient
temperature, the slightly larger the temperature sensitivity became. The average temperature
sensitivity of the sapphire fiber sensor was estimated to be —64 kHz/°C, demonstrating that the
developed sapphire fiber Michelson OCMI could be used as a high temperature sensor with good
sensitivity. The temperature responses at the increasing and decreasing cycles also agreed well

and showed no obvious hysteresis, indicating a good reversibility of the temperature sensor.
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Figure 23-5. The center frequency of the interferogram valley at about 4390 MHz at

different ambient temperatures during the temperature increasing and decreasing cycles.

The stability of the sapphire fiber sensor was also characterized. The sensor was placed
inside the furnace with temperature rising rate of 100 °C per 30 minutes. The dwelling time at
each temperature step was set to be 4 hours during the temperature increasing process. Figure 23-
6 (a) and (b) show the recorded sensing data in the duration of more than one hour at 1000 and
1400 °C, respectively. Based on the experimental data, the standard deviation of frequency at

1000 °C were calculated to be + 0.3 MHz, corresponding to a temperature variation of + 4.7 °C,
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or a relative variation of 4.7x107. The standard deviation of frequency at 1400 °C was calculated
to be = 0.45 MHz, corresponding to a temperature variation of + 7.0 °C, or a relative variation of

5.0x10°. The results demonstrate good stability of the proposed sensor for high temperature

sensing.
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Figure 23-6. (a) Stability test of the sapphire fiber based Michelson OCMI at (a) 1000°C
and (b) 1400°C.

23.4 Summary

In summary, a microwave interrogated sapphire fiber Michelson interferometer was
demonstrated for high temperature sensing. Using the optical carrier based microwave
interferometry, a high quality interference spectrum of the sapphire fiber interferometer was
obtained with a fringe visibility exceeding 40 dB in microwave domain. The sensor was tested
from 25 to 1400 °C, showing good sensitivity, reversibility and stability for high temperature
sensing. By interrogating the optical interferometer in microwave domain, the OCMI technique
offers many unique features including low dependence to the multimodal influences, high signal

quality, relieved fabrication precision, and insensitivity to background blackbody radiation when
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the sensor is used in high temperature. It is envisioned that the proposed technique can be

implemented in other types of sapphire fiber interferometers for measurement of various

parameters in high temperature harsh environments.
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24. Summary of Major Technical Accomplishments

Under the support of this research program, the team has successfully achieved the preset
objectives to develop and demonstrate robust, multiplexed, micro-structured silica and single-
crystal sapphire fiber sensors to be deployed into the hot zones of advanced power and fuel
systems for measurements of high temperature and gas pressure. Specifically, the team has

worked on four major technical areas, including

1) Development and demonstration of novel assembly-free microstructured fiber optic sensors
by femtosecond laser micromachining.

2) Design, development and implementation of novel signal processing methods to multiplex
and demultiplex cascaded optical fiber sensors for distributed measurements of various
parameters.

3) Development and demonstration of a novel method to clad single crystal sapphire fibers for
improved optical waveguiding properties and chemical stabilities at high temperatures.

4) Development of robust packages for the developed sensors and characterizations of the

developed sensors in simulated high temperature and high pressure environments.

During the project period, we have made many technical breakthroughs that could provide
potential solutions to the many challenging problems involved in sensing and monitoring under
high temperature and high pressure harsh conditions. These accomplishments are summarized

below:

1) Established the fs laser micromachining system with the full capability of automated 3D
micromachining as well as material property modifications. The established micromachining

system has been used for fabrication of various sensors and devices in different substrates as
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2)

3)

4)

5)

6)

7)

well as for educational purposes. Our results have proven the superior properties of
micromachined fiber optic sensors for applications in harsh environments.

For the first time to our knowledge, an open cavity optical fiber inline extrinsic Fary-Perot
interferometer was successfully fabricated using fs laser micromachining technology. The
sensor survived high temperatures and showed excellent capabilities towards various sensing
applications including temperature-insensitive measurement of refractive indices, which is
important for characterization of high temperature materials.

For the first time to our knowledge, a sealed cavity optical fiber extrinsic Fabry-Perot
interferometer has been fabricated using fs laser micromachining. The sensor, with very short
cavity and insensitivity to the outside refractive index changes, has been demonstrated for
temperature-insensitive pressure measurement.

An intrinsic optical fiber inline Fabry-Perot interferometer has been successfully fabricated
using fs laser micromachining. The sensor can be used for distributed measurements of
temperature and strain in harsh environments.

An optical fiber hybrid extrinsic/intrinsic Fabry-Perot interferometer (HEIFPI) has been
fabricated and demonstrated for simultaneous measurements of high temperature and
pressure.

An optical fiber inline Michelson interferometer has been fabricated using fs laser
micromachining and successfully demonstrated for high temperature measurements. The
sensor has the unique advantage of insensitivity to fiber bending. In addition, it operates in a
reflective mode that makes the sensor deployment convenient.

An optical fiber inline Mach-Zehnder interferometer has been fabricated using fs laser

micromachining. The sensor device has the potential for measurement of gas variations in the
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hot zone of an energy system.

8) Fiber Bragg gratings and long period fiber gratings have been successfully fabricated using
the established fs laser micromachining system. The gratings have the unique advantage of
surviving and operating in high temperature environments.

9) For the first time to our knowledge, a reflective mode surface enhanced Raman scattering
fiber probe was fabricated using fs laser in various optical fibers (e.g., SMF, MMF, and
sapphire). The probes have shown good performance for chemical detection and
identification.

10) For the first time to our knowledge, optical fiber inline waveplates and optical fiber inline
polarizers were fabricated using fs laser micromachining. These polarization dependent
devices can be used not only for sensing but also in optical fiber communication systems.

11)For the first time to our knowledge, optical fiber inline microfluidic channels have been
successfully fabricated using fs laser micromachining assisted by chemical etching. The
microfluidc channels can be used for liquid/gas sensing/analysis, which has a great potential
in biomedical applications.

12) We have successfully designed and demonstrated the proposed novel wavelength division
multiplexing based signal processing method to simultaneous interrogation of a number of
cascaded microstructured optical fiber sensors. The signal processing technique has been
successfully used for simultaneous measurements of temperature and pressure using the fiber
optic HEIFPI sensors.

13) We invented a brand new sensing concept — the optical carrier based microwave
interferometry (OCMI) sensing technology. For the first time to our knowledge, gigh

performance interferograms can now be obtained routinely using OCMI on highly multimode
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optical fibers (including the uncladded sapphire fibers). By combining the advantages from
optics and microwave, the OCMI has the unique advantages of high signal quality, relieved
requirement on fabrication, low dependence on the types of optical waveguide, and
insensitivity to the variations of polarization.

14) For the first time to our knowledge, spatially continuous, fully distributed sensing has been
successfully demonstrated using the new OCMI technology together with the modern
communication technology and fs laser micromachining technique.

15) We have successfully cladded the sapphire fibers and validated their performance up to
1200C. This is the first demonstration of such optically-functional high-temperature
cladding for sapphire fibers. We successfully synthesized spinel thin film as cladding coating
of the sapphire fiber using polymeric precursor method. The coating process has been fully
optimized to obtain defect-free and optically functional cladding layers. The coated sapphire
fibers were fully characterized experimentally to show their superior optical properties and
high temperature stabilities.

16) We have established a high temperature sensor testing facility with the full capability of
testing the developed sensors under high temperature and high pressure conditions.

17) We have successfully designed and implemented a new method to package the developed
sapphire fiber sensor for high temperature measurement and successfully validated the

packaged sensor at high temperatures up to 1600°C.

Under the close collaborations among the three research groups, we have completed all the
tasks and fulfilled the proposed research objectives. All the technical milestones have been
achieved and the project has been completed successfully. The technical breakthroughs obtained

under this project produced many novel harsh environment sensing technologies that could be
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directly used in existing and next generation power and fuel systems for in situ monitoring and
advanced control of key operational parameters to achieve the challenging goals of enhanced
efficiency, reduced emission, and improved reliability/availability/maintainability. The research
may also have profound impacts on the general field of harsh environment sensing as it fosters a
number of new inventions that may benefit the sensors and instrumentation community as well

as the entire energy sector.
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