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Executive Summary

This report summarizes technical progress during the program “Optical Fiber High
Temperature Sensor Instrumentation for Energy Intensive Industries”, performed by the
Center for Photonics Technology of the Bradley Department of Electrical and Computer
Engineering at Virginia Tech. The objective of this program was to use technology recently
invented at Virginia Tech to develop and demonstrate the application of self-calibrating
optical fiber temperature and pressure sensors to several key energy-intensive industries
where conventional, commercially available sensors exhibit greatly abbreviated lifetimes due
primarily to environmental degradation.

A number of significant technologies were developed under this program, including

« a laser bonded silica high temperature fiber sensor with a high temperature
capability up to 700°C and a frequency response up to 150 kHz,

« the world’s smallest fiber Fabry-Perot high temperature pressure sensor (125 x 20
pm) with 700°C capability,

o UV-induced intrinsic Fabry-Perot interferometric sensors for distributed
measurement,

. a single crystal sapphire fiber-based sensor with a temperature capability up to
1600°C.

These technologies have been well demonstrated and laboratory tested. Our work plan
included conducting major field tests of these technologies at EPRI, Corning, Pratt &
Whitney, and Global Energy; field validation of the technology is critical to ensuring its
usefulness to U.S. industries. Unfortunately, due to budget cuts, DOE was unable to follow
through with its funding commitment to support Energy Efficiency Science Initiative projects
and this final phase was eliminated. Accomplishments during the program are summarized
briefly here and described in detail in the remainder of the report.

— A cleanroom facility was designed and installed at the Center for Photonics
Technology for the fabrication of diaphragm-based Fabry-Perot sensors.

— Sensor testing methods have been developed and effectively utilized to analyze
various aspects of sensor performance. A high temperature, high pressure dynamic
test system was designed and assembled to allow sensor evaluation at temperature up
to 1200 °C, background pressure up to 200 psi, and dynamic pressure more than 140
dB with a frequency of 47 kHz

— Borosilicate ring-based engine sensors were designed and fabricated, and their
performance characteristics evaluated.

— Photolithography procedures were optimized for etched diaphragm-based sensor
fabrication.

— Direct bonding, hydroxide catalysis bonding, and sol-gel-based bonding techniques
were investigated for diaphragm/ferrule bonding requirements.
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— Laser bonding-based pressure sensors were successfully demonstrated up to 1800 psi.

— A novel demodulation technique was developed, called grating-assisted operating
point tuning (GA-OPT), by using a diffraction grating with feedback control. The
GA-OPT features dynamic operating-point control, high frequency response,
insensitivity to light source fluctuation, and real time operation.

— A prototype of the digital signal processing system was implemented.
— Corrosion rates of single crystal sapphire and zirconia in glass were evaluated.

— Thermally bonded engine sensors were fabricated, packaged, and evaluated for
sensitivity, dynamic response, and temperature dependence.

— A fabrication process for miniature diaphragm-based EFPI sensors was developed
that reduces the sensor size to 125um through a series of processes involving fusion-
splicing, cleaving and etching. The fiber tip sensor is fabricated with fused silica
fibers only, eliminating the problem of thermal expansion mismatch between
different materials.

— Hollow fiber-based miniature sensors, which employ a simple and efficient
fabrication process, were designed and evaluated in both static and dynamic pressure
environments. Sensitivities of about 1.17 nm/psi were demonstrated with no apparent
hysteresis and very good repeatability and linearity. The sensitivity can be further
improved by reducing the thickness of the diaphragm. The measured temperature
coefficient was about 0.05 nm/°C.

— Sapphire diaphragm-based high temperature sensors were designed. Three types of
fibers have been tested using with two types of fused silica wafers.

— A novel method, laser ablation on hot substrate, was developed to etch sapphire using
excimer laser.

— A simple, novel process was developed to fabricate intrinsic Fabry-Perot
interferometric sensors for temperature and strain measurements by wet chemical
etching and fusion splicing. This process is not only a cost effective technology but
also has potential for batch processing.

— We have fabricated IFPI sensors on commercially available photosensitive fiber by
using UV laser source, and have built an interferogram analysis based measuring
system, and have demonstrated their usage for temperature, strain and pressure
sensing. We also proposed a spatial frequency division multiplexing scheme, and
showed the potential to densely multiplex IFPI sensors.

— A thermally tunable filter was demonstrated with a tuning range of 90.8 nm with a
temperature sensitivity of 1.63 nm/°C and a long-term drift of less than 5.0 pm in the
1550 nm band. The filter features polarization independence, high repeatability, and
inherently low drift and low insertion loss.

— The current data analysis system was analyzed and a new fiber sensor spectrum
analysis system was designed to be portable, cost effective, with low power
consumption, and adaptable to many types of fiber sensors. We are currently
programming the USB host driver to achieve control of the spectrometer and writing
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the system application program. The size of a finished system PCB board, with CPU,
memory, USB ports, power and LCD circuits on it, will not be larger than the size of
the LCD screen.

— Three types of fiber optic pressure sensors were successfully field tested near the fan
of a jet engine, demonstrating not only good sensor performance, but also that the
sensor packaging and installation are suitable for engine operation.
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Introduction

1.0 Introduction

This is the final report for the Virginia Tech Center for Photonics Technology (VTCPT)
research project entitled “Optical Fiber High Temperature Sensor Instrumentation for Energy
Intensive Industries.” The objective of this program was to use technology recently invented
at Virginia Tech to develop and demonstrate the application of self-calibrating optical fiber
temperature and pressure sensors to several key energy-intensive industries where
conventional, commercially available sensors exhibit greatly abbreviated lifetimes due
primarily to environmental degradation. The developed sensors fulfill documented needs for
real-time accurate monitoring of temperatures and pressures in the harsh high-temperature
environments typical of several Industries of the Future (IOF), including transportation,
power generation, glass, and metal-casting industries. The end goal of this effort is to allow
significant energy efficiency gains, while reducing many of the hazardous emissions
associated with these industries, through process control optimization with robust, reliable
Sensors.

The impetus for development of improved sensors in the IOF industries is well documented.
In a recent report commissioned by the U.S. Department of Energy on the potential economic
impact of sensors with improved performance in harsh environments, one of the major
conclusions was that development of improved harsh environment sensor technologies is
projected to have a large (several percent) impact on the energy usage and waste production
of U.S. industry. This report states that improved harsh environment sensors could save 17
to 45 trillion Btu of energy in the glass industry with corresponding reductions in greenhouse
gas emissions; 26 trillion Btu of energy in the steel industry due to avoidance of scrap and
rework; and 0.25 quadrillion Btu of energy across all the strategic energy-consuming
industries identified as Industries of the Future (IOF) by the Department of Energy.

Pressure and temperature sensors are vitally important for efficient energy use and low
environmental emissions in many industrial processes and engineering systems, especially
energy-intensive industries such as the power generation, metal casting, glass and
transportation sectors.  However, many of these processes involve various harsh
environmental conditions, such as high temperature, high pressure, chemical corrosion, and
strong electromagnetic interference (EMI), which often make conventional sensors and
measurement devices difficult to apply.

Instrumentation based on optical fiber sensors has been demonstrated to be especially
attractive for the measurement of a wide variety of physical and chemical parameters because
of such inherent advantages as 1) an immunity to electromagnetic interference, 2) avoidance
of ground loops, 3) capability of responding to a wide variety of measurands, 4) avoidance of
electric sparks, 5) resistance to harsh environment, 6) remote operation, 7) capability of
multiplexing, and 8) ease of integration into large-scale fiber networking and communication
systems. Because of these inherent advantages, fiber sensors are extremely attractive to a
wide range of industries, including the energy-intensive IOF industries.
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This program directly leverages recent breakthroughs at VTCPT in self-calibrated
interferometric/intensity-based (SCIIB) sensors and single crystal sapphire fibers. The
SCIIB technology for the first time successfully combines optical fiber interferometry and
intensity-based signal processing into a single sensor system that possesses all the major
advantages of both of these optical methods while eliminating or significantly minimizing the
disadvantages that have limited industrial applications of optical fiber sensors in the past.
Major advantages of the SCIIB system include small size, high resolution and accuracy, high
frequency response, high temperature capability, immunity to electromagnetic interference,
strong resistance to chemical corrosions, and self-calibrating and absolute measurement.

In addition, this program also leverages research at VTCPT in the development of sensors
based on fibers made of single-crystal sapphire for use in extremely harsh environments,
particularly where temperatures exceed 1500°C. Sapphire is an excellent material for the
construction of harsh environment sensors, due to its high melting point, excellent
transparency, and well-documented resistance to corrosion.

2.0 Review of SCIIB Theory of Operation

For clarity, the operation of the SCIIB pressure sensor is reviewed here. The basic SCIIB
configuration is shown in Figure 2.1. The light from an optical source is launched into a
two-by-two fiber coupler and propagates along the optical fiber to the sensor head. As
shown in the inset of Figure 2.1, the input fiber and a reflector are thermally fused to a
hollow glass tube with a predetermined air gap separation. By thermally fusing the glass
capillary tube to the glass fibers, the use of organic adhesives such as epoxy is avoided,
eliminating the temperature limits and temperature-dependent mechanical properties and
hysteresis of those adhesives. The incident light is first partially reflected at the endface of
the input fiber (R, in Figure 2.1). The remainder of the light propagates across the air gap to
the reflector surface where a second reflection (R;) is generated. The two reflections travel
back along the same input fiber through the same coupler to the photodetection end.

In order to overcome problems associated with conventional fiber interferometric sensors,
such as relative measurement, low frequency response, and complexity in signal
demodulation, a special optoelectronic signal demodulation method is employed that allows
self-calibrating absolute measurement with high frequency response. When the source
coherence length is longer than the path length difference of the two legs in an
interferometer, interference is observed when the two reflections are combined; when it is
less than the path length difference, interference does not occur, and the combination of the
two beams results in the sum of their intensities. In the SCIIB system, the coherence length
of the sensor channel (Channel 2 in Figure 2.1) is engineered to exceed the path length
difference in the Fabry-Perot cavity (twice the gap length), resulting in interference fringes as
the gap length is changed by the measurand of interest. The coherence length of the
reference channel (Channel 1 in Figure 2.1) is adjusted to be much shorter than the path
length difference in the Fabry-Perot cavity. Therefore, no interference occurs and the power
output of the reference channel is simply the sum of the optical power of the two reflections
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R; and R,. Both channels are affected by changes in fiber loss, bending, connector loss and
fluctuations in source power, while only the sensor channel exhibits changes due to the effect
of the desired measurand, e.g. temperature or pressure, on the gap length. The undesired
fluctuations can be canceled out by taking the ratio of the two channels. To simplify the
processing and interpretation of the sensor output, the sensor probe is designed so that the
optical intensity of the output over the expected full range of the measurand remains within
the quasi-linear portion of the interferometric output. This is accomplished by controlling the
length, diameter, wall thickness, and the modulus of elasticity of the capillary alignment tube
during sensor fabrication. In this way complicated signal processing involving fringe
counting or spectral decomposition can be avoided, and a simple photodetector used.

Optical power
A

ho Optical fiber
P Sensor
B Optical source Coupler @
.
Channel 1 thermal protective coating
<—| AA splitter 5/ bond l
Detector
ey e
\ inputfiber R, R,? reflector fiber
Channel 2 | ; ﬁi%ﬁ
Detector glass alignment tube interferometer cavity
Signal
. |
processing

Figure 2.1. Illustration of the principle of the self-calibrated interferometric/intensity-based
(SCIIB) fiber sensor.

When a hydrostatic pressure is applied to the sensor head illustrated in Figure 2.1, the airgap
length in the sensor will change due to the longitudinal and lateral compression of the glass
alignment tube. This variation can be expressed as

A=t P (1-2), (2-1)

where p is the applied pressure, £ is the Young’s modulus of the tube material, x is the
Poisson ratio, L is the distance between the two points where the fibers are fused to the
alignment tube, and 7, and r; are the outer and inner radii of the glass tube, respectively.

Equation (2-1) indicates that the airgap change AL is linear with respect to the applied
pressure. In addition, the equation illustrates the SCIIB design flexibility for different
dynamic measurement ranges through the involvement of several parameters, including the
inner and outer diameters of the hollow glass tube, the distance between the two fusion
points, and the mechanical properties of the hollow glass material.
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3.0 Pressure Sensor Development

The first task of the sensor development program was to specify the technical requirements
for real time measurement and monitoring of the pressures and temperatures for the power
generation, glass melting, metal casting and the transportation industries. This was
performed through a collaborative effort with the industrial partners. A trip was conducted to
Pratt & Whitney and to Alstom Power (formerly ABB) to discuss the technology and specify
the requirements for the sensors. The parameters for development of the pressure sensors for
use in power generation and transportation were determined for the pressure sensors for use
in both test and flight engines. In conjunction with Corning, Inc., the parameters for use in
crown as well as in glass temperature measurements for a variety of glass compositions have
been specified. The specified parameters include crown temperatures, three different
representative glass compositions for corrosion testing, in glass thermocouple temperatures,
and normal thermocouple lifetimes.

The SCIIB technology described in Section 2.0 has been adapted for the measurement of
pressure in both ground-based and in-flight turbine engines. A tube-based SCIIB system is
not well suited for the turbine engine requirements; a diaphragm-based SCIIB sensor system
(Figure 3.1) was developed during this program. The system is composed of a sensor probe,
a broadband light source such as an LED, an optoelectronic signal processing unit and silica
glass optical fibers and optical components linking the sensor probe and the signal processing
unit. The sensor head is constructed by inserting an optical fiber, with its endface cleaved

optical source

Circulator
Sensor

9:1 2x2

wideband channel coupler

Signal
processing
unit

In-line
filter

A

Lead in/out

fiber Diaphragm

Silica tube

Ferrule

narrowband channel

Figure 3.1. Schematic of basic diaphragm-based SCIIB sensors.
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and coated, into a capillary tube so that a Fabry-Perot cavity is formed between the fiber
endface and a gold coated fused silica diaphragm. Light from the broadband source is
launched into Port 1 of a circulator, outputs from Port 2 and propagates along the optical
fiber to the sensor head. Similar to the system shown in Figure 2.1, the two reflections then
travel back along the same fiber, to Port 3 of the circulator. The sensor output is then split
into a wide band and a narrow band channel that are detected by two photodiodes.

3.1 Principle of Operation

The coherence length L. of a light source is inversely proportional to the spectral width and
can be estimated by

2

A
L. oc—, 3-1
Y (3-1)

where A, is the central wavelength of the channel and AA is its spectral width. To obtain a
highly interfering signal from the F-P cavity, the optical path difference (OPD) between
different beams has to be much smaller than the coherence length of the light. If the OPD of
the interferometer is larger than the coherence length of the light, the reflected beams will not
effectively interfere with each other to generate fringes.

When a low-finesse Fabry-Perot (F-P) interferometer formed by low-reflection mirrors is
illuminated by a light source, the response is a periodic function similar to a two-beam
interferometer that can be expressed as:

I=E+E;+2-¢7"" . E -.E, -cos(—4ZL +7)

c

=R-A-1,-[1+17°(1-R)* =2n(1-R) cos(i—ﬁ L), (3-2)

c

~2R-A-1, -[l—ncos(ziL)]
where: E; and E; are the magnitudes of the electrical fields of the reflected light at two air-
fiber endfaces
1 o is the optical power of the source
R is the reflectance of the boundary of the air and fiber endfaces
L is the cavity length
A is the optical loss coefficient along the whole optical path
n is the coupling coefficient of the Fabry-Perot cavity. It is a function of the cavity
length L, the lateral offset, and the angular offset. Because the cavity length change is
very small, it remains relatively constant.

The reflectance can be calculated by
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n—n'
R=[=1 )y, (339
(n+n")
where n is the refractive index of the fiber core and diaphragm, and »' is that of the medium
separating the fiber and the diaphragm, which in our case is air. The reflectance at the
surfaces is thus about 4% of the total incident optical power.

Figure 3.2 illustrates the output interference fringes typically obtained from the diaphragm-
based F-P sensors. The pressure signal generated by a turbine engine, for example, causes the
deformation of the diaphragm, which modulates the sealed air gap length. The sensor
therefore gives an output signal that corresponds to the pressure modulation of the engine.
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Figure 3.2. Illustration of the linear operating range of the sensor response curve.

The quality of the optical interference is described by the parameter fringe visibility v,
defined by:

y = Zmax ~ “ min , (3-4)

where I, and I,,,, are the minimum and maximum intensities of the optical interference,
respectively. Obviously, y depends on n and R.
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The sensitivity of an interferometer (/;.,;) can be defined as the intensity change produced in
response to unit air gap change as given by:

I, =abs(j—i)=abs(ﬂj—fsin(‘;—ﬂ)>, (3:5)

c

where [ =2RAI n. The maximum sensitivity ( L.ns(max)) obtained at the quadrature point
of the interference fringes is:

I, (max)=pf 1—” (3-6)

Like regular interferometers, the measurement will have ultra-high sensitivity. One period of
fringe variation corresponds to an air gap change of one-half of the optical wavelength.
However, from Eq. (3-5), the measurement would suffer from the disadvantages of
sensitivity reduction and fringe direction ambiguity when the sensor reaches peaks or valleys
of the fringes. Sensitivity is reduced at the peak or valley of a fringe since at that point the
change in optical intensity is nearly zero for a small change in the air gap. Fringe direction
ambiguity refers to the difficulty in determining whether the air gap is increasing or
decreasing by detecting the optical intensity. If a measurement starts with an air gap
corresponding to the peak of a fringe, the optical intensity will decrease, regardless of
whether the gap increases or decreases. Therefore, we define the operating range of the
sensor (Loperaing 1N pm) as its sensitivity remaining within the 60% of the maximum
sensitivity.

1

= Solution{l ,, < ,84777 ®60%} . (3-7)

operating sens

Within this range, a pressure induced airgap change can be realized linearly by the sensor. To
obtain the highest pressure sensitivity and resolution possible, it is very important to ensure
the sensor work within its operating range.

An airgap change of a half of a wavelength can cause the relative movement of one whole
fringe length. This would allow for ambiguity in the interpretation of the pressure signal. For
example, if the pressure response was such that the diaphragm was deflected a distance
equivalent to multiple wavelengths, the output signal could be from any of the sinusoidal
repeat fringes; it would first be necessary to know which fringe one was on. Once the fringe
was determined, the pressure measurement then would be absolute. It is not apparent
however, how to determine which fringe you might be on. In principle, continuous tracking
of phase changes in the interference fringes can yield information about the airgap changes in
the sensor element. However, this is difficult to realize and suffers many disadvantages.

3.1.1 Diaphragm Frequency Response

A structural model for a diaphragm-based sensor is shown in Figure 3.3. For a free vibrating
circular plate clamped at the edge, its natural frequency f,,, is given by:
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a /Dg
=Ly | == 3-8
S 271’ hw (3-8)

where o 1s @ constant related to the vibrating modes of the diaphragm, listed in Table 3.1;
is the radius of the free area of the diaphragm (in our design, r is the radius of a etched pit on
a diaphragm); 4 is the thickness of the diaphragm; g is the gravitational constant; w is the
density of the diaphragm material; D is the flexural rigidity of the diaphragm defined by:

3
D= Lz ,
12(1- 44)
where p is the Poisson’s ratio; E is the Young’s modulus of the fused silica glass material.

From the properties of fused silica shown in Table 3.2, the frequency response of the sensor
can thus be calculated by combining Eq. (3-8) and (3-9):

(3-9)

f, =2.749x10’ o G 1 (3-10)

2

where h and r are specified in microns.

v Lo

Diaphragm

—j.—l
e |7
o )

Fiber

Figure 3.3. Structural model for diaphragm-based sensor.

As indicated by Equation (3-10), the sensor’s frequency response is proportional to the
thickness of the diaphragm and inversely proportional to the square of the effective
diaphragm radius. In order to obtain a flat frequency response from DC to 150 kHz, let 800
kHz > fy9 > 500 kHz. The relationships between frequency response and r and h are given in
Figure 3.4.

Optical Fiber Sensors for Energy Intensive Industries 8



Pressure Sensor Development

Table 3.1. Values of o, (constant related to the vibrating modes of the diaphragm).

Olmn n=0 n=1 n=2
m=0 10.21 21.22 34.84
1 39.78 60.82 84.58
2 88.90 120.12  153.76

Table 3.2. Properties of fused silica (@25°C).

Property Symbol Value Unit
Density w(p) 2.202 x 10° kg/m®
Young’s Modulus E 73.73x 10° Pa
Poisson’s Ratio u 0.17 -
Max. tensile stress Pm ~1.5x10° Pa
Coefficient of thermal expansion o ~5.5~7.5x 107 /°C

*Some of the properties of fused silica will be dependent not only on the composition of the

glass but also on the thermal history of the glass.
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Figure 3.4. Predicted frequency response of the sensor versus pit diameter.
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3.1.2 Sensitivity

The diaphragm will be deflected when there is a differential pressure p between the inside
and outside of the sealed cavity. The out-of-plane deflection of the diaphragm y is a function
of the pressure difference at any radium position a, as defined by:

3(1_/12)17 2 2
=—L L x(r'-a 3-11
Y=lemm ) (3-11)
Usually, we define the ratio between the deflection and the pressure difference as the
diaphragm sensitivity (8giap) With respect to the applied pressure. When the fiber is
positioned at the center of the diaphragm, only the center deflection yy is of interest, SO Ogiap
(for fused silica material) is given by

2 4
dmp=&=%xr“=1.71xlo-g% (3-12)
p

where yy is in microns, and p is in pound per square inch (psi), SO iy is in um/psi. The
dependence of the sensitivity on diaphragm thickness and diameter is shown in Figure 3.5.

Sensor Sensitivity
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Figure 3.5. Predicted diaphragm sensitivity versus pit diameter.
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3.1.3 Self-Calibration of the SCIIB Sensor Technology

The self-calibrated interferometric/intensity based (SCIIB) sensor technology is adopted
from the well-developed extrinsic Fabry-Perot interferometric (F-P) optical fiber sensors.
SCIIB fiber sensors successfully combine the advantages of both interferometric and
intensity-based fiber sensors in a single system. The underlying principle of the SCIIB
system is to have a second channel as reference in addition to the signal channel. This makes
it possible to compensate for the source power fluctuation and the fiber loss changes and
therefore provide absolute measurement of various parameters.

As shown in Eq. (3-1), the coherence length of a light source is inversely proportional to the
spectral width. If there are two channels, one with a wide spectrum and short coherence
length while the other has a much narrower spectrum and longer coherence length, then by
setting the OPD of the F-P cavity between the two, the narrowband channel will exhibit good
fringes and can act as the signal while the wideband channel will have much weaker or no
interference and thus can be used as a reference channel.

As shown in Figure 3.1, the reflected light from the sensor head is split into two channels by
a coupler. The light in Channel 1 remains its original spectral width (wideband spectrum)
while the light in Channel 2 has a much narrower spectrum after passing through an optical
in-line bandpass filter. Now let us study the behavior of these two signals.

For convenience, assume that the optical spectrum of the LED can be approximated as a
Gaussian profile with a FWHM (full-width-at-half-maximum) of AArwim,

(7‘* — 7"c)2

IYE (3-13)

I, () =TI, exp(=

where AA = A

J2In2

To calculate the interference of the reflected light, it should be noticed that this is a multi-
beam interference problem, especially when there is a high-reflectance coating on the
surfaces. The first surface is the fiber end face and the second is the surface of the
diaphragm. It should also be emphasized that the light from the fiber, after being reflected by
the diaphragm, cannot be completely coupled back into the fiber. This loss is primarily due to
the divergence of the beam as it propagates from the fiber endface to the diaphragm and back
to the fiber endface. Another source of loss of the light signal is because the two surfaces are
not perfectly parallel and the angle between the two will introduce a misalignment loss. We
assume that after a round-trip reflection (fiber->diaphragm->fiber) the portion of the light
coupled back into the fiber is a constant 1, no matter how many times the beam has been
reflected before this round-trip. Then for a specific wavelength A, the total reflected signal
coupled back into the fiber could be expressed as
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L0y =1,0)0- A, - AR A)L), (3-14)
l+nrr, —2nrr, cosT

where A is the absorption by the fiber end face, r; and r, are reflectance at the fiber end face
and the diaphragm surface, 1 is the back-coupling efficiency and L is the length of the airgap.

For a channel centered at A, with a bandwidth of BW, the total light intensity at the detector
is the integral of I,(A) over its passband

[= j;:évv L(Wd
2 Ly IV (3-15)
020 p (A —)I=n0=A)5)

2
240, I+nrr, —2ynrr, cos4;L

BW
et
- IOL sw eXp(=
° 2

For the wideband channel, the integral is over all wavelengths, i.e. BW =co. From (3-15), it
can be seen that if the ratio of the two channels is taken, a common factor of Iy will cancel
out. This means the change of Iy due to light source fluctuation or fiber bending loss will not
affect the ratio. This is one of the major advantages of the SCIIB system. Figure 3.6 (a), (b)
and (c) are the simulation results of the wideband and narrowband channel and their ratio.
Figure 2.7 (a) and (b) show that the coherent ability of the wideband channel is much less
than that of narrowband channel. Thus if the airgap is chosen to be around 20 pm, the
wideband signal will remain stable while the narrowband will still see strong interference.

The parameters in equation (3-14) need to be determined. A; has been measured by
experimentation and appears to be around 15%. m can be estimated from the experimental
data as has also been examined by theoretical calculation and is about 40% for an airgap of
20 um. r; and r; should be determined such that the narrowband signal has both high average
power and high visibility in order to increase the sensitivity of the system.

3.2 Cleanroom Construction

The fabrication of diaphragm-based Fabry-Perot sensors generally involves the following
processes: diaphragm and fiber cleaning, photolithography, diaphragm etching, thin film
deposition, diaphragm surface quality measurements, thin film characterization, and wafer-
to-wafer or wafer-to-ferrule bonding. Fused silica wafers and optical fibers for pressure
sensors must be washed and stored in, and the remaining manufacturing processes performed
in a clean environment for the following reasons.

o The wet process station requires low particle concentration environment to keep the
solutions clean and maintain wafer or fiber cleanness during transfers between different
tanks.

o Particles on the wafers during the photolithography process may cause under-etch in the
sensing area of the diaphragm or unwanted etch in the bonding area, resulting in a rough
reflective or bonding surface, which is catastrophic for direct bonding.
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The profilometer, which is necessary for diaphragm roughness measurement and etched
pit characterization, is very sensitive to particle contamination. The vertical accuracy of
the profiler is 1.0 nm. Any particles on the samples or on the stylus of the instrument
larger than 1.0 nm may lower the measuring accuracy significantly.

The ellipsometer exhibits better performance characteristics for thin film thickness and
refractive index measurements in a cleanroom.

Reflective coatings on both fibers and diaphragms are essential and crucial parts in the
pressure sensors. Contaminated diaphragms and fibers may cause rough, cracked or even
peeling coatings, and therefore degrade the performance of the sensors.

Glass to glass bonding, especially the direct bonding process requires extremely clean
and smooth surfaces. Any particles or contaminations may cause a failure of the bonding
process.

A clean environment ensures that no contamination occurs during transportation among
the above processes.
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To fill this need, a clean facility was designed and installed at the Center for Photonics
Technology. Office environments typically have a cleanness poorer than Class 100,000,
which means the 0.5 pm particle concentration is higher than 100,000/ft’, and definitely are
not suitable for diaphragm-based fiber-optic Fabry-Perot sensor fabrication. In a laboratory,
particles in the air generally come from several main sources, including personnel,
machinery, and supplies that are brought into the lab. For example, people typically emit 5-
10 million particles per minute.

The first step in reducing particles is to minimize these sources. Lab personnel wear “bunny
suits” which cover their bodies and clothing and which block particle emission from these
sources. The room was painted with cleanroom epoxy and floor sealant, and sticky mats at
the entrance to the cleanroom are used to minimize particle generation. Since the source of
particles can never be completely eliminated, constant filtration is used to remove particles as
they are generated. This is accomplished by recirculating the lab air through High Efficiency
Particle Air (HEPA) filters. The HEPA filters are 99.97% efficient at removing particles
from the air. With careful attention to leaks and sealing around the filter edges, the exit air is
typically better than Class 1. Particles can also be introduced during chemical cleaning steps.
Filtration of these chemicals is the normal method used to minimize this source of
contamination. A special case is the water which is used in wafer rinsing, a common step in
wafer cleaning procedures. A Barnstead NANOpure DIamond ultrapure water system fed by
a DIamond RO reverse osmosis system is used to supply water containing < 0.005 Eu/ml of
pyrogens, TOC values < 3 ppb, and resistivities up to 18.2 MQ-cm.

Table 3.3. Detailed cleanroom specifications.

Cleanroom size: 16'x12’ Accessories:

o Fluorescent lights: No less than 27,360 foot
Class: Class 1000 or better candles;

e Two 110VAC 50/60Hz outlets;
Cleanroom structure: ¢ Two Nitrogen/Compressed air connections;
e Hardwall modular clean room construction; .

Temperature and humidity sensors and
o 2'x4’ Filter/Fan Units(115VAC/60Hz) and display;

Ceiling_ Panels; Sticky mat: 24"x36”;
e T-bar fixtures Sticky mat frame: 30"x42”;
e 99.99% efficient HEPA filter @ .3micron 60”"x30” cleanroom work bench;

e Acrylic panels; 48”x30” cleanroom work bench;
e Control panel included; Cleanroom chair;

* A sliding door is required; Wall-mount glove box holder;
Wall-mount cabinet;

Glove box for photolithography;
Garment cabinet;

Storage cabinet;

Cleanroom vacuum cleaner;
Cleanroom waste receptacle;
Water & gas pipes.
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3.2.1 Design Specifications

The layout and detailed specifications of the cleanroom design selected to satisfy the sensor
fabrication requirements are shown in Figure 3.7 and Table 3.3. This design was
implemented at CPT using the Terra Universal hardwall modular cleanroom shown in Figure
3.8. This modular cleanroom has eight HEPA filter units. A particle counter Model 229 from
Pacific Scientific Instruments is used to detect the particle concentrations in the room.
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Figure 3.7. Cleanroom layout.
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Figure 3.8. A view of the CPT cleanroom from the main door.

3.2.2 Cleanroom Instrumentation

A complete suite of cleanroom instrumentation has been set up to permit diaphragm and fiber
cleaning, diaphragm etching, thin film deposition, diaphragm surface quality measurements,
and thin film characterization. An AUTO 500 RF Sputtering System manufactured by BOC
Edwards has been installed for metallic and dielectric thin film deposition (Figure 3.9). The
AUTO 500 is a versatile front-loading system with a large box chamber measuring 500mm
deep x 500mm wide. It is designed for metal films, such as Au, Cr and Al deposition, but can
also be modified for dielectric films, such as ZrO,, TiO,, and ALOs;, permitting the
deposition of reflective thin films in the lab.

A wet processing station made by Bold Technology (Figure 3.9) makes it very efficient to
clean, etch and dry wafers in this cleanroom. Tanks are designed for RCA cleaning, HF
etching, KOH etching, DI water rinsing and nitrogen drying with low sample volumes.
Automatic temperature control, draining, timing and alarming are the other benefits of the
station.
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Figure 3.9. Bold Technology wet processing station (left) and Edwards AUTO 500 Sputtering
System (right).

The DEKTAK 3 surface profiler from Veeco Metrology Group (Figure 3.10) is a very high
precision instrument capable of measuring minute physical surface variations and is very
sensitive to environment in which it is operated. It must be operated in an area free from
excessive dust. Vibration levels must be low enough that fingertips cannot detect them, and
therefore a vibration free bench should be used. The scan head should be covered with the
environmental shield to eliminate drafts. Ambient temperatures should be between 18°C and
24°C (64°F to 75°F). The key technical specifications of the DEKTAK 3 profiler are listed in

Table 3.4.

Table 3.4. Detailed specifications of DEKTAK3 profilometer.

Vertical Range: 100A to 655KA

Vertical Resolution: 10A

Scan Length Range: 50 microns to 30 mm
Scan Speed Range: Low, Medium, High
Scan Time Range: 3 seconds to 50 seconds

Software Leveling: Two-point programmable or
cursor leveling

Stage Leveling: Manual

Stylus: Diamond, 12.5-micron radius

Stylus Tracking Force: 10mg to 50mg, adjustable
Maximum Sample Thickness: 20mm

Sample Stage Diameter: 127mm

Sample Stage Rotation: 360° continuous

Zoom Magnification: 90x

Camera: Solid state monochrome video camera

Optical Fiber Sensors for Energy Intensive Industries
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The Gaertner Scientific LSE Stokes Ellipsometer (Figure 3.10) uses a compact StokesMeter
to replace the typical ellipsometer rotating analyzer assembly and waveplate. Any point on
the surface of transparent or absorbing samples up to 300mm wide can be measured using the
6328A source at a 70° incidence angle. The manual tilt and height adjustment can be set
using an alignment screen in the included Windows 2000/NT/Me/XP/9x LGEMP software.
Film thickness and refractive index of a single layer on a substrate or the top layer on 1, 2, or
3 known bottom layers can be calculated. Some key features are listed in Table 3.5.

Table 3.5. Detailed specifications of Gaertner ellipsometer.

Alignment: Tilt and table height on computer alignment screen

Incident Angle: 70°

Measurement Time: Practically instantaneous

Light Source: 6328A

Sample Size: 300mm wide x unlimited length

Film Thickness Range: 0-60,000A on substrate or on 1, 2, 3, or 4 known sublayers
Precision & Repeatability: Sub-angstroms over most of the measurement range
Refractive Index: £.001 over most of the measurement range

Figure 3.10. DEKTAKS3 Profiler (left) and Gaertner Ellipsometer (right) in the cleanroom.
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3.3 Ring-Based Sensor Fabrication

Assembly of the sensor head can be achieved in a number of ways, including insertion of a
ring between the ferrule and the diaphragm, etching of the diaphragm, and etching of the
ferrule. In all three cases, bonding is the key element in sensor fabrication. The goal is to
achieve the necessary pressure response with extremely low temperature dependence.

Because the diaphragm based pressure sensor is going to operate under harsh environmental
conditions such as high temperature and high pressure, using materials with closely matched
CTE (coefficient of thermal expansion) as that of optical fiber is very important to reduce
thermally induced airgap changes, and thermal shock failures. Ordinary single mode optical
fibers are made of a fused silica cladding material surrounding a germanium doped fused
silica central core region. The sensor designs utilize fused silica for all of the components
used in the sensor head including the tubing, the ferrule and the diaphragm, because fused
silica has a very high softening point (~15850C), low CTE and high elastic modulus.
Utilizing all fused silica components in the design, while increasing the maximum operating
temperature and decreasing the thermal dependence of the sensor signal, also introduces
some challenges such as difficulty in polishing, and difficulty in bonding. Therefore, some
special techniques have been investigated and developed to fabricate sensors with fused silica
wafers and tubing.

A substantial portion of the program was invested in investigating and optimizing
diaphragm-based sensor fabrication. This section and the following two sections describe
these efforts on ring-based sensors, etched diaphragm sensors, and laser-bonded sensors.

3.3.1 Ring-Based Sensor Structure

A major task in sensor fabrication is bonding the fused silica ferrule to the diaphragm. A
number of different sensor designs have been considered to facilitate this bonding. In a ring-
based sensor, a ring is inserted between the ferrule and diaphragm and melted under high
temperature, forming a cavity without requiring pit etching. In addition, the diaphragm
response is determined by the inner diameter of the ring, which can be closely controlled
using this method. Figure 3.11 shows the structure of such a sensor. The fiber is bonded to
the ferrule by solgel and a gold coating is sputtered onto both the fiber endface and
diaphragm to increase the signal strength. Since gold films have the potential to survive
under temperatures up to 800-900°C, the ring material is chosen to be borosilicate, which has
a softening point around 840°C in order to avoid damaging the gold. The length of the airgap
can be adjusted before the fiber is bonded to the ferrule.
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Figure 3.11. Structure of ring-based sensor.

3.3.2 Ring Fabrication Procedure

A long borosilicate tube, with a Imm [.D. and a 2mm O.D matching with that of the ferrule,
is first cut into small pieces by precision saw. Then these small segments are polished to
reduce the thickness to about 200 microns. Diluted hydrofluoric acid (HF) is used to further
thin the ring down to 30-50 microns, controlling the thickness through the etching rate. Ring
thickness is monitored throughout the process.

Thickness Measurement

Ring thickness measurements are critical in sensor preparation. Thinner rings are preferred
to reduce the temperature coefficient. However, if the ring is too thin, it will be difficult to
handle and the surface quality of the ring will deteriorate, resulting in poor bonding with
many voids. In addition, etching rate calculations require accurate thickness measurements.
Figure 3.12 shows the measuring setup. A surface profiler is used to scan along the
microscope slide, which is raised at one end by the ring. If the stylus scans a distance of d
and the height change is h, the ring thickness H can be calculated simply as

w="r (3-16)
d
given the length of the slide L. Table 3.6 compares the thickness results obtained using this
method and using a caliper for a borosilicate ring, a fused silica wafer and a cover glass.
Careful measurements produce an error of about £1um. Typically, the ring is not very
uniform and requires multiple measurements at different positions to determine an average
thickness.
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Figure 3.12. Borosilicate ring thickness experimental setup.

Table 3.6. Comparison of thickness measurement using the profile method and calipers.

Ring Fused silica wafer Cover glass Error
Profiler 221.5 um 200.7 ym 159.5 ym ~ 1um
Caliper 220 um 210 um 150 pm ~10 ym

Etchin

Polishing the ring below 200 pm is difficult; wet etching is used to further reduce the
thickness. Higher concentrations of HF (50%) will etch the ring faster at a rate about 8
um/min. But the surface appears rough with a large number of pits, which could potentially
be etched through to form a hole when the ring thickness becomes small. This problem
could be alleviated by using a dilute HF solution (10%), producing a slower etching rate.
Table 3.7 lists the results obtained by etching a 175 um-thick ring to a thickness of about 50
um using a 10% HF solution. The time of each etching was recorded and the etching rate
determined by the thickness measurement. Figure 3.13 also shows the microscope pictures
of this ring before and after the etching.

Table 3.7. Ring etching results.

Avg. Thickness Avg. Thickness

Ring # Before Etching After Etching Etching.:; Time Etching .Rate
(um) (bm) (min) (hmimin)
1 175.0 150.1 60 0.207
2 150.1 84.2 155 0.213
3 84.2 50.5 90 0.187
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Before After

Figure 3.13. Surface inspection of ring before and after etching.

3.3.3 Bonding

To bond the ferrule with diaphragm, a ring is placed between the two and the entire assembly
is heated in a furnace to about 850°C, melting the ring. The cooling process needs to be slow
to prevent the ring from cracking, which will result in leakage. Glass powder can be used
around the sensor head to seal any bonding leakage. A sensor head bonded in this way is
shown in Figure 3.14. At the center, the small hole in the ferrule is for fiber insertion. Fiber
to ferrule bonding is achieved using sol-gel. After the fiber is inserted to the ferrule and the
airgap is adjusted to proper value, a heat gun or CO; laser is used to cure the sol-gel, forming
the bond. Controlling the initial airgap is a key element in this process.

Figure 3.14. Ferrule and diaphragm bonded with ring.

3.3.4 Sensor testing

After fabrication, the sensor is tested for its sensitivity, repeatability, stability and
temperature dependence. A diagram of the experimental setup is shown in Figure 3.15. The
sensor is sealed in a tube placed in a temperature chamber, which can control the
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temperature. A gas system applies pressure by supplying compressed nitrogen to the tube.
The pressure can vary from atmospheric pressure to about 200 psi. The reflected signal data
is collected by a computer.

 —

Pressure System 1 Detection System
Nitrogen ‘[ Signal

Sensor
ﬁ Control u Data

Temperature Chamber
Computer Computer

Figure 3.15. Pressure sensor testing setup.

Currently, the gold film shown in Figure 3.11 has not been used to increase the signal
strength. Therefore the reflectance at both the fiber end and the diaphragm is relatively low
(~4%), resulting in two-beam interference, producing a sinusoidal curve when the pressure
varies, as shown in Figure 3.16.

Suppose the reflected light has an intensity of I; at the fiber endface and I, at the diaphragm.
The complex amplitude of the total reflected light is

A=1 +Le™ (3-17)

The reflected intensity is therefore
I, =|A%| =1, +1, + 2|/, cos (A¢) (3-18)
The phase shift A¢ relates to the length of the airgap L, which is in turn determined by the
initial airgap, diaphragm deflection due to pressure changes and the airgap change due to

thermal expansion, i.e.,

A¢:4%L=4%(LO—S*p+CT*T):—%S(p—%) (3-19)
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where A is the central wavelength of the narrowband, L, is the initial airgap, S is the
sensitivity of the sensor and Cr is the temperature coefficient. Therefore the reflected
intensity becomes

T+L
=1, +1, +2T1, cos| 2gp-S¥Trho j (3-20)
A S
Each time a sensor is tested, the signal data are fit to a cosine function as follows.
a+b*cos(c*(p—d)) (3-21)

where p is the pressure. Comparing Eq. 3-20 and 3-21 we can see the parameters are related
by
4n

a=1+1 b=2,11, c=—-$ d=(C,*T+L,)/S (3-22)

Parameter a and b relate to the fringe visibility which is defined as (a-b)/(a+b). Parameters c
and d, are of most interest. ¢ has to do with sensitivity S of the sensor, i.e., how much the
diaphragm will deflect and the signal will change for a given pressure change. Parameter d
determines the temperature coefficient, Cr.
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Figure 3.16. Experimental narrowband signal data and Eq. 3-22 curve fit.

Sensitivity
For the sensor signal shown in Figure 3.16, the sensitivity analysis was performed as follows.
The data was fit to expression 3-22, resulting in
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a=132.6 b=109.0 ¢ =0.03023 d=1925.

Both the fit data and the original data are shown in Figure 3.16 and they match very well.
The sensitivity can therefore be derived as

S= clz 0.03 *@:3.7 nm/ psi
4r 4

From atmospheric pressure (~14 psi) to 100 psi, the diaphragm will deflect about (100-14)*S
= 318.2 nm. This is far beyond the linear range of the sensor (~200nm). This sensitivity
may be reduced by increasing the diaphragm thickness or decreasing the response area, i.e.
the ID of the borosilicate ring. Furthermore, though the airgap varies linearly with the
pressure, the signal does not. The figure shows clearly that at a working pressure about 100
psi, the slope is much smaller and the actual signal is not very sensitive. This needs to be
adjusted by carefully selecting the initial airgap. Controlling the response curve of the sensor
to within the linear range remains a very important future task.

Repeatability

Repeatability indicates whether the sensor can repeat its performance under same conditions.
The narrowband and wideband pressure response of the sensor was evaluated in the
temperature chamber at 24°C. The pressure was increased from atmospheric pressure to
110psi and then decreased to atmospheric pressure. The two channels were recorded by the
digital system. Figure 3.17 shows the narrowband signal of the first test round (14psi to
110psi to 14psi). The increasing pressure and decreasing pressure curves are slightly
different. The average relative error (relative difference between the two values when
pressure is increased and decreased) is about 2%. However, in the following tests the sensor
was very repeatable. Figure 3.18 shows the narrowband signals of the 2nd, 3rd and 4th trials.
These curves are very close to each other. The relative errors are 0.41%, 0.15% and 0.20%.
One possible reason for the difference between the first round and the rest is that the stress in
the bond may change when the pressure is initially applied. Following this redistribution, the
sensor output appears to be repeatable.

Temperature Coefficient

When the temperature of the sensor varies, the thermal expansion of its parts (ferrule, ring
and fiber) will introduce an additional change in the length of the airgap, over and above the
pressure-induced change. Since it is very difficult to compensate for this change, the goal is
to make it as small as possible and so small that within the working temperature range (room
temperature to about 800°C) it can be neglected. Therefore, measuring the temperature
coefficient Cr, i.e. the airgap change per “C, is important. This is done by testing the sensor
under different temperatures and extracting the ¢ parameter in Eq. 3-22.

The same sensor used for the sensitivity and repeatability test was evaluated at 24°C, 14°C
and 4°C. The output signals are plotted in Figure 3.19. All the three curves were fit to
equation 2-6 and the results listed in Table 3.8.
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Figure 3.17. Narrowband signal in the 1* test round.
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Figure 3.18. Narrowband signal in the 2", 3" and 4™ trials.
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Figure 3.19. Narrowband signals at three operating temperatures.

Table 3.8. Fitting parameters from Eq. 3-22 for three operating temperatures.

Temperature

(c) a b c d

4 534.3 4413 0.03014 158.9
14 532.5 437.5 0.03021 151.0
24 531.4 436.7 0.03003 142.2

It is clear that a, b and c are very close at different temperature while parameter d changes a
great deal, indicating a large temperature coefficient.

Since d=(C.*T+L,)/S and Szc%, then Ad:CTA—ST and so CT=SA—d:cA—dL
T

AT AT 4n’
For a 10°C change from 4°C to 14°C, Cr =-(158.9-151)/10*0.03*1550/4/pi = -2.9nm/°C.

For a 10°C change from 14°C to 24°C, Cy = -(151-142.2)/10*0.03*1550/4/p1 = -3.3nm/°C.
The average value for Cr is about —3.1nm/°C. This is very large. The negative value is

unexpected since borosilicate has a larger coefficient of thermal expansion (CTE) than fused
silica and thus the airgap should become larger when temperature increases. However, the
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observed negative coefficient indicates that the airgap actually decreases. The reason for this

is possibly due to the sol-gel bonding between the fiber and ferrule and requires additional
study.

Long-Term Stability

Long-term stability depends not only on the sensor, but on the entire system. The stability
test lasted several days; however the total useful testing period was about 68 hours because
the data collection program crashed from time to time. Figure 3.20 shows the narrowband
signal, wideband signal and their ratio during the testing period. A discontinuity indicates
that a program crash at that time. The figure clearly shows that taking the ratio of
narrowband and wideband signal can reduce the fluctuations due to the light source or other
components in the system. While short-term and long-term performance are both improved
by taking ratio, the long-term stability is far from being satisfying (Relative error for long-
term: Narrowband — 6% Wideband — 2.6% Ratio — 4.4% ). A number of sources could
contribute to the large long-term shift. The sensor’s temperature coefficient (—3nm/°C) could
account for the long-term signal shift because of the +0.5°C control precision within the
temperature chamber.
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Figure 3.20. Stability of narrowband signal, wideband signal and their ratio during a several
day test; total useful testing period was about 68 hours due to data collection program
downtime.
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To further investigate the long-term shift, the light source was also tested for a possible
spectrum shift that could lead to changes of narrowband signal and wideband signal. Figure
3.21 shows the test result for about 2 days. The three plots are: total power within the
spectrum range which can be taken as the wideband signal, central power with a 16nm range
around the center wavelength which can be taken as the narrowband signal, and the ratio of
the two. The relative errors are 0.73%, 0.67% and 0.31%. Again, taking the ratio could
reduce the fluctuation. A 0.31% error in 2 days is reasonable and far below the ratio of 4.4%
in the previous section. This demonstrates that the LED source is not the primary source of
the long-term shift. Reducing the sensor temperature coefficient is the most likely focus to
achieve long-term stability.
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Figure 3.21. Stability of the LED source over two days.
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34 Etched Diaphragm-Based Pressure Sensors

A large portion of the second year of the program was spent developing pressure sensors
based on the photolithographic fabrication of etched diaphragms (Figure 3.22). This method
offers the advantage of batch processing capability. Several fabrication steps are required:
diaphragm etching, bonding, and sensor evaluation. Each has been investigated and is

described in this section.
etched silica
diaphragm

ferrule

fiber
Figure 3.22. Structure of etched diaphragm-based sensor.

3.4.1 Photolithography

Deep wet etch process

Using a standard photolithography process, we can achieve very good quality etched pits in
fused silica, as shown in Figure 3.23. However, the etch depth is limited to approximately 5
microns because photoresist cannot withstand buffered hydrofluoric acid (BHF) longer than
1 hour. An etch depth of at least 20 microns is required for SCIIB pressure sensor
fabrication in order to reduce the gage length and limit the temperature effects. This can be
accomplished by depositing additional masking layers between the photoresist layer and the
wafer in order to further protect the wafer surface from HF attack. Chromium was selected
as the additional masking layer for the following reasons.

e A sputtering system is available at CPT for chromium coating deposition.

e Chromium targets for the sputtering system are relatively inexpensive.

e A chromium layer can be easily removed using commercially available chromium
mask etchant

e A chromium layer can improve the photoresist adhesion and prevent HF acid attack
on the diaphragm.

In order to deep etch the fused silica diaphragm, several additional steps involving chromium
deposition and removal must be added to the standard photolithography process. The entire
process is illustrated in Figure 3.24.
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Figure 3.23. Wet etched pit depth in a fused silica diaphragm.
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(a) Deposit chromium onto the diaphragm.
(b) Spin coat photoresist.

(c) UV expose and develop.

(d) Remove partial (exposed) chromium layer
(e) Wet etch by BHF.

(f) Remove photoresist.

(g) Remove chromium layer.

Figure 3.24. Deep wet etch process.

The chromium layer is deposited using the BOC Edwards RF sputtering system described in
Section 3.2.2. Sputtering is a technology in which the material is released from the source at
much lower temperature than in evaporation. The substrate is placed in a vacuum chamber
with the source target and an inert gas (such as argon) is introduced at low pressure. A gas

Optical Fiber Sensors for Energy Intensive Industries 31



Pressure Sensor Development

plasma is struck using an RF power source, causing the gas to become ionized. The ions are
accelerated towards the surface of the target, causing atoms of the source material to break
off in vapor form and condense on all surfaces including the substrate. This basic principle
holds for all sputtering technologies. Differences between sputtering methods typically
involve the manor in which the ion bombardment of the target is realized. A schematic
diagram of a typical RF sputtering system is shown in Figure 3.25 below.
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Figure 3.25. Typical RF sputtering system.

The thickness of chromium deposited depends on the RF power, process pressure and
deposition time. Table 3.9 lists the results of chromium coating under different conditions.
The profile of a diaphragm etched in BHF for 5 hours is shown in Figure 3.26. The pit depth
is approximately 25 microns and the bottom surface is still very flat. Sensors made using
such pits can exhibit visibility as high as 98%. Even deeper pits can be formed using this
method. A magnified image of a representative pit is shown in

Table 3.9. Chromium coating thickness resulting from various processing parameters.

Power Time Pressure Thickness
(W) (sec) (Torr) (nm)
100 60 3.5e-3 70
100 30 3.6e-3 55
100 15 3.6e-3 10
100 30 4.4e-3 40
300 60 3.4e-3 180
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Figure 3.26. Profile of a fused silica diaphragm etched in BHF for 5 hours using the deep wet
etching process illustrated in Figure 3.24.

Figure 3.27. Representative etched pit in silica diaphragm.

Two-step wet etching

The center is the most critical part of the diaphragm pit. As shown in Figure 3.22, the central
axis of the ferrule and the center of the pit should be aligned in order to obtain reach the
maximum pressure sensitivity upon diaphragm deflection (Figure 3.28). A two-step etching
structure is used to make the alignment easier using an outer pit diameter equal to the OD of
the ferrule, and a deeper inner pit. Figure 3.29 illustrates the advantage of this two-step
structure.
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Figure 3.28. Computer simulation of fused silica diaphragm deflection.
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Figure 3.29. Two step etching process used to assist in diaphragm-ferrule alignment.

Figure 3.30 illustrates the additional processing steps necessary to achieve the two step etch
structure. A 700nm chromium layer was deposited on the fused silica diaphragm. This layer
improves the photoresist adhesion and results in a deeper etch depth. In steps (b) to (f) and
(g) to (1) in Figure 3.30, the normal photolithography process has been used twice with two
different size photo-masks. Figure 3.31 shows the profile of a representative two-step wet
etched pit. The bonding of the diaphragm and the ferrule should occur on the bottom surface
of the larger (outer) pit.
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(a) Deposit chromium onto the diaphragm. (g) Deposit second photoresist layer.

(b) Spin coat photoresist. (h) UV expose and develop.

(c) UV expose and develop. (i) Remove partial (exposed) chromium layer.
(d) Remove partial (exposed) chromium layer. (j) Wet etch by BHF.

(e) Wet etch by BHF. (k) Remove photoresist.

(f) Remove photoresist. () Remove chromium layer.

Figure 3.30. Two step wet etch process.
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Figure 3.31. Depth profile results of two step wet etch in fused silica (DEKTAKS3 profilometer).
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Analysis of wet etch procedures

Etch Rate: Wet etch rates can vary for reasons that are typically divided into three groups: the
etch setup, the material being etched, and the layout and structure on the substrate. The most
significant effects on wet-etch rate are as follows.

e Temperature
e Impurities in or on the material being etched
o Contamination

For fused silica, the etch rate in 5:1 BHF at room temperature is about 46.42 nm per minute
(Figure 3.32). Using commercially available BHF etchant results in an etch rate of 83.3nm
per minute at room temperature (Figure 3.33). It is evident that the total etch rate curves are
not linear; the etch rate decreases after an extended period of time.
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Figure 3.32. Etch depth results using 5:1 BHF; etch rate = 46.42nm/min.
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Figure 3.33. Etch depth results using commercial BHF; etch rate = 83.3nm/min.
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Surface roughness: The amount of buffer in the HF solution was the most important factor in
terms of the resulting surface roughness. Pinholes appeared in the etched diaphragm if
sufficient NH4F was not added to the solution because the diaphragm was immersed in HF
for too long. A smooth surface can be obtained by improving the BHF composition. This is
illustrated by the two plots in Figure 3.34; the surface quality in the plot on the right was
improved by increasing buffer concentration. In addition, reducing the concentration of HF
produced better surface quality results.
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Figure 3.34. Improvements in pit surface quality through changes in BHF composition.

There is a trade-off between surface quality and etch rate. For our sensor fabrication, we
selected commercially available BHF with higher concentration to etch the small pit. The
etch rate is high and we can achieve pit depths as deep as 20 um in 4 hours. But some
roughness developed after the four hours (Figure 3.34, 2nd plot). A reduced concentration of
BHF (10:1) was then used to etch the larger pits. The depth of the larger pits is not critical
and using a low HF concentration can mitigate the roughness of the small pits induced by the
first etch process. The reflectance of the resulting etched pits can be as high as 4%.

Diameter Deviation: The main factor affecting the diameter of the etched pit is the exposure
process, including the UV light/substrate separation distance and the exposure time. The
exposure must be uniform in energy and time across the substrate surface. If the UV light
was too close to the substrate (Figure 3.35, left), some areas were overexposed and some
other areas were underexposed because of the narrow UV beam. This caused the pit
diameter to vary quite a bit. If the UV light was placed further away from the substrate, the
exposure was uniform, but a longer exposure time was required (Figure 3.35, right). A
separation distance of 8 cm and exposure time of 4 minutes were selected.
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Figure 3.35. Impact of UV light/substrate separation distance on exposure uniformity.

A second factor that impacts the pit diameter is the etching parameters discussed above. The
plot on the left in Figure 3.36 shows the profiles of some early etched pits. The diameter
deviation was 73%. The second plot illustrates the improvement in etched pit diameters
achieved in recently fabricated pits. The sidewalls are very straight and smooth and the
diameter deviation is only about 9.6%. Controlling the pit diameter deviation is critical in

determining the sensitivity of the resulting sensor.
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Figure 3.36. Improvements in diameter deviation resulting from process improvements. Pits on
the left exhibit a diameter deviation of 73%; those on the right only 9.6%.

Etch depth uniformity: Figure 3.37 shows the depth profile of two etched pits from two

different diaphragms. Both were etched in commercial BHF for 5 hours. The etch depth was
Since HF is extremely

controlled by BHF concentration, temperature and the time.
dangerous we normally use it at room temperature. Commercial BHF was used in order to

maintain BHF concentration. The pit depth uniformity was measured as +0.7%. Figure 3.38

38
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shows the depth profile of six pits etched in the same diaphragm, resulting in a depth
deviation of £04%.
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Figure 3.37. Depth profile results of etched pits from two different fused silica diaphragms
(Veeco DEKTAKS profilometer).
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Figure 3.38. Depth profile results of six etched pits from the same fused silica diaphragm (Veeco
DEKTAKS profilometer).
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3.4.2 Bonding

Successful pressure sensor fabrication depends primarily on how well the diaphragm can be
bonded with the ferrules. Several bonding mechanisms were investigated simultaneously in
order to determine the most feasible method of bonding.

Direct Bonding

The direct-bond method relies on forces that naturally attract surfaces together when they are
very smooth and flat. A range of mechanisms has been proposed to explain this initial contact
attractive force. It is well known that smooth metal surfaces, if atomically clean, will bond
together. This process is often referred to as “cold welding” and is typically achieved by
cleaning and bringing into contact the metal surfaces in a vacuum to maintain cleanliness.
This bond usually relies on plastic deformation of the metal to bring the atoms in close
contact. Most direct bonding demonstrated for microstructures requires some surface
treatment (e.g., hydration, oxygen plasma exposure) prior to contact to promote the surface
attraction and bonding process. This is sometimes assisted by modest pressure to expel air
from between the wafers and to initiate the contact. Bonding is usually followed by a thermal
cycle, which increases the strength of the bond.

Batch processing capability makes the fabrication process more economical in terms of both
cost and time. Direct bonding may be a route to batch bonding of diaphragms with ferrules.
For that purpose, a chuck capable of holding many ferrules has been designed (Figure 3.39).
The ferrules protrude out of the chuck a little in order to be able to polish all the ferrules at
the same time without affecting the chuck and also to keep the ferrules at the same level after
polishing, which will help in the final bonding. The glass substrate containing the etched pits
are precisely placed on top of the polished ferrules and pressure applied for direct bonding.
This is done under a microscope. Because gold deposited in the etch pits cannot withstand
very high temperature, and the ferrules are attached to the chuck with an low temperature
adhesive, pressure-assisted low temperature bonding process appears to be the best solution.

To begin using this bonding process for bonding diaphragms with ferrules, initial
experiments involved bonding two fused silica glass wafers.

Wafer Requirements: Direct wafer bonding depends enormously on the chemical surface
state of the wafers to be bonded, since intermolecular or interatomic force play a major role
in obtaining good bond strength. Therefore, wafer surfaces must be sufficiently clean, flat
and smooth. The literature survey indicates that wafers should have a surface roughness of no
greater than about 10A and a bow of less than 5 um (on a 4” wafer). Also, protrusions from
the surface (resulting from previous processing) of greater than 10A can produce problems in
the bonding. We therefore ordered wafers of the following specifications:

o Fused Silica Corning UV Grade 7980 5G
e Optically polished

e 10/5 scratch/dig

e Dimension: 17 X 17 X 0.005” = 0.0004”
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(b)

(a)

(c)

Figure 3.39. A special chuck has been designed for batch fabrication using direct bonding. (a)
Top view of the chuck with the ferrules inserted in the holes and fixed by adhesive (b) side view
(c) side view with the etched diaphragms bonded.
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Wafer Cleaning: First, the substrates are cleaned in an organic solvent to remove particles,
dust and organic contamination. Then a sulphuric acid peroxide mixture (5:1 H,SO4:H,0, =)
is used at room temperature for 20 min to increase the hydrophilicity of the glass substrates.
Afterwards, due to the high viscosity of the sulphuric acid, wafers are intensively rinsed in
deionized water and dried.

Immediately after cleaning, the two substrates are brought into contact and a variable
external pressure is applied to the entire surface of the substrate pair (Figure 3.40). This
pressure presents two advantages: First, it keeps the two substrates sufficiently close to allow
the intermolecular force to be effective. Second, it produces a small deformation of the
substrate surfaces, enabling the elimination of voids in the between the two substrates,
originating from surface imperfections and roughness or trapped air. While continuously
maintaining the applied pressure, the substrate stack is annealed to a specific temperature.

The chemical mechanism behind the bonding process is governed by the polymerization of
the Si-OH groups on the pre-bonded substrates into strong equivalent Si-O-Si bonds on the
release of H,O[1]. The effect of the pressure on the bonding strength is merely an
enhancement of the contact surface between the two substrates, thereby changing the
effective bonding area.

The entire wafer preparation and bonding process must be performed in very clean
environment. Initial attempts in ordinary laboratory space did not yield any positive results.
There will be a large number of particles moving around in an ordinary room and if the
surface is contaminated by any of these particles at any time during the process, it will
preclude the formation of a good bond. For instance, a 1 pm particle can cause a void as large
as lcm in diameter when direct bonding 8in wafers[2]. Thus it is not only essential to have
very clean wafers but also to have a very clean environment. The entire process was shifted
to a Class 1000 clean room that has been newly added to our laboratory. The details of the set
up of cleanroom, its specification and the instruments in that room are described in Section
3.2.

The pressure applied to the wafer is 5 MPa. The arrangement for applying pressure is similar
to that shown in Figure 3.40. The temperature of the furnace is maintained at 200°C. The
whole arrangement is maintained at that pressure and temperature for 15 hours. Inspection
revealed that the wafers were bonded. Figure 3.41a shows the interface of the bonded wafers.
In Figure 3.41b, we show the interface of the wafers that are not bonded. Many “Newton
Rings” are evident, signifying that the wafers are not bonded at that location due to a void.

The bonding strength was then measured using the arrangement shown in Figure 3.42. One
surface of the bonded wafer was epoxied to a string and fixed to a support. The other side
was also epoxied to a string and a weight hung from the string. We measured the weight
required to break the bond between the wafers. This weight multiplied by the bonding area
gives the bonding strength. We found a bonding strength of 1 MPa, which is quite sufficient
for our work.
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Figure 3.40. (a) Initially pressure is applied at the middle of one wafer to create a single point of
contact between the pieces (b) Retracting the mechanical spacers creates a bonding wave that
propagates from the middle of the sample toward the periphery. Surface cleanliness and
roughness have a strong influence on the quality of the bond.
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\

Figure 3.41. Portions of the interface of two bonded wafer (a) completely bonded (b) not bonded
due to presence of void.

Room temperature hydroxide catalysis bonding

We have investigated another low temperature bonding using the technique of hydroxide-
catalysis bonding of fused silica. This is a room temperature process. The wafers need to be
as flat and smooth as possible but it does not necessarily require a clean room environment.
The entire process is represented pictorially in Figure 3.43.
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Figure 3.42. Bonding strength measurement setup.

Optical Fiber Sensors for Energy Intensive Industries 44



Pressure Sensor Development

— Cleaning of Substrates
1
Organic solvents 2% KOH is introduced into the gap between

(Acetone — Methanol) substrates

I Top Substrate
DIW (Deionized Water) ERiE SEEED

I Pressure (1 Mpa) is applied at room temperature

H2SO4 + HoOo
I Top Substrate
Bottom Substrate
DIW
| '
Rinse:

DIW with ultrasonic — drying

Figure 3.43. Hydroxide-catalysis room temperature fused silica bonding.

The chemical bonding process is initiated through hydroxide-catalysed surface hydration and
dehydration at room temperature. The hydration activates the bonding surfaces by generating
two surface silanol groups (Si-OH) per exposed siloxane bridge (Si-O-Si). In other words,
the hydration helps to create in situ relatively loose near-surface siloxane networks, which
serve as the basic filling material needed for bonding. The dehydration links two sterically
accessible silanol groups to form a siloxane bridge, resulting in bonding between one
substrate and the loose siloxane network generated in situ, and eventually between the two
substrates[3]. Readjustments of the pieces being joined are possible within approximately 30-
40 minutes of the start of the joining process. The maximum bond strength is reached after
several weeks, with the exact time depending on the concentration of the KOH solution and
any mismatch in the surface features of the bonded pieces. However after only a few hours
the bond has sufficient strength to allow the fused silica pieces to be handled in a regular
environment. Figure 3.44 shows the bonded interface of a ferrule with the fused silica. As the
ferrule surface is not very smooth, there are some portions that are not bonded properly.
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Figure 3.44. Interface of a wafer bonded with a ferrule bonded using the mechanism of
hydroxide-catalysis bonding.

Sol-Gel Bonding

Direct bonding is the most promising way to reduce the temperature dependence of SCIIB
pressure sensors. However, directly bonding places extremely high requirements on the
surface quality and operating environment.  Although we have successfully bonded two
fused silica wafers together tightly, patterned diaphragm/diaphragm and patterned
diaphragm/ferrule direct bonding are still under investigation. Intermediate layer bonding is
currently the most feasible bonding method for our experiments. Sol-gel was selected as the
intermediate layer for several reasons.

e Sol-gel is a low temperature process.

e Thin films can be formed by sol-gel.

o The final form of the sol-gel process “gel” can be high purity silica, this will
reduce the thermal expansion of the intermediate layer;

e Sol-gel is available in our lab and it is inexpensive

Sol-gel was used for both diaphragm-ferrule bonding and ferrule-fiber bonding.

The term sol-gel was first coined in the late 1800s. It generally refers to a low-temperature
method using chemical precursors that can produce ceramics and glasses with better purity
and homogeneity than conventional high temperature processes. In general, the sol-gel
process involves the transition of a system from a liquid “sol” (mostly colloidal) into a solid
“gel” phase (usually silica). It is possible to fabricate ceramic or glass materials in a wide
variety of forms: ultra-fine or spherical shaped powders, thin film coatings, ceramic fibers,
microporous inorganic membranes, monolithic ceramics and glasses, or extremely porous
aerogel materials.

Thin films can be produced on a piece of substrate by spin-coating or dip-coating. When the
“sol” is cast into a mold, a wet “gel” will form. With further drying and heat-treatment, the
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“gel” is converted into dense ceramic or glass articles. The basic sol-gel reaction, shown in
Figure 3.45, consists of two chemical reactions that produce a thin film when the sol is
applied to a substrate. The first is a hydrolysis reaction, which produces the sol, and the
second is a condensation reaction, which forms a macroscopic gel on the substrate, producing
a thin film.

Hydrolysis Condensation

Precursors —» Sol » Gel

Figure 3.45. The basic sol-gel reaction,

This basic sol-gel reaction starts when the metal alkoxide Si(OCH,CH3)4 (tetraethoxysilane,
or TEOS) is mixed with H,O and a hydrolysis reaction occurs. TEOS is used because it,
along with other metal alkoxides, reacts readily with water. Ethanol is used as a solvent
because water and alkoxides are immiscible. Providing there is sufficient water and a catalyst
present, the hydrolysis reaction will be completed when all of the (OCH,CHj3) groups are
replaced by (OH):

Si(OCH,CH3)4 + 4 H,O — i(OH)4 + 4CH3CH,O0H,
producing a sol consisting of Si(OH)4 (silicic acid) and CH;CH,OH (ethanol).

Next, two partially hydrolyzed molecules can link together in a condensation reaction that
liberates water:

2Si(OH); — (OH)3Si—O0—Si(OH); + H,0.

As the reaction proceeds, the number of Si—O—Si bonds increases in a process called
polymerization, which produces a macroscopic gel. When producing thin films this gel is
formed by rapid evaporation of the solvent.

Diaphragm-ferrule bonding: When sol-gel is liquid, it expands, flows and it is very hard to
control. There are two possible ways to apply sol-gel between the diaphragm and the ferrule.
One is spin coating the sol-gel onto the diaphragm. The other way is apply sol-gel onto the
ferrule end and keep the diaphragm clean. We finally chose the second method because a
spin coated sol-gel layer will also cover the etched pit. Although the sol-gel layer can be as
thin as several microns and cannot fill up the etched pit, the layer is not uniform and affects
the light reflection. The entire diaphragm/ferrule bonding process is shown in Figure 3.46.
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Alignment:
o Ferrule inside hole
o Pit center on the diaphragm

Heat
(hot plate: 250°C)

Apply sol-gel on
ferrule end

\4

Figure 3.46. Sol-gel bonding process

As we can see from Figure 3.47, the bonding area is the area with sol-gel. The sol-gel area
can even be a little bit larger than the etched pit as long as the inside hole of the ferrule is not
blocked. A three dimensional micropositioner with a monitoring system is used to do the
alignment. Figure 3.48 shows a picture of the bonding under the microscope.

sol-gel

Ferrule ID
127+1um

~____

P »
< >

pit diameter
1.0mm

A
v

OD=1.8mm

Figure 3.47. Application of sol-gel to the Figure 3.48. Sol-gel bonded diaphragm and
ferrule. ferrule.

Ferrule-fiber bonding: The final step of the sensor fabrication is to insert the fiber into the
ferrule, adjust the air-gap, and bond them together. In this step, sol-gel is dip-coated around
the surface of the fiber, and heated by using CO; laser at very low power for several seconds.
Any heating methods, (heat gun, hot plate, furnace or laser) can work, but after the air-gap
adjustment, the position of both the fiber and the ferrule should not be moved on the
positioning system. So the CO; laser mounted on the positioning system is the best choice.
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3.4.3 Sensor testing

The etched diaphragm sensors were fabricated using the white light interferometry system,
but tested using SCIIB system. Figure 3.49 shows the interferometric signal, air-gap and
visibility obtained for a representative single mode fiber sensor. The visibility is very high,
above 90%.
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Figure 3.49. Interference fringes of a representative diaphragm-based pressure sensor.

Sensor performance was evaluated using a PSI (Pressure System, Inc) pressure controller and
the single mode SCIIB system. The full-scale range of the PSI system is 200 psi. The
parameters of the sensor tested are: as follows.

e Diaphragm thickness = 125 um; Pit etch depth = 25 mm, so the sensing thickness
is 100 pum;
e Pit diameter = 1 mm

The pressure test results between 13 psi to 200 psi are shown in Figure 3.50. The SCIIB
system output was almost the same for increasing and decreasing pressure. The output of the
SCIIB system is voltage; air gap changes cannot be read directly from the system without
some data processing. Figure 3.51 shows the nonlinear fit to the test result, which can be
used to obtain information on the air-gap change after we have obtained one cycle of the
curve. For this sensor, 200 psi pressure results in an air gap change of 476.9 nm.

Figure 3.52 presents a comparison of the results from the PSI system and the SCIIB system.

The peak-peak value of ripples on the top of the PSI system output waveform was less than
1 psi.
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Figure 3.50. SCIIB pressure sensor test results for 13-200 psi and 200-13 psi.
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Figure 3.51. Nonlinear curve fit of test results.
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Figure 3.52. Comparison of PSI output (top) to SCIIB test results (bottom).
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3.5 Laser Bonding-Based Pressure Sensors

The sensor structure resulting from laser bonding of a fiber, ferrule, and diaphragm is shown
in Figure 3.53. Rather than using a pit etched in the diaphragm, a pit is drilled in the ferrule
to allow the diaphragm to deflect in response to pressure variations.

Ferrule

Optical Fiber \

\ -
Light i

—
—> ~]| <

Diaphragm

Figure 3.53. Diaphragm based fiber optic pressure sensor.

Figure 3.54. CPT’s engine sensor; the sensor head is 8mm long and 1.8mm in diameter.

3.5.1 CO; Laser Sensor Fabrication System

As shown in Figure 3.55 and Figure 3.56, the sensor fabrication system includes three
subsystems, the carbon dioxide (CO,) laser heating subsystem, the white light fiber optic
interferometric airgap monitoring subsystem, and the step motor controlled rotary holder
subsystem.
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A high-energy CO; laser controlled by a computer is used as the heating source. It generates
high-energy optical pulses at the wavelength of 10.6 um. When silica glass is exposed to the
CO, laser output, it absorbs the optical energy and converts it to thermal energy, which
allows silica glass materials to be locally heated to very high temperatures. The white light
fiber optic interferometric system is used in the system to allow accurate monitoring of the
sensor airgap. A holder for the ferrule is mounted on the step motor that is also controlled by
the computer. This rotary holder allows the ferrule to be turned at the required speed
corresponding to a specific laser bonding time. The computer controls the CO, laser and the
step motor simultaneously so the laser bonding process can be realized automatically.

3.5.2 Diaphragm / Ferrule Bonding

Bonding of the diaphragm and ferrule is shown in Figure 3.57 and Figure 3.58. The fused
quartz diaphragm is bonded on the top of the ferrule, which is also made of fused quartz, by
the CO, laser. The pit in the ferrule, which can be mechanically machined or chemically
etched, will allow the diaphragm to deflect in response to pressure variations outside.

A micrograph of a laser bonded diaphragm and ferrule is shown in Figure 3.59. The
diameter of the bonding circle can be set as 0.5mm or larger. The bonding edge is not round
because the diaphragm was not perfectly diced before laser bonding and some eccentricity
exists. However, this does not affect the sensor’s performance.

RS232 Cable

Laser Driver

L Ste
D/A CO; Laser e > O} Mol'zor

PC2000 Spectrometer
Card Fiber

SM /MM Box

Figure 3.55. CO; laser automatic sensor fabrication system.
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CO; Laser

White-Light
System —

Figure 3.56. CO; laser sensor fabrication system
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Figure 3.57. Rotary device and laser bonding process.
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Figure 3.58. Diaphragm and ferrule thermal bonding.

Figure 3.59. Micrograph of diaphragm and ferrule laser bonding (top view).
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3.5.3 Ferrule / Fiber Bonding

After the diaphragm and ferrule are bonded, a well cleaved fiber with its buffer removed is
inserted in the ferrule. The airgap between the fiber endface and the inside surface of the
diaphragm is adjusted by using the white-light interferometry measurement system. The
same rotary device is then used to realize ferrule and fiber thermal bonding. The process is
shown in Figure 3.60 and a micrograph of a laser-bonded ferrule and fiber is shown in Figure
3.61. The size of the sensor head is Smm long and 1.8mm in diameter.

An alternative way to bond the fiber inside the ferrule is to use a high temperature flame to
heat the ferrule and fiber to realize a hermetic seal, as shown in Figure 3.62 and Figure 3.63.

Laser Thermal Bonding

Turning %o After

Y] Bonding
_ >

(_.4 ..... do ——1 |l | A

Figure 3.60. Fiber and ferrule thermal bonding.

Figure 3.61. Micrograph of the ferrule and fiber laser bonding (side view).
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Figure 3.62. Thermal bonding between an optical fiber and a ferrule.

e —
Figure 3.63. Photo of the fused bonding between an optical fiber and a ferrule.

3.5.4 Sensor Testing

The basic structure of the spectrometer-based white light system used to monitor the air gap
during testing is shown in Figure 3.64. The data processing required to calculate the airgap
from the fringes was realized in Visual Basic. The measurement window is shown in Figure
3.65.

A multimode pressure sensor was placed in a furnace at atmospheric pressure. The
temperature was increased from room temperature to 600°C. The resulting sensor output is
shown in Figure 3.66.

Two multimode pressure sensors were tested at room temperature, the results are shown in
Figure 3.67 and Figure 3.68. The nonlinearity is caused by gauge measurement errors in the
pressure system when the pressure is relative low (0-500psi).
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Figure 3.64. The basic structure of interferometer-based white light system.
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Figure 3.65. White-light airgap measurement window.
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Figure 3.66. MMF engine pressure sensor temperature dependence test.
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Figure 3.67. MMF engine pressure sensor pressure sensitivity test.
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Figure 3.68. MMF engine pressure sensor pressure sensitivity test.
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4.0 Pressure Sensor Testing

4.1 Sensor Testing System

Figure 4.1 shows the schematic of the dynamic pressure test system. The dynamic pressure
(ultrasonic wave) is generated by an ultrasonic air transducer purchased from APC Products,
Inc. The transducer is sealed in an iron housing and faces the open end of a mullite tube
connected to the house. The other end of the mullite tube connects to the pressure control
system and the fiber optic sensor system through a T-fitting. All the connections to the
housing and the ceramic tube are hermetically sealed by epoxy. The sensor is put into the
central part of tube which is heated by a furnace.

Powpr B Function Pressure
Amplifier [ Control
Generator
Transducer
House T-fitting
— — \4 |_| D) Fiber Optic
/ Fiber Sensor System
Sensor A
Head Mullite Tube
Ultrasonic
Transducer Furnace

Figure 4.1. Schematic of the high temperature dynamic pressure test system.

The signal from a function generator is amplified by a high voltage power amplifier (Model
7602, Krohn-Hite Corporation) before inputting to the air transducer. From the
manufacturer’s test report, at ambient pressure, the transducer can generate a sound pressure
level of 140 dB (corresponding to a peak-to-peak pressure change 0.058 psi) at a one meter
distance when a 47 KHz sinusoidal wave with 200 volts peak-to-peak is applied. The sound
pressure increases as the background pressure is increased due to higher ultrasonic wave to
air coupling efficiency at higher background pressure. The real sound pressure levels at the
location of sensor and at different background pressures need to be calibrated.

The static background pressure inside the ceramic tube is controlled by the pressure control
system (Model 9035, Pressure Systems) which is connected to a compressed nitrogen gas
tank. The background pressure can be adjusted accurately from ambient pressure to 200 psi.

The mullite tube is approximately 1.5 meter long and only the central part where the fiber
optic sensor is placed is heated. The temperature in the heated area can be adjusted from
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room temperature to 1200°C by the furnace. The heated length is about 40 cm. All other
units of the test system and the seals are contained in a safe low-temperature environment.
The specifications of our test system are listed here:

e Test temperature: up to 1200 °C;

o Test static background pressure: up to 200 psi;

e Test dynamic pressure: sound pressure more than 140 dB with a frequency of 47 kHz.
4.2  Pressure Sensitivity Test

A structure model for a diaphragm is shown in Figure 4.2.

tvve v |
S B
L] oiaphragm L] T

Figure 4.2. Diaphragm deflection model.

The equation for diaphragm deflection:

y:ﬁl—_ﬂzk(az _rz)z (4-1)

16ER’
where y = deflection
P = pressure
h = thickness

a = radius of diaphragm
E = modulus of elasticity
r = radial distance

u = Poisson’s ratio

The sensor diaphragm thickness is 125um and the diaphragm diameter is about 1.4mm. The
calculated sensitivity of the sensor is about 2.1nm/psi. The single mode fiber optic engine
pressure sensor was tested at elevated temperatures and the results are shown in Figure 4.3,
Figure 4.4 and Figure 4.5. The sensitivity of the sensor is about 2nm/psi, which is close to the
calculated value. To increase the sensitivity of the sensor, a thinner diaphragm or larger pit
can be chosen.At temperatures above 600°C, glass creep was observed which results in shifts
of the curves in Figure 4.5.
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Figure 4.5. Pressure response at 600°C.

4.3 Dynamic Pressure Tests

The test results at room temperature and atmospheric pressure are shown in Figure 4.6 and
Figure 4.7. As shown in Figure 4.6, for the time domain, the sensor response is about Smv
peak to peak with its FFT having a 17dB signal noise ratio. For Q-point tuning response in
Figure 4.7, the maximum and minimum outputs are 3.4v and 1v respectively, so the sensor’s
visibility is 54.5% by the following equation:

max—min

Visibility = —————x100% (4-2)
max-+ min

4.4 Temperature Dependence Test

A multimode pressure sensor was placed in a furnace at atmospheric pressure. The
temperature was increased from room temperature to 600°C. The result is shown in Figure
4.8. Since the temperature induced pressure error is only 0.0169psi/°C and the temperature
will not change at high frequency, this temperature dependence will not affect the dynamic
pressure measurement.
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Figure 4.8. Engine sensor temperature dependence test (25°C to 600°C)
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5.0 Additional EFPI Sensor Development

5.1 Miniature Diaphragm-Based Sensors

The miniature fiber-tip pressure sensor is a diaphragm-based extrinsic Fabry-Perot
interferometric (EFPI) sensor, fabricated through a series of processes involving fusion-
splicing, cleaving and etching. This section introduces its operating principles and discusses
essential sensor fabrication procedures and signal detection and processing.

5.1.1 Principles of Diaphragm-based EFPI Pressure Sensors

The traditional structure of a diaphragm-based pressure sensor [4, 5] is shown in Figure 5.1.
A hermetic Fabry-Perot cavity is formed between the fiber and the diaphragm. Two beams
of reflected light, one from the fiber end and the other from the diaphragm, interfere with
each other to modulate the returned optical spectrum.

Supporting Structure

Fiber

? ? Diaphragm

7 « FP cavity

Bonding Point d

Figure 5.1. A traditional diaphragm-based EFPI pressure sensor structure.

The intensity of the reflected light can be expressed as

4nAL
A

where I; and I, are the light intensities reflected at the fiber end and the diaphragm
respectively, @o is the phase constant related to initial airgap and AL is the airgap change.
When the applied pressure changes, the diaphragm will deform accordingly, resulting in an
air-gap change:

I =1+1,+2{L1, cos(¢p, + ) (5-1)

3(1-p*)R?
L=
16Eh’

where AP is the pressure variation, R is the radius of the diaphragm, E is the Young’s
modulus for the material, p is Poisson’s ratio and h is the thickness of the diaphragm.

AP (5-2)
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Therefore the airgap change is linearly dependent on the applied pressure. Resolving the air-
gap change from the spectral shift can thus provide information about pressure.

5.1.2 Fiber Etching

Fiber etching is a critical technique, making it possible to fabricate a similar sensor directly
on a fiber tip, eliminating the use of a ferrule, and reducing the sensor size by an order of
magnitude. Optical fibers are drawn from fused silica and chemically doped to slightly
change the refractive index of either the core or cladding. Most fibers can be grouped into
two categories based on dopant: fluorine-doped and germanium-doped. The former has a
fluorine-doped cladding with a smaller refractive index than the core, while the latter is
usually doped with germanium to increase the refractive index of the core, and is the one of
interest in our sensor fabrication.

When immersed into hydrofluoric (HF) acid, the core and cladding region of Ge-doped fiber
will etch differently due to their differing compositions. The relative rate of each can be
controlled by the component ratios of buffered hydrofluoric acid (BHF) and the Ge dopant
concentration. Figure 5.2 shows a 62.5um-core and a 50um-core graded index fiber etched in
50% HF solution for 5 minutes. The cores of both fibers are clearly etched off to form a
‘hollow tube’ in the tip but claddings are nearly intact. The different etching rates indicate
different dopant concentrations in the two fibers. Therefore it is possible to generate a small
cavity on the fiber tip by etching the core without much damage to the cladding.

Figure 5.2. 62.5Spm-core fiber and a 50pm-core fiber etched in 50% HF solution for 5 minutes.
The cores of both fibers are clearly etched off to form a ‘hollow tube’ in the tip but claddings
are nearly intact.

5.1.3 Sensor Fabrication

The basic structure of a fiber-tip sensor is shown in Figure 5.3, consisting of a single-mode
(SM) fiber, an etch barrier layer, a Fabry-Perot cavity and a diaphragm. The structure is
similar to a traditional sensor, but miniaturized at the fiber tip

A 10~20um etch barrier fabricated from a special fiber (Figure 5.4) is used to protect the SM
fiber from HF exposure, which may roughen the SM fiber surface, reducing the reflected
signal strength significantly. Since the etching rate is very low, this layer can retain a very
flat surface during cavity etching. This step can be omitted where signal to noise ratio is of
less concern.
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f
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Figure 5.3. Basic structure of a miniature fiber tip pressure sensor. Slightly different
interferometric structures are possible; only the simplest is presented here.

SM fiber Etch Barrier

Cleaving

SM fiber  Etch Barrier

Interface

Figure 5.4. Fiber tip sensor etch barrier layer.

As discussed above, a cavity is formed in Ge-doped multimode (MM) fibers by immersion in
HF acid. After the etch barrier is added, the fiber is spliced to a 62.5um-core MM fiber and
then cleaved. The length of the MM fiber left is controlled to be approximately equal to that
of the cavity. The fiber is immersed in HF for a time period determined by the cavity length
and the core etching rate. A slight over-etch is required to ensure the etch reaches the barrier

layer and the central portion of the cavity floor is flat. The fiber is now ready for diaphragm
bonding.
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Figure 5.5. Fiber tip sensor cavity formation process.

As shown in Figure 5.6, a pure fused silica fiber is spliced with the cavity and then cleaved,
leaving a ‘diaphragm’ on top of the cavity. To achieve the sensitivity required for
physiologic pressure measurements, the diaphragm must be thinned to well below 10um. The
splice in this step differs from previous ones. Standard splicing procedures are not applicable
here due to their high arc power and long arc duration, which will overheat and collapse the
wall of the cavity. Instead, low power arc is utilized for shorter duration, and the prefusion
power and time is carefully chosen to minimize the amount of air trapped inside the cavity
after the splice. This is essential for temperature cross-sensitivity reduction.

SM fiber ~ Cavity

P
SM fiber  Cavity Undoped fiber SM fiber  Cavity S|
P P
9 — 9 — Etching
SM fiber Diaphragm
Fusion Splicing Cleaving

—

Etch Barrier Cavity

Figure 5.6. Fiber tip sensor diaphragm fabrication process.
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Three reflecting surfaces are evident: the etch barrier and the two diaphragm surfaces. Each
will send a beam of light back into the fiber, resulting in a three-beam interference pattern,
which is not the case discussed in section 5.1.1 for traditional EFPI sensors. In general, this
will only cause minor signal processing difficulties because of the large difference between
cavity length and diaphragm thickness.

5.1.4 Sensor Testing

The fiber tip sensor is fabricated with fused silica fibers only, eliminating the problem of
thermal expansion mismatch between different materials. Therefore it is expected to work at
high temperature. To explore its high temperature capability, sensor was tested using a setup
shown in Figure 5.7. The sensor was sealed in a tube pressurized by a pressure calibrating
system (Pressure System, Inc.) which controls the amount of compressed nitrogen flowing
into the tube to change the pressure inside. The end of the tube is placed in a furnace,
controlling the sensor’s temperature. Sensor output was detected using Micron Optics
Component Testing System (CTS), which is essentially a spectrometer with build-in tunable
laser source and detector. The cavity length was determined by monitoring the interference
pattern shift.

Sealed Tube Sensor —
Micron Optics CTS { |_| X
I I
Computer C——>| PSI Pressure Control Furnace

Figure 5.7. Fiber tip sensor test setup.

It was observed that the first time the sensor was heated up to high temperature the airgap
changed drastically. However, after being kept at high temperature for a few hours, the
sensor tended to reach a stable state. Figure 5.8 shows such a heating process. The sensor
was heated from room temperature (RT) to 600°C and kept for a few hours (several hours of
data was missing after about 50mins due to program error). Then it was cooled down to
500°C and it can be seen the airgap does not change much. The reason may be because the
stress at the splicing point began to be released slowly at elevated temperature. Therefore the
first heating cycle will probably serve as an annealing process.

Figure 5.9 shows the sensor’s pressure response at 500°C after ‘annealing’. The performance
is not as good as room temperature with a resolution about 2%. Creep has been observed
when sensor is under high pressure. This is because the viscosity of fused silica will
decrease at higher temperature and cause the materials to deform very slowly when it is
under stress. Details of the sensor’s high temperature capability are currently under
investigation.
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Figure 5.9. Sensor response at 500°C.

5.2 Hollow Fiber Based Miniature Sensor

Rather than using a chemical etching process during the fabrication, this miniature sensor
(125um in diameter) can be fabricated by using a piece of hollow fiber. Eliminating the use
of a chemical or hazardous material like HF, the whole fabrication process is safe, simple and
inexpensive. The basic sensor structure is shown in Figure 5.10. The essential element is a
piece of hollow fiber, which connects a fiber end to a diaphragm to form a Fabry-Pérot
cavity. Cavity fabrication is realized by cleaving and splicing, completely eliminating any
chemical etching process. This not only ensures that the whole process is clean, safe, and
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easy for anyone including those with no chemical material process training to operate, but
also greatly simplifies laboratory maintenance without any need for hazardous waste disposal
or fume hood cleaning. Also, this technique can be conveniently utilized by any laboratory
including those without chemical processing facilities. Last but not least, the simpler
fabrication process and fewer experimental material and tools undoubtedly lower the total
cost.

5.2.1 Fabrication Process

The fabrication process is described as follows:

1. Splice a piece of hollow fiber at the cleaved end of a standard fiber.

2. Cleave the hollow fiber near the junction according to the cavity length requirement. The
cavity length can be cleaved down to the order of micrometers under the inspection of a
microscope or CCD.

3. Connect the diaphragm to the other end of the hollow fiber. The method can be splicing,
agglutinating, heating, etc.

4. Control the diaphragm’s thickness to the order of sub-microns by cleaving, polishing or
dipping the fiber head into HF acid of suitable concentration. This last step is optional
according to the diaphragm requirement.

The diaphragm can be a slice of optical fiber, sapphire fiber, ceramic plate, sapphire plate,
rod, or combined layers. The whole process is monitored by a power measurement device
(for example, a white light interferometry system). The interior diameter of the hollow fiber
can be selected according to different requirements.

I N
Light
R — B
-] - Splicing Point
|
Optical Fiber Hollow Fiber Diaphragm

Figure 5.10. Schematic (top) and photograph (bottom) of the hollow fiber-based miniature
sensor.
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5.2.2 Novel Features

This hollow fiber based miniature sensor has the following advantages:

e Miniature size: The whole structure is the size of the fiber, generally 125 pm in
diameter.

o Simple and efficient fabrication: The process mainly includes cleaving and bonding
steps, and takes less than one hour in general.

e No chemical process involved: The entire process can be performed in a general
photonics laboratory with a cleaver, a splicer and a microscope. The complete setup for
the fabrication is shown in Figure 5.11. Since no hazardous material, such as HF, is
involved, no fume hood or poisonous waste procedure is needed.

o Safe fabrication: The lack of chemicals ensures the method is safe and reliable. No
chemical or hazard safeguard is needed. Anyone, including those without hazard
protection training, can operate the tools

e Low cost: The materials for the structure, namely, optical fiber and hollow fiber, are
commercially available products. Also, the tools for the fabrication, the cleaver and
splicer, are common tools in a photonics laboratory. In addition, without any waste
prpdcuts or hood maintenance fee, the cost is further reduced.

o High temperature capability: When the fiber, hollow fiber and diaphragm are sapphire,
the structure can work at more than 2000°C.

o High signal strength and visibility: The cavity surfaces are smooth, flat and parallel,
which guarantees the quality of the signal.

e EMI immunity and electric passivity: Such an optical structure is immune to the
electromagnetic interference.

Figure 5.11. Complete setup for miniature sensor fabrication: cleaver, splicer and microscope.
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5.2.3 Testing Results

During fabrication and testing the hollow fiber-based miniature sensors were monitored by
the CTS (High Resolution Swept Laser Interrogator) shown in Figure 5.12. It contains a very
fast, high signal-to-noise ratio swept laser, high dynamic range detectors and amplifiers, high
speed, simultaneously sampling data acquisition, and a real time operating system to tie all
the components together and display data on an LCD. The laser is a mode-locked Er-doped
fiber ring whose maximum average power is 0dBm, and the peak pulse energy is 0.1nJ. It
continuously sweeps 5 times per second in the wavelength range between 1520nm and
1570nm.

Figure 5.12. Micron Optics Component Test System (CTS), a high resolution swept laser
interrogator utilized for sensor testing.

The testing setup is shown in Figure 5.13. The sensor is sealed in a tube where the pressure is
supplied by a gas system and controlled by a PSI (Pressure System, Inc) pressure controller.
The pressure can vary from atmospheric pressure to about 200 psi. The reflected signal data
is collected by a computer.

Optical fiber

PSI Pressure Control

Nitrogen T

\
rd Water

Sensor

Pressure Chamber

Computer

Computer

Figure 5.13. Pressure testing setup.
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After fabrication, the hollow fiber based miniature sensors were tested. Their interferometric
signal, sensitivity, repeatability and temperature dependence are discussed in the following
paragraphs.

Interferometric Signal

The reflectance at both the fiber end and the inner surface of the diaphragm are low (about
3.5%), the response is periodic function similar to a two-beam interferometer, which can be
described by

[=E? +E2+2E,E, cos( 4”’“[}

(5-3)

E, and E,: the magnitudes of the electrical fields of the reflected light at two fiber ends

d : The length of the air gap of the Fabry-Pérot cavity
A : The wavelength
n : The refractive index of the medium.

WhenE, ~ E,, and I, = E] , Eq. 3-3 can be simplified as:

I=2E’ {1 +cos ( drnd ﬂ
A
=21 [l + cos(4ﬂ;d ﬂ

As a consequence, the interference signal is a function of the cavity length. The pressure
induced diaphragm deflection changes the sealed air gap length and modulates the signal. By
monitoring the sensor output, the applied pressure can be measured. Figure 5.14 shows the
interferometric signal obtained for a representative hollow fiber based miniature sensor. The
signal is as strong as 33dB.

(5-4)

The pressure test results between 15psi and 135psi, in 30psi steps, are shown in Figure 5.15.
We first increase the pressure, and then decrease it with the same step. After 3 rounds, the
relationship between the airgap change and the applied pressure was obtained and is shown
in Figure 5.16.
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Figure 5.14. Interference fringes of a hollow fiber based pressure sensor.
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Figure 5.15. Airgap change versus pressure change for a hollow fiber-based pressure sensor.
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Figure 5.16. Repeatability of airgap change, six curves plotted together.

Sensitivity, one of the most important performance indices of a pressure sensor, is defined by
the ratio of the deflection to the pressure applied. For this sensor, shown in Figure 5.15 and
Figure 5.16, 120psi pressure results in an air gap change of 140nm. So the sensitivity is about
1.17nm/ psi. The sensitivity can be further improved by reducing the thickness of the

diaphragm.

Repeatability

Repeatability indicates whether the sensor can repeat its performance under the same
conditions. The three cycle test producing six curves are plotted together in Figure 5.16.
There is no apparent hysteresis. The repeatability and linearity are very good.

Figure 5.17 shows the enlarged picture of Figure 5.16 where the error is maximal. The
maximum relative error (the ratio of the maximum difference to the full measurement scale)
is about 0.0004%. One possible reason for the error is that the stress in the bond changes
when the pressure is applied.

Temperature Coefficient

When the temperature of the sensor varies, the thermal expansion of its parts (single mode
fiber, hollow fiber and the diaphragm) will introduce an additional change in the length of the
airgap, other than the pressure-induced change. In order to minimize this cross sensitivity
effect on the signal acquisition, information of temperature coefficient Cr, i.e. the airgap
change per °C, is important. This can be obtained by testing the sensor under different
temperatures.
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Figure 5.17. Enlarged plot of Figure 5.16.

The same sensor used for the sensitivity and repeatability test was evaluated at 100°C, 200°C,
300°C, 400°C, 500°C and 600°C. The output signals according to the temperature increase
and decrease are plotted in Figure 5.18. The temperature coefficient is about 0.05nm /" C.
The airgap is larger when the temperature is decreasing than that when the temperature is
increasing. The reason may lie in the insufficient time duration for the sensor to stabilize
after heating. In our experiment, the time for the sensor to stabilize is only about 10 minutes.

Dynamic Test Results

To test the sensor’s dynamic response, a 45 KHz air transducer was used. The sensor head
was placed close to the transducer with the distance about 0.5 cm, as shown in Figure 5.19.
The sensor response under atmosphere pressure was tested by the SCIIB system and shown
in Figure 5.20. The yellow curve indicates the sensor’s time domain response from the
narrow band of SCIIB system, and the red curve shows its FFT result. A sharp pulse (about
20dBm) is observed at 45 KHz, which is the transducer’s operating frequency. This signal
can be demodulated to obtain the dynamic pressure information.
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Figure 5.18. Sensor’s temperature dependence.

Figure 5.19. Relative position between the transducer and the sensor for dynamic testing.
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Figure 5.20. Dynamic test result of the sensor.

5.3  Diaphragm-Based High Temperature Sensor

This fiber optic temperature sensor is based on the interference generated by the two surfaces
of a diaphragm. Figure 5.21 illustrates the sensing principle. The sensing element is the
diaphragm, acting as an interferometer. Reflections at both sides of the diaphragm will
interfere with each other, producing a modulated spectrum, whose pattern is determined by
the optical path difference (OPD) between the two reflections. Thermal dependence of both
the diaphragm thickness and the refractive index will make the OPD and thus the spectrum
pattern sensitive to temperature variation. Therefore the information about temperature can
be demodulated from the reflected signal. Mathematically, OPD can be expressed as

OPD = 2nd (5-5)

where n is the refractive index of the material, d the thickness. Let o be the coefficient of
thermal expansion (CTE) of the material and B the thermal coefficient of refractive index, we
have

OPD =2d,(1+ aAT)-n,(1+ SAT) = 2n,d, (1+ (& + B)AT + aBAT?) (5-6)

The temperature dependence of the OPD is clearly seen.
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Figure 5.21. Sensor principle

5.3.1 Sensor Fabrication

The most advantageous feature of this scheme is that the fiber could be of any type, not only
conventional telecommunication singlemode/multimode fibers. Even the highly multimoded
sapphire fiber, in which it is usually very difficult to generate interference, can be used this
way to get fringes. If the whole sensing head, including fiber, diaphragm and supporting
structure, are made from sapphire or alumina, the sensor can be used as high temperature
sensor capable of measuring temperature up to 1600°C.

5.3.2 Light Source and Detector:

There are multiple possible combinations of light source and detector. Two possible choices
are: whitelight source + spectrometer or laser + photodiode. For the first one, temperature is
resolved from the modulated spectrum. For the second one, the light intensity at the
photodiode will change accordingly.

5.3.3 Preliminary Results

Some preliminary experiments have been conducted. Three types of fibers have been tested
using a white light system, as shown in Figure 5.22. Two type of wafers were used, 12um-
thick and 57um-thick fused silica wafer. The interference signals are shown in Figure 5.23.

Glass
50/125 MM Coupler 50/125 MM wafer

1550 nm r. ﬁ

or 850 nm 100pum glass rod: 60cm long
200um glass rod: 15c¢m long

Spectrometer 150um sapphire: 30cm

Figure 5.22. System setup.
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Figure 5.23. Interference signal generated by various types of fibers and wafers.

5.4 Laser Ablation of Sapphire

Sapphire has been widely used in microelectronics and sensor optics due to its unique
properties. Sapphire has thermal stability up to 1600°C and very high stiffness (modulus). It
is highly inert and resistant to attack in most process environments including hydrofluoric
acid and the fluorine plasma applications commonly found in semiconductor wafer
processing. Sapphire also has a wide transmission window ranges from below 0.2 microns, to
over 4 microns. In turn, these properties make it difficult to process precisely by any
micromachining techniques and therefore limit the wide applications of sapphire.

Despite this, several methods have been reported to structure sapphire, such as reactive ion
etching (RIE), ion beam implantation!®, laser induced backside wet etch (LIBWE)[7] and
laser processing with excimer laser'®, quasi-cw laser[8] and picosecond and subpicosecond
laser[9]. Among these methods, RIE can provide the best surface quality, but etching depth
is limited by the materials of the mask. The LIBWE method and other direct laser ablation
give very poor surface quality though with high etch rate. Ion beam implantation followed
by wet chemical etching results in better quality than laser ablation, but this method can only
structure the sapphire with a depth around 1 um. RIE and ion beam implantation are costly
processes while laser ablation is cheaper.
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We have developed a novel method, laser ablation on a hot substrate, to etch sapphire by
using an excimer laser. The principle of this method is shown in Figure 5.24. A laser beam
is incident from the front side of the sapphire wafer while the backside (but not limited to the
backside) of the sapphire wafer is heated to a certain temperature. Compared with direct laser
ablation methods, backside heating laser ablation can provide extremely high surface quality
(as shown in Figure 5.25), high etch rate (83nm/min or even higher), great structure depth
(>50pm), but requires low energy fluence (<=1J/cm?). In Figure 5.25, two structures were
obtained under almost the same conditions, except for the left one, the sapphire wafer was
attached to a small furnace with temperature of 600°C.

Turning mirror

»

Excimer l
Laser Optical %&) S hi
a 1re
(24 8111’1’1) Lens PP

wafer

A sma‘il furnace

Figure 5.24. Principle of backside heating laser ablation

Figure 5.25. Surface quality produced with backside heating laser ablation (left) and direct
laser ablation (right).
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The factors that influence the results are as follows:

e Laser beam shape;

o Heating temperature;

e Separation between last optic and the sample substrate;
o Energy density;

e Frequency;

e Number of pulses;

e Thickness of the sample

By choosing the correct value of these factors, and using more accurate optical components,
the best result can be obtained. The re-deposition on the rims of the structure can be
removed by wet etching. This method can also be used etch other materials, such as fused
silica, quartz and zirconia.
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6.0 A Novel Intrinsic Fabry-Perot Fiber Optic Sensor

Among various optical fiber sensors, Fabry-Perot (FP) interferometric sensors are very
promising because they are accurate and sensitive. Intrinsic Fabry-Perot sensors are “all-fiber
sensors”, which can reduce or eliminate the bonding problems experienced with extrinsic
sensors. Intrinsic sensors are also more versatile for installation and are more robust. But
intrinsic sensors are usually more difficult or require more expensive equipment to fabricate
than extrinsic sensors. So from a commercial viewpoint, intrinsic sensors are significantly
more expensive.

To fabricate in-line Fabry-Perot interferometers, the greatest focus has been on producing
thin-film mirrors on the cleaved fiber end face through vacuum deposition, sputtering in a
magnetron system or electron-beam evaporation. However, it is difficult to control the film
thickness and flatness with precision. Moreover, the thin-film mirrors will be immediately
damaged or deteriorated in quality by the splicing electric arc, and the reflectivity of the
Fabry-Perot mirror cannot be controlled[10, 11].

A simple, novel process was developed to fabricate intrinsic Fabry-Perot interferometric
sensors by wet chemical etching and fusion splicing. This process is not only a cost effective
technology but also has potential for batch processing. Two structures can be generated by
this process. Therefore, this sensor can provide multiple functions. It can be used to measure
the temperature, strain, pressure, refractive index of chemicals and thin film thickness by
itself. It can also be multiplexed with itself, with other type of Fabry-Perot sensors and with
gratings to perform multiple point measurements or to function as temperature compensation
element for other perturbation measurements.

6.1 Sensor Fabrication

Microfabrication techniques have been developed that allow differential etching of the core
with respect to the cladding of the fiber. With suitable buffered acid solution, micro-pits can
be obtained in the cleaved fiber end faces. These etched fibers can then be spliced with other
unetched fibers to generate micro-air-gaps inside the fibers. The air-gap can be used as
reflective mirrors to form Fabry-Perot interferometers with the cleaved fiber end faces or
with other air-gaps, and function as sensing elements.

Usually, the core of the fiber is made out of germania doped silica, while the cladding is
made out of pure silica. Using a suitable buffered acid solution (NH4F: HF: H,O) for etching
the core faster than the cladding results in a pit, whose base diameter corresponds to the
single mode core of the fiber. There is a limit for the solution ratio between NH4F and HF
(volume ratio between NH4F: HF: H,O is for this limit ratio 1.7:1:1) where the etching speed
of the cladding equals that of the core. For values of the volume ratio of NH4F to HF higher
than 1.7:1, the core is etched more slowly than the cladding, resulting in an inversion of the
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etching speed. In this case, pure silica, i.e. the fiber cladding, is etched at a faster rate than
doped silica, i.e. the core of the fiber, thus resulting in a corn on the fiber end face[12].

Germania-doped Silica Core Silica Cladding

\

— 125um—> < ~ 96 unr—>]

(@) (b) (c)

Figure 6.1. Differential wet chemical etching (a) Before etching; (b) After etching; (c) End face
of etched fiber

The guiding fiber and sensing fiber used are Corning single-mode fiber (SMF-28). Before
undertaking the fusion splicing process, one fiber is differentially etched with a suitable acid
solution while the other fiber is well cleaved. Low arc currents and short splicing times are
used to fusion splice them to create a micro-air-gap between etched fiber and unetched fiber.
After this mirror is formed in the fiber, the bare fiber is cleaved to the desired Fabry-Perot
cavity length. This structure is shown in Figure 6.2.

ﬁber\\ Air-gagb{ }«
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Figure 6.2. The 1* structure of the sensor.
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The other possible structure of this sensor is created by adding to the above structure by
splicing another etched fiber to the cleaved fiber end. Another identical micro-air-gap can be
formed. These two micro-air-gaps function as two reflective mirrors of the interferometer.
The length of the fiber cavity between the two micro-air-gaps is the Fabry-Perot cavity
length. Compared with the first structure, the advantage of this structure is the capability of
multiplexing with other sensors.

fiber Air-gap;{ }« ) Mir-gapZ

Fiber cavity

Figure 6.3. The 2" structure of the sensor.

6.2 Theoretical Analysis

When the light is guided into the sensor, the light reflected from the end surface of the air-
gap or from the cleaved fiber end face will generate constructive (i.e., reflections are in phase
with each other) or destructive (i.e., reflections are out of phase with each other) interference.
If the refractive index and/or length of fiber cavity are changed by perturbation, the reflective
power will sweep through the maximum and minimum interference effects. These signals
can be processed to determine the amount of perturbation.

Multiple cavities (including air-cavity and fiber-cavity) are formed in both structures of this
sensor because of multiple reflective surfaces, especially in the 2™ structure. For simplicity,
we model the 1% structure as the case of three reflective surfaces. Three reflective surfaces
have its reflectance (R, R,,R, R) and transmittance (7,,7,,77,). The cavity lengths are L;,

L, and L3=L;+L,. We assume that the energy of light from the source is 1.
The phase shift can be obtained from

_4mnLcosi
A

where i is the incident angle of the light. n is the refractive index of the fiber, and L is the
length of the fiber cavity.

: (6-1)
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Figure 6.4. Theoretical model for multiple cavities

Three different rays are reflected back. They are:

Ray 1 with energy: R,;
Ray 2 with energy: 7,°(1-R,)’ R,e”/*”
Ray 3 with energy: 7,°n,°(1-R,)*(1-R,)* R,e >

We sum them together, the total energy received by the detector can be

E=R+ 7712 (I-R )szeiﬂ% + 77127722 (1- R1)2 (I-R, )2 R3eij2((pl+(p2) 5 (6-2)

and the intensity I is:

I=ExE". (6-3)

For this sensor, it is difficult to obtain the size of the air-gap. We did some simulation and
compared the simulation spectrum with the spectrum captured from the CTS. We can
approximately know that the size of air-gap is around 1.5um. As an example, we know that
the fiber cavity length is 68.66pum from measurement. In simulation, we set L, = 68.66 um ,
and when L, =1.5um, the spectrum from the simulation (Figure 6.5) is close to the actual

spectrum shown in Figure 6.6.
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6.3 System Setup and Measurement Results

The Micron Optics CTS system was used to monitor the interference fringes. Signal
processing provided the capacity to filter out the desired signal in the frequency domain. The
principle of the CTS system is shown in Figure 6.7.

Optical source Optical fiber Sensor
Index
Detector matched
terminal

Figure 6.7. Principle diagram of the sensor system

6.3.1 Temperature Measurement

We used both structures of this sensor to measure temperature changes. Their performance
as temperature sensors were demonstrated from room temperature to 700°C.

The temperature measurement can be determined by

A= EaT (6-4)
dT  dT

where A is the wavelength of light source, dn/dT is the thermooptic coefficient, and dL/dT is
the thermal expansion coefficient of the sensing fiber, AT is the temperature change per
period of fringe. For Corning SMF-28, n=1.4488 at wavelength of 1550nm,

dL ~ -6 /0 dn ~ -6 /0
AT~0.55><10 [C,dn/ ~92x10°/7C.

We used a sensor with a fiber cavity length of 623.0656um to measure the temperature. Our
measurement showed that the optical length changed 4.41nm/°C. In Figure 6.8, temperature
was increased four times and in Figure 6.9, temperature decreased from 700°C to 50°C four
times. These two figures showed that this sensor has high repeatability in temperature
measurement. We show the hysteresis test of the sensor in Figure 6.10. The hysteresis in this
measurement was caused by the speed difference of heating and cooling of the furnace which
was used for testing.
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Figure 6.8. The output of OPD when the temperature was increased.
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Figure 6.9. The output of OPD when the temperature was decreased.
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Figure 6.10. Hysteresis of temperature measurement.

6.3.2 Strain Measurement

For strain measurement, we use the 2" structure of the sensor to cascade two sensors to make
multi-point strain measurements. We used a Foil Gauge as a reference to calibrate the optical
sensors. The strain test setup is shown in Figure 6.11.

-
v

Foil IGauge
g b — #t Id
| Sensor 2 Sensor 1 T

< L

\4

Figure 6.11. Setup for strain measurement.

Theoretically, the stain is

L'td

L’

TheoryStrain = 3

(6-5)

where t is the thickness of the substrate to support the sensors and the d is the height when
one side of the substrate can be lifted up to cause the strain change. L is the total length of the
substrate and L’ 1s the distance between the substrate end and where foil gauge was placed.
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If we measure the optical path changes to obtain the strain change information, we can use

the following equations:

AOPD _an Al _g7378L
OPD, n, I, I
OpticalStrain = 1 AoPD

0.737 OPD,

(6-6)

(6-7)

Figure 6.12 and Figure 6.13 show that the optical sensors’ test results agreed with the results
from foil strain test system. Figure 6.14 shows that the experimental results agree with the

theoretical results.

6.4 Temperature Compensation

6.4.1 Temperature Compensation for Long Period Gratings

Long period gratings are very sensitive to temperature change. In order to compensate for
temperature, we connected an intrinsic Fabry-Perot sensor with a LPG. The spectrum after
multiplexing a FP sensor and a LPG is shown in Figure 6.15 and an FFT plot of it is shown

in Figure 6.16.

6.4.2 Temperature Compensation for Miniature Pressure Sensor

Diaphragm-based miniature pressure sensors have the capability to work at high temperature.
For the best performance, the effect of temperature also needs to be deleted. Multiplexing an

intrinsic Fabry-Perot temperature sensor and extrinsic Fabry-Perot pressure sensor is a

currently ongoing task.
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Figure 6.13. Strain test result of the 2nd sensor.
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Figure 6.16. FFT of the spectrum of multiplexed FP and LPG.
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7.0 Multiplexed Intrinsic Fabry-Perot Interferometric (IFPI)
Sensors

Fabry-Perot (FP) interferometric fiber sensors have attracted considerable interest for
temperature, strain, pressure and many other physical parameter sensing in the past decade
[13-20]. Lee and Taylor et al. demonstrated FP interferometers by building dielectric mirrors
into the fiber[13-15]; Research groups at Virginia Tech developed extrinsic Fabry-Perot
interferometer (EFPI) sensors by forming an air gap between the end faces of two uncoated
fibers inserted into an alignment tube[16, 17]; Sirkis et al. introduced inline fiber etalons by
fusion splicing two fibers with a section of hollow core fiber of the same outside
diameter[18]. These FP interferometers had been utilized for various applications such as
temperature, strain, pressure[17], electromagnetic field[21], and ultrasound sensing[5].
However, these extrinsic interferometers usually have relatively high reflectance and power
loss and are therefore unable to be highly multiplexed.

In order to multiplex a very large number of sensors, intrinsic Fabry-Perot interferometers
(IFPIs) with low reflectance are desirable. Recently the researchers in the Center for
Photonics Technology (CPT) at Virginia Tech proposed and demonstrated several new
methods to fabricate IFPI sensors inside a fiber[22], and also demonstrated a spatial
frequency division multiplexing method that promises the potential of dense sensor
multiplexing. Further, the latest experiment showed the capability of measurement of
different physical parameters, including temperature, strain and pressure capable of operation
at high temperatures above 600°C.

7.1 Principle of Operation of IFPI Sensor

Large refractive index changes on the order of 107 can be achieved in both hydrogen loaded
and commercially available Ge or B doped fiber by means of ultraviolet irradiation. When a
segment of photosensitive fiber is exposed to UV, the refractive index of the fiber is changed,
so a local Fresnel reflector is created that behaves as a partial mirror. A pair of such reflectors
can form an intrinsic Fabry-Perot interferometric sensor that can be used to measure physical
parameters such as temperature, strain, pressure, vibration etc.

Figure 7.1 shows the structure and point-by-point fabrication method of IFPI sensors. A
narrow slit formed by two metallic plates is placed in front of the fiber to act as a shadow
mask. The photosensitive fiber is irradiated on the side by UV. The position and width of the
slit can be adjusted through 3-D translation stages so that the width of writing point can be
controlled and a section of the laser beam profile can be selected for given laser beam
pattern. In general, this width is set to about 20~30 microns in the manufacturing procedure.
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Figure 7.1. UV-induced IFPI sensor structure (left) and photograph (right).

The position of the fiber can also be adjusted through 3-D translation stages. After one point
is written, the fiber is moved along the axial direction for a certain distance, then another
point is written. These two points act as two partial mirrors and produce a Fabry-Perot cavity.
Figure 7.1 shows a photograph of an IFPI sensor with FP cavity length of 1 millimeter. The
optical path distance (OPD) between the two reflectors is

L=2n,d (7-1)

where d is the distance between the two reflectors and negr is the effective refractive index of
the fiber at a certain wavelength.

Due to the low reflectance at each reflector, the interference between the two reflections at
wavelength A is approximately

I=1,-[R +R, +2\RR, cos(277i+ ?)] (7-2)
where
I Reflected light power measured at wavelength A.
Iy Power of the light source at wavelength A.
R R, Reflectivity of the reflectors at wavelength A.
[0} Constant phase difference term due to the phase changes on reflection interface.

A Wavelength of light source.

The normalized interference at wavelength A can be written as

L R +R, +2{RR, cos(z—”L +¢) (7-3)
I, A

The width of the exposed segment is controlled to be in orders of micrometers, a broadband
Fresnel reflector can be achieved, the reflection coefficient R; and R, and phase term ¢ an be
considered to be wavelength independent. From Eq. (5-3), it is known that the normalized
interference for different wavelength is only related to the L and A.
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From Eq. (7-1)—~(73), it can be seen that that the IFPI sensor can be used to measure any
quantity that can change either the refractive index or fiber dimension or both. Some of the
common parameters include temperature, strain and pressure etc. By measuring the
interferogram of the interferometer in a certain wavelength range, the OPD L can be
estimated. Thus, the parameters that cause the OPD change can be determined.

7.2 IFPI Sensor Fabrication

An IFPI sensor fabrication system has been developed in Center for Photonics Technology at
Virginia Tech. The system consists of an UV Excimer laser, optical components including
UV-grade mirror and lens, metallic shadow mask, 3-D translation stages and a monitoring
system. A KrF excimer laser (MPB Communication Inc, MSX-250) with 248nm wavelength
is used as UV source. A UV-grade mirror and a UV-grade lens are used to focus the laser
beam onto the side of the photosensitive fiber. A pair of metallic plates is used to form a
narrow slit that just allow a small portion of laser beam to pass though. The two plates are
mounted onto 3-D stages. The slit width can be controlled by change the positions of the two
plates. The distance between the slit and the focus lens can also be adjusted so that the laser
power density irradiated to the fiber can be controlled. The photosensitive fiber is placed
behind the slit and contact with the metallic plates to reduce the influence of laser beam
diffraction. The fiber is also mounted onto a 3-D translation stage so that the position of the
laser writing point can be translated and the axis direction of the fiber can be adjusted to be
perpendicular to the slit. An optical component test system (Micron Optics, SI720), which
function as both a sweeping laser source and an optical spectrum analyzer, together with an
optical circular, which couples the reflected light to optical detector, are used to monitor the
sensor fabrication procedure. The operation principle of the monitoring and measuring
system will be explained in Section 7.3 below. Finally, a microscope is used to observe the
laser writing point so that the slit width can be roughly estimated. A diagram and photograph
of the sensor fabrication system are shown in Figure 7.2.

We have fabricated IFPI Sensors with different cavity lengths from tens of micrometers to
several centimeters to meet the sensitivity requirements of physical parameter measurement,
and have demonstrated their potential for use in applications such as temperature, strain and
pressure sensing, as discussed further in Section 7.4.

7.3  Measuring System

The reflection of the UV-induced IFPI sensor is pretty low. It is difficult to measure the
interferogram by conventional methods that utilize a low-coherence light source and passive
optical spectrum analyzer. In our measuring system, a Micron Optics Si720, which contains a
sweeping laser source, detectors, intensity and wavelength referencing units and supporting
electronic circuits, is used as an optical spectrum measuring equipment. The diagram of the
measuring system for single or multiplexed IFPI sensors is shown in Figure 7.3.
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Figure 7.2. IFPI sensor fabrication system.
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Figure 7.3. Diagram of IFPI measuring system.
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Narrowband light from the sweeping laser is launched into an optical circulator, which
transmits the light to the IFPI sensors. At each sensor, part of the light is reflected back to the
circulator. The circulator then couples the reflected light to an optical detector. The power of
the reflected light is measured by the detector. A portion of the light is tapped from the light
source inside the spectrum analyzer. The intensity and wavelength of the tapped light is
measured as intensity and wavelength reference. Then the normalized interference at a
certain wavelength can be measured by Eq. (5-3). The laser is operated to finish a sweep in
200 milliseconds. In total, 20,000 samples are measured in the 1520nm~1570nm wavelength
range with a wavelength step of 2.5 picometers during one sweep of the laser source. The
measured interferogram is transferred to a personal computer via a GPIB interface. A Matlab
program running on host computer is written to retrieve the interferogram data from the
spectrum analyzer and to do the signal processing job to estimate the frequency and phase
information of the interferogram.

We have developed an interferogram signal processing algorithm operating in wave number
domain and spatial frequency domain. The measured interferogram in wave number domain
may contain multiple spatial frequency components. FIR digital bandpass or lowpass filter is
designed to select individual frequency component. Filtered signal in wave number domain
will only contain single sinusoidal term. Then we use peak detection algorithm to find the
positions of peaks and valleys of the sinusoid. Frequency and phase information of the
sinusoid can be estimated by analyze positions of peaks and valleys. Therefore, the OPD of
each IFPI sensor can be estimated.

7.4 Measurement Results

We have designed IFPI sensors to measure various physical parameters such as temperature
strain and pressure etc.

7.4.1 Temperature Sensors

The optical path length (OPD) of the IFPI sensor will change due to the temperature
dependence of the refractive index and thermal expansion. The change of the OPD is given

by
SL=2%(n*1+n*8)=2%(n, *AT *[+n*1*a*AT) (7-4)

where OL Change of OPD.
dn Change of refractive index.
dl Change of geometry length.
n Effective refractive index of fiber.
L Distance between two reflectors.
nr Thermal optic coefficient (~1.0%107/°C).
o Thermal expansion coefficient (~0.5%107°/°C).

The potential of the IFPI for use as a temperature sensor has been experimentally confirmed.
Figure 7.4 shows the temperature response of an initial IFPI temperature sensor with a
1000um cavity length tested in the temperature range 25°C-650°C.
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Figure 7.4. IFPI temperature sensor experimental results.

7.4.2 Strain Sensors

The IFPI sensor can be designed to measure the strain of the fiber caused by external tensile
or shear stress. The optical path length (OPD) of the IFPI sensor will change due to the
deformation of the cavity and the stress-optic effect of the optical fiber. The change of OPD
is given by

SL=2%(n*[+n*8l)=2%(n, *e*I+n*c*) (7-5)

where 0L Change of OPD.
dn Change of refractive index.
Sl Change of geometry length.
n Effective refractive index of fiber.
1 Distance between two reflectors.
n. Stress-optic coefficient.
¢ Strain of fiber defined as dl/1.

Figure 7.5 shows test results of an IFPI strain sensor as a function of applied tensile stress.

7.4.3 Sensors for Additional Parameters

By applying a glass tube, the IFPI sensor can also be used to measure pressure, acoustic
signals, and vibration. Figure 7.6 shows a schematic of the proposed structure of a
mechanically packaged IFPI sensor head. The IFPI sensor (fabricated in the fiber) is
inserted into a fused silica tube whose inside diameter (132um) matches the outer diameter of
the bare fiber (125um). The tube and the fiber are welded together at both ends by using a
CO; laser. Figure 7.7 shows the test results of an IFPI pressure sensor.
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Figure 7.5. IFPI strain sensor experimental results.
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Figure 7.6. Schematic representation of the proposed IFPI pressure sensor.
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Figure 7.7. IFPI pressure sensor experimental results.
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7.5 Multiplexing of IFPI Sensors

The typical reflection of a UV-induced IFPI sensor is in the range of —60dB to —50dB,
depending on the refractive index profile achieved at the laser writing point. This results in
minimal loss in transmitted light power. Typical IFPI sensors we have made using
commercially available photosensitive fiber have an insertion loss less than 0.1 dB. The
power loss can be reduced to a very low level if the multiple splicing points between
traditional fiber and photosensitive fiber can be eliminated. This type of low reflectance
intrinsic FP sensor is a very good candidate for multiplexed sensor array and sensor
networks.

Many multiplexing techniques for interferometric sensors have been investigated[23],
including time[24, 25], frequency[26], wavelength[27], code[28], spatial[29],and
coherence[30, 31] division multiplexing. Hybrid techniques that combine different
multiplexing schemes have also been proposed[32]. We have demonstrated both time
division multiplexing (TDM) and spatial frequency division multiplexing (SDM) schemes in
laboratory tests using the UV-induced IFPI sensors.

7.5.1 SDM Scheme

In the SDM scheme, the sensors are sequentially arranged as shown in Figure 7.3. After
intensity normalization and wavelength calibration, the interferogram of the IFPI sensors can
be determined. If the cavity length of each sensor is different, the interferometric fringe
pattern of each sensor will have different spatial frequency. By separating each frequency
component and measuring its frequency and phase information, the optical path length of
each IFPI sensor can be determined, so that the physical parameters surrounding the IFPI
sensors can be measured.

The sensor frequency is dependent on the optical path distance (OPD) of the IFPI cavity. By
designing sensors with different cavity lengths, we can locate these frequency components in
the spatial frequency domain. When the source wavelength is swept from 1520nm to
1570nm, a normalized interferogram from sensors can be measured and transferred to a
computer for signal processing. The captured interferogram may contain multiple frequency
components if multiple sensors are interrogated. A FFT based algorithm was developed to
estimated the frequency and phase of these components. Figure 7.8 shows a representative
interferogram and its FFT when 11 sensors are multiplexed.

The maximum frequency of these frequency components is limited by the coherence length
of the light source and the number of sampling points of the data acquisition system. First,
the maximum OPD of an IFPI sensor should not exceed the coherence length of the light
source, otherwise the interference will not be detectable for this sensor. Second, the
maximum frequency should be less than half of the sampling frequency according to the
Nyquist sampling theorem. Because we are using a sweeping laser with narrow line width
and a large number of data sampling points, a large frequency range is available; in our
current SDM system, a spatial frequency bandwidth of 10kHz is available. If each sensor is
designed to have a bandwidth of 5 Hz, then the multiplexing capacity is approximately
10k/5=2,000. In an ideal situation, 2,000 sensors can be multiplexed if the power loss of each
sensor is very low, cross-talk between sensors can be neglected, signal noise ratio (SNR) of
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each sensor is sufficient and signal processing speed is high enough. Practically, the
multiplexing number of sensors can not reach the bandwidth limit due to degradation factors
such as power loss, cross-talk, SNR etc. In a preliminary laboratory experiment, 20-30
sensors have been multiplexed on a single fiber for temperature sensing using the SDM
technique with the OPD difference of each sensor of 150um, and reasonable reflected light
power and signal processing speed. If the influence of these degradation factors can be
reduced, this number has the potential to be greatly increased.

Measured Inteferogram FFT result
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Figure 7.8. Interferogram and FFT result of signals from 11 sensors.

7.5.2 TDM scheme

In the TDM scheme, the sensors are also serially arranged and signals from different sensors
are multiplexed in the time domain. An optical time domain reflectometer (OTDR) is often
used to detect sensor signals of TDM scheme. A pulse of laser light is transmitted down to
the sensor array. Individual sensors in the multiplexed sensor array are addressed by the time
of flight of the optical pulses. The reflected pulses are amplitude modulated by the physical
parameter to be measured. By measuring the intensity response of each sensor, the physical
parameters of the environment surrounding the IFPI sensors can be determined. The diagram
of TDM scheme is shown in Figure 7.9.

7.5.3 Sensor Network With Star Topology

Potentially, a large number of sensors can be multiplexed along a single fiber. Yet the
number is limited due to technical and reliability reasons. To increase the multiplexing
capability, a large number along single fiber is preferred. To decrease the fault probability of
the sensor array, the number along single fiber should be limited. To obtain a good balance
between these requirements, a sensor network with star topology can be utilized. Sensor
arrays will be cyclically scanned by optical switching. The multiplexing scheme for each
sensor array can be either TDM or SDM as discussed above. A sensor network with this kind
of star topology has the potential to integrate a large number of sensors into one network with
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higher flexibility, reliability and reasonable response speed. The diagram of sensor network
with star topology is shown in Figure 7.10.

Light S
e potee Sensor 1 2 3 N
o = e e fi— i
B - [0 I S B A
Circulator
Photodiode M
o J— — = = _| I
* 1 2 3 N
Figure 7.9. TDM multiplexing scheme.
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Figure 7.10. Optical switch based star topology structure.
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8.0 Testing in Simulated Harsh Environments

Single crystal sapphire and zirconia were exposed in glass melts in order to measure the
corrosion rates at different temperatures and for different lengths of time. The thickness of
the samples was measured before and after corrosion experiments and their difference
represents the amount of corrosion in a glass medium.

8.1 Experiment Procedures and Sample Preparation

Single crystal sapphire and zirconia were cut using a diamond saw into strips (about 0.8mm
thick). One of each was placed in a SmL alumina crucible with crushed soda lime glass and
heated at 1200°C, 1300°C and 1400°C for four different time periods: 1 day, 2 days, 3 days
and 4 days. Upon cooling, slices were cut from the crucibles that included both sapphire and
zirconia samples as in Figure 8.1.

Figure 8.1. Slices of crucibles with sapphire and zirconia in soda lime glass.

8.2 Thickness Measurements

The initial thickness was measured with a vernier caliper. It was not possible to obtain a
reliable thickness measurement after reaction in this way due to the fact that the sapphire and

Optical Fiber Sensors for Energy Intensive Industries 108



Testing in Simulated Harsh Environments

zirconia samples were encased in glass. Two methods were employed to measure the final
thickness, dissolution by hydrofluoric acid and SEM analysis.

8.2.1 HF Method

The glass was first dissolved with hydrofluoric acid and then the sample thickness was
measured with a vernier caliper. This method was very slow because soda lime glass takes a
long time to dissolve in HF due to calcium fluoride residue formation. Another problem was
that when the glass was dissolved there was nothing to hold cracked sample pieces together.
This was especially important for the zirconia samples and in some cases, the zirconia
samples fell into small pieces. This made thickness measurements difficult.

8.2.2 Scanning Electron Microscopy (SEM)

Micrographs of samples that included both interfaces were taken by SEM. The sample
thickness was measured and multiplied by the magnification to obtain the final thickness of
sapphire and zirconia. Since the interfaces of all samples were clear in general, this method
worked well. Figure 8.2 shows a cross section of a sapphire sample in soda lime glass. The
interface is clear, but it can be seen from this picture that the glass cracked around the
samples. This cracking probably took place during the cooling process.

Figure 8.2. Cross section of sapphire in soda lime glass.
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8.2.3 Results

The results obtained to date are listed in Table 8.1 for both methods of thickness
measurement. The goal was to obtain the change in thickness. Data obtained using the SEM
method needs to be corrected for the angle of tilt of the specimen. The angle at which some

samples are tilted has not been measured yet.

Table 8.1. Experimental thickness measurement data employing both methods.
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Testing in Simulated Harsh Environments

8.3 Energy Dispersive X- ray Analysis (EDX)

In order to observe the interface between sapphire and zirconia samples and glass, EDX
measurements were performed. The elements selected for study were the major components
of soda lime glass (silicon, sodium and calcium), and major components of the samples -
aluminum for sapphire and zirconium for zirconia.

Figure 8.3 represents the EDX analysis of the interface between a zirconia sample and soda
lime glass heated at 1300°C for 3 days. Glass is on the left of the interface and the zirconia
sample on the right. Four elements were observed: silicon (top left), sodium (top right),
zirconium (bottom left), and calcium (bottom right). The interface is clear. The spots of
silicon in zirconia could be due to smudging during the cross sectional cut, or filling of
cracks in zirconia while the glass was still molten.

Zr Ca

Figure 8.3. EDX of zirconia-glass interface for silicon (top left), sodium (top right), zirconium
(bottom left) and calcium (bottom right).

Spot scans were performed on both sides of the interface to check for penetration of glass
into sapphire and zirconia. The scans show that even close to the interface there is little
mixing- the spot in the zirconia side of the interface shows mostly zirconia and the spot on
the glass side shows mostly the elements of soda lime glass.
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9.0 Instrumentation Development

9.1 System Structure

The diaphragm-based SCIIB engine sensor system consists of the following sub-systems
(Figure 9.1):

A diaphragm based pressure sensor

A high power light source system
Optical components

Two photodiodes and preamplifiers
Voltage amplifiers and a analog divider
A/D and D/A converters

Digital signal processing board

Power supply sub-system

Because of the large driving current required for the TEC, a second power supply is used to
reduce the load of the power supply 1. It is anticipated that this will help to reduce the noise
that might be induced by large current fluctuations. Other subsystems will be discussed in
detail below.

9.1.1 Light Source

The high power light source is further divided into three small systems, including a high
power LED, a LED driver, and a TEC controller.

High power LED

To meet the requirement of high resolution and high SNR, a high power source is of great
importance. The light source used in the system is a 1550 nm edge-emitting LED (ELED)
which can launch a maximum power of 50~60 uW into its single-mode fiber pigtail. Other
optical components are thus required to work at 1550 nm. The FWHM is about 83 nm.
Figure 9.21(a) is the I-P characteristic and Figure 9.21 (b) is the spectrum of the LED, both at
25°C.

The most important parameters of the LED are its output power and the central wavelength
(CWL). The output power is essential to the system resolution and should be as high as
possible. The CWL will, when the light signal passes through the in-line filter (1551 nm
CWDM filter), determine the narrowband signal intensity. Small variations of the CWL due
to factors like temperature change will cause changes of the final signal and lead to system
error and poor resolution. When the CWL matches the passband (1551 nm) of the in-line
filter, the same variation will introduce smaller error than when there is a mismatch (see the
filter section). Therefore the CWL should be around 1551 nm. These two parameters will
change with temperature and driving current. Figure 9.3(a) shows that when temperature
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increases the output power decreases and meanwhile the CWL shifts to longer wavelength
(Figure 9.3 (b)), both are tested under a driving current of [ = 80 mA.

SMF
+5V LD E — SMF ~
Driver 4
LED Circulator\ SEFPI
1550nm ensor
FC
SMF 0 Connector
TEC oV P S ly Il
Controller ower supply
Power
Supply | I ] LED Temp.
*+- 15V L] Monitor
\ Coupler
(2:8)
Volt. Pre?mp ﬁ C /
Amp 1
PD1
+ Analog FC
g Divider
Volt. Preamp % [
Amp I
PD2 In-line filter
[ JcHI
{JcHu
E] AN
i output 1/
DSP !
LCD i
ADC KDl system
>|:| USB
I Interface
1
| -
DA output l/ll
Legend:

Connection

Cabinet or
Enclosres

Figure 9.1. Schematic of the diaphragm based engine sensor system.
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Figure 9.2. Characteristics of the high power LED.

LED: Power vs. Temperature (I=80mA) LED: Central Wavelength vs. Temperature (I=80mA)
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Figure 9.3. Temperature dependence of the optical power and CWL.

Figure 9.4(a) and (b) are P-I curves and CWL-I curves at different temperatures 20°C,
25°C and 30°C. From (a), the driving current at which the LED has a CWL of 1551 nm
can be determined for different temperatures. In (b), optimal working points are labeled
by open circles and the corresponding output power can thus be found. It can be seen
that in order to have the highest power and the best CWL the LED has to work under
high temperature and large driving current. However, both of conditions may shorten the
operating life of the LED. Currently, the working conditions are chosen to be 84 mA and
25 °C, with an output power of 52 uW.
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CWL vs. | at Different Temperatures

P-I Characteristics at Different Temperatures
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Figure 9.4. Driving current dependence of the optical power and CWL at different
temperatures.

LED driver

An LDD-200-1P laser diode driver from Wavelength Electronics was selected as the constant
current source for the LED. When it operates in constant current mode, the LDD-200-1P can
provide a 200mA maximal driving current with <50ppm current stability (24 hours) and
noise (rms) < SpA. This low noise feature is very important to fulfill our sensors’ resolution
of 0.01%. The output current can be precisely controlled with the on-board Output Current
Adjust trim pot and modulated with a DC to 2MHz input signal.

TEC controller

Since the LED’s output power and spectrum are temperature dependent, temperature control
is very necessary to reduce the temperature effects. Also because of the high output put of the
LED, cooling is very important to protect the LED from being damaged.

The LED comes with a thermistor and an imbedded TEC. The temperature dependence of the
resistance of the thermistor is given in Figure 9.24. When the temperature of the LED
increases, the resistance of the thermistor decreases accordingly. The absolute rating for the
TEC current at 25°C is 0.8A.

Thermoelectric coolers (TECs) are used in a variety of applications that require extremely
stable temperature control. Because of their solid-state construction, these small devices are
very reliable and relatively easy to use. However, before attempting to build high
performance systems, a designer must have a good understanding of thermal management,
techniques and carefully select the controller. The HTC-3000 Hybrid Temperature Controller
from Wavelength Electronics is a linear controller designed for stable, low noise operation.
The advanced and reliable circuitry of the HTC-3000 easily achieves 0.001°C temperature
stability even at ambient, and its independently adjustable proportional gain and integrator
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time constant can be modified to optimize temperature overshoot and stability. A schematic
of the HTC-3000 is shown in Figure 5.5.

Thermistor Resistance vs. Temperature

Temperature (°C)

Figure 9.5. Temperature v.s. Re,.
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Figure 9.6. Schematic of the HTC-3000 Hybrid Temperature Controller (Wavelength

Electronics).
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9.1.2 Optical Components

Circulator

As mentioned above, high resolution requires high signal power. Therefore, instead of a
coupler that is commonly used but will cause a 6 dB loss of signal, a 1550 nm polarization
insensitive optical circulator is used to make full use of the light power.

Coupler

After the light is reflected by the sensor head, it passes through the circulator and then is split
into a broadband channel and a narrowband channel by a coupler. The broadband channel
acts as a reference signal and the ratio of the two channels is taken to get rid of instability
factors such as source power drift. Therefore, unlike the LED and the circulator, the coupler
should work in a very stable manner and be able to maintain a constant splitting ratio. What
is used here is a single-mode wideband coupler with operating wavelength of 1550 nm + 50
nm and a splitting ratio of 90:10. The 90% channel is then filtered by a CWDM optical filter
to form the narrowband signal, resulting in a similar level of power with the 10% channel
which is directly taken as the wideband signal. The similar power level of the two channels
is preferred because two ‘identical’ detecting circuits can be used to reduce the system error.

The temperature dependence of the 90% and 10% channels is tested and shown in Figure
9.7(a). In a temperature range of 15 °C (31~46 °C), the two channels remain quite stable
with a relative error around 0.05% that is probably due to errors from the measuring
instruments. Therefore, for room temperature operation, the splitting ratio of the coupler can
be taken as a constant. Figure 9.7(b) shows the change of CWL with temperature. The
variation is smaller than 0.2 nm and in a random manner, which is also within the precision
of the measuring instruments.

Coupler: Output Power vs. Temperature Coupler: CWL vs. Temperature (90% channel)
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Figure 9.7. Coupler’s temperature dependence.
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In-line CWDM filter

To reduce the loss of power, an in-line filter is used to filter the 90% channel of the coupler
into a narrowband signal. The filter is a Coarse WDM (CWDM) filter working at 1551 nm
with a center wavelength of about 1550.9 nm. Figure 9.8 shows the passband spectrum of
the filter. The bandwidth is about 16.9 nm at 0.5 dB and 18 nm at 3dB. Ideally, this filter
can be well modeled as a rectangular passband centered at 1550.9 nm and a bandwidth of
about 18 nm.

In the LED section it was mentioned that the mismatch of the center wavelengths of LED and
filter would lead to larger changes of the narrowband signal when the environment
temperature varies. This result is shown in Figure 9.9, where the center wavelength of the
filter is taken as 1551 nm and three values of LED center wavelength, 1551 nm (no CWL
mismatch), 1552 nm (1 nm mismatch) and 1553 nm (2 nm mismatch), are used to calculate
and compare the relative change of the narrowband signal. For each of the three LED CWLs,
a drift of £ 0.5 nm is assumed. The figure shows that, for the same amount of drift, the
narrowband signal will change much less when there is no mismatch (blue curve) than when
there is mismatch (green and red curve). In the case of no mismatch, the relative change is
within 0.01% which meets the requirement very well.

Filter: Passband Spectrum Relative Changes vs. LED CWL Drift (Filter CWL = 1551 nm)
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Figure 9.8. Spectrum of the in-line filter. Figure 9.9. Temperature effects.

9.1.3 Analog Circuitry

As indicated in Figure 9.1, the analog circuitry in the system consisted of three main parts:
two transimpedance preamplifiers, two voltage amplifiers, and a divider.

Photodiodes

The function of a photodiode (PD) is to convert the optical power from the back-reflection of
a SCIIB sensor into an electrical current signal. Since the PD is the current source of all the
following electronic circuits, its performance is very important to the signal to noise ratio
(SNR) of the whole system. The parameters that affect PD performance include:
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o Capacitance, which is a deterministic factor of the frequency response of the
preamplifier;

e Dark current;

e Active area, which affects the coupling efficiency between a fiber and the
detector, dark current, and capacitance;

e Responsivity;

e Package.

To satisfy the DC to 150KHz frequency bandwidth and 0.01% accuracy of the engine
pressure measurement, the two photodiodes must have small active areas, low dark currents
and high efficiencies. What’s more important is that the two photodiodes have close
performances to guarantee identical performances of the two channels. Two InGaAs PINs’
(FD8OFC) from Fermionics Opto-Technology have been chosen from four samples. They
have same size (80um), dark current (ID=0.04nA), capacitance (C=0.68pF @VR=5V), and
very close responsivity (R1=0.84A/W, R2=0.83A/W). Their FC receptacle packages make it
easy to be integrated into a preamplifier case.

Preamplifiers

Because preamplifiers are positioned after the photodiodes and the current signal from the
PDs are usually on the order of 100nW to 1uW, preamplifiers are very critical to the SNR of
the whole system. Ultra-low noise, wide-bandwidth, and high gain preamplifiers are required
to achieve the 0.01% accuracy for pressure measurement. Figure 9.10 shows one of the two
preamplifiers we have designed for diaphragm-based SCIIB sensors. It includes a current-
voltage converter, a gain control tripot, a low-pass filter and a matched output.

T (R ]

- V+

BNC
Output

W 3

1N4001 LM7812 =

+15V 12V A
LNT Vin Vout 3
. GND . co + co |,

2 1N4742 1 1N4742
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-15V ) 3 )
‘;K Vin Vout oy

Figure 9.10. Schematics of optoelectronic circuits.
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A transimpedance amplifier is a component used to convert the PD signal from current to
voltage for further process. It provides a good compromise between the low-noise
characteristics of a high-impedance front-end and the wideband nature of a low-impedance
voltage amplifier front-end. As shown in Figure 10, the amplifier is termed transimpedance
because it utilizes shunt feedback around an inverting amplifier. The feedback stabilizes the
transimpedance. The gain of the I-V converter is determined by the resistance of the
feedback resister R1. Because ultra-high gain is necessary for the weak signal, a IMQ low
noise metal film resistor is used.

A second-order low-pass filter with a rolloff factor of 40dB/decade follows the
transimpedance amplifier. The filter introduces very high attenuation to out of band noises,
while provides a gain of RS / R4 to the signal. The bandwidth is totally decided by the low-
pass filter because the bandwidth of the transimpedance amplifier is still much higher than
that of the filter. Therefore, the total bandwidth is given by:

=1
Jo Aﬂ1/R2C3R3C4

The gain of the preamplifier is continuously tunable with a tripot so that a large optical input
range can be obtained. The total gain of the preamplifier is given by

G=RxR xgx(Rs;/R,)
where R is the responsivity of the photodiode, and g is the attenuation factor of the tripot.

In addition to the careful design of the transimpedance amplifier and low-pass filter, some
other techniques are also employed to reduce the noise power, thus improve the SNR and
resolution of the system.

First of all, a short wire between a PD and the following current-voltage converter can avoid
the EM noises that may be picked up by a long wire. The best way to reduce the distance is
to mount the PD on the PCB. Therefore, a PD with a FC receptacle is selected so that the PD
can be readily installed into an aluminum case.

Second, in order to reduce the noise from the power supply, voltage regulators and
decoupling capacitors are used.

Good shielding is also helpful to reduce the electrostatic coupling, RF interference. Shield
material and grounding determine the shield effectiveness. Making the shield with a material
of high electrical conductivity ensures that the coupled currents produce little voltage drop
across the shield. In our design, a cast aluminum case is used.

Finally, a 50Q2 matching is preferred to a 50Q input impedance A/D converter to reduce the
reflection.

Gain linearity and symmetry: The gain ranges of the two channels are G1 = 0~1.8x10° and

G2 = 0~1.8x10°, respectively. Figure 9.11 shows the relationship between the input optical
power and the corresponding preamplifier output for channel 1. The curve is very linear with
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a correlation coefficient R = 0.99998. Figure 9.12 is the output voltage of channel 1 versus
that of channel 2 for the same optical inputs and the correlation coefficient is R = 0.99999.

R =0.99998 R = 0.99999

Output Voltage (V)
()]

Channel 2 Output (V)
(2]

0 1 2 3 4 5 6 0 2 4 6 8 10 12
Signal Power (uW) Channel 1 Output (V)
Figure 9.11. Gain linearity. Figure 9.12. Gain symmetry.

Bandwidth: The frequency response of the preamplifier is shown in Figure 9.13. The two
channels have very close frequency characteristics. The 3dB bandwidth is DC to 230 kHz,
and the gain flatness in the bandwidth DC-150KHz is less than 0.7dB. A gain peak around
580 kHz might be due to the second-order filter.
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Figure 9.13. Frequency response of the two preamplifiers.
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Table 9.1. Noise performance.

a. Noise caused by dark current and electronics (T=19°C, Full gain)

Channel I: 6.3mV @ 1MQ, 2.9mV @ 50Q
Channel II: 6.0mV @ 1MQ, 2.7mV @ 50Q

b. DC optical input (Full gain, @ 1M input directly from LED pigtail)

LED Driving Current (mA) Channel I (mV) Channel I (mV)

4 6.3 6.0

8 6.3 6.0

16 8.0 7.5

24 11.0 10.7

c. Crosstalk (Full gain, Mod. Index=0.1, 500nW input to Channel I)

Frequency Channel I (mV) Channel II (mV)

DC 7.0 6.0

10 kHz 7.0 6.0

50 kHz 7.0 6.0

100 kHz 7.0 6.0

150 kHz 7.1 6.1

d. Offset adjustable range:

Channel I: +77.9mV ~ -83.4mV
Channel II: +83.0mV ~-101.2mV

e. Temperature drift

No measurable temperature drift has been observed when the temperature of the
preamplifiers is increased from 23°C to 45°C.

Analog Divider
The divider function is implemented through the use of AD734BD and AD538 dividers.

The AD734BD has such favorable features as high accuracy (0.1% typical error), high speed
(10 MHz full-power bandwidth), low distortion (-80dBc from any input), low noise (94 dB
SNR, 10Hz to 20KHz and 70 dB SNR, 10Hz to 10MHz), and direct division mode (allowing
the ratio of two channels to be obtained directly).

The ADS538 is a monolithic real-time computational circuit that provides precision analog
multiplication, division and exponentiation. No external components are required for one-
quadrant (positive input) division. It has wide input dynamic range, low error (0.25% of
reading possible), wide bandwidth (400kHz).

The accuracy and bandwidth requirement for this project is 150 kHz, with a resolution of
0.01% (80dB). The bandwidth of both dividers is more than sufficient to meet the
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requirements of the project, but the noise performance will require significant improvement
in order to meet the 0.01% resolution.

AD734BD divider: The connection diagram of AD734BD is shown in Figure 9.14. The
uncommitted (open-loop) transfer function of the AD734 is:

(XI_XZ)(YI_Yz)
(Ul_Uz)

W=A4, -(2,-2,)

where A, is the open-loop gain of the output op-amp, typically 72 dB. When a negative

feedback path is provided, the circuit will force the quantity inside the brackets essentially to
zero, resulting in the equation:

(Xl_Xz)(Yl_Yz)

=(Zl _Zz)
(Ul _Uz)
} L
X1 E » E VP POSITIVE SUPPLY
X INFUT sz E 0D DENCMINATOR DISABLE

DENOMINATOR E? E ADT34 % ;OUTPUT
41 TOP VIEW
INTERFACE (Mot to Scale) ZINPUT
vz [E]" '[] 22
Bi E E ER REFERENCE VOLTAGE
¥ INPUT
¥2 E E VH HEGATIVE SUPPLY

Figure 9.14. Connection Diagram of AD734.

In our application, we use the Direct Denominator Control model, which enables us to
directly vary the denominator voltage. In addition to providing much higher accuracy and
bandwidth, this mode also provides greater flexibility, because all inputs remain available.
Z, was connected to output W and Z, is connected to the signal ground. The Y input is set

to a fixed voltage (8V-10V adjustable), which can be regarded as the gain of the divider.
Thus, the transfer function becomes:
W Y (X, -X,)
U1 - Uz

To ensure negative feedback, the denominator U =U,-U, must be positive. To avoid

clipping at the positive and negative extremities of the X-input, the ratio X /U cannot exceed
1.25 (for Y=10V). The schematic of the divider is shown as Figure 9.15.
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Figure 9.15. Two-Quadrant Divider with Fixed Voltage Scaling.

We call this a two-quadrant divider because the denominator U = U, —U, must be positive as

previously noted. The reference voltage output appearing between Pin 9 (ER) and Pin 8 (VN)
is amplified and buffered by the second op amp, to impose 10/ across the Y, /Y, input.
Adjusting the potentiometer can change the scale. The 2MQ resistor is included to improve
the accuracy of the gain for small denominator voltages. This divider may also be viewed as
a variable-gain element, whose output, in response to a signal at the X input, is controllable
by both the Y input (for attenuation, using Y less than U) and the U input (for
amplification, using U less than V). Its gain bandwidth product is 250MHz. Usually the
magnitude of U input signal from preamplifier is around 100 mV, so the gain is 40 dB and
the bandwidth is 2 MHz.

There are two voltage amplifiers prior to the divider corresponding to denominator and
numerator input channel. The gain is adjustable with a maximum value of 5.6. The 3dB
bandwidth is

1 1
27RC  27x56x10° x12x1072

Two jumpers follow the outputs of the two amplifiers so that we can choose to connect them
directly with A/D converter bypassing the divider.

Saap = =236.8KHz

ADS538 divider: The functional diagram of AD538 is shown in Figure 9.16. The AD538’s
overall transfer function is Vo = Vy (Vz/Vx)™ . Programming a particular function is via pin
strapping. No external components are required for one-quadrant (positive input)
multiplication and division. Exponentiation with an m value from 0.2 to 5 can be
implemented with the addition of one or two external resistors.

Figure 9.17 shows how the AD538 may be easily configured as a precision one-quadrant
multiplier/divider. The transfer function Voyr = Vy (Vz/Vx) allows three independent input
variables, a calculation not available with a conventional multiplier. In addition, the 1000:1
(i.e., 10 mV to 10 V) input dynamic range of the ADS538 greatly exceeds that of analog
multipliers computing one-quadrant multiplication and division.
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By using the +10 V reference as the VY input, the circuit of Figure 9.16. is configured as a
one-quadrant divider with a fixed scale factor. As with the one-quadrant multiplier, the inputs
accept only single (positive) polarity signals. The output of the one-quadrant divider with a

+10 V scale factor is:

4 zloV{&
v

The typical bandwidth of this circuit is 370 kHz with 1 V to 10 V denominator input levels.
At lower amplitudes, the band-width gradually decreases to approximately 200 kHz at the 2

mV input level.
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25k0
W
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Figure 9.17. One-quadrant divider.
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We tested the frequency response, linear and noise performance of AD734BD and the
frequency response and noise performance of AD538. These characteristics are discussed
below.

Frequency Response: The two inputs are identical sinusoidal signals and their frequencies
vary from 0 Hz to 150 kHz. The function of output versus frequency is shown in Figure 9.18.
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(a) AD734BD divider. (b) AD538 divider.

Figure 9.18. Frequency Response.

Linear Performance of AD734BD divider: The two inputs are still identical sinusoidal
signals, but we can adjust the gain of each voltage amplifier such that the numerator is more
or less than the denominator. Then we observed the output amplitude. The function of the

output versus VilVs is shown in Figure 9.19. When V', /V, reaches 1.4, the output has been
saturated. This result corresponds to the theoretical calculation. The output is 8.3V as V, /V,
is 1, thus the Y input is set to 8.3V. Since the voltage supply is 12V, so

12
VIV,) =-—=144.
( d)max 8.3

Noise Performance: The signal to noise ratio is good when one input is a DC signal and the
other is a sinusoidal signal. The noise on top of the DC signal is higher than we expected
when the two inputs are identical sinusoidal signals. For the AD734BD divider, the noise
increased with an increase in frequency and the noise has the same frequency as the input
sinusoidal signal, not only white noise. For the AD538, the noise frequency didn’t change
much with the increase of the input signal frequency. The noise voltage is about 50 mV on
the top of a 10V DC signal when the frequency is about 100 kHz.
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Figure 9.19. Linear performance of AD734B divider.

The high noise of both dividers may be due to the following factors.

e Radio frequency interference;
o Function generator for input;
¢ Ground;

e Power supply

9.2 Grating-Assisted Operating-Point Tuning

Fiber-optic Fabry-Perot interferometric (FFPI) sensors have been used for the detection and
measurement of a large variety of physical parameters, such as temperature, vibration,
pressure, acoustic wave, and strain, etc. Many of the FFPI sensors operate over the linear
range of an interference fringe. Compared to FFPI sensors using fringe counting, sensors
working in the linear region have the advantages of a linear transfer function, no fringe
direction ambiguity, simple signal processing and high resolution, and are therefore suitable
for detection of small gap changes and wideband applications. However, confining the
operation to the linear region places difficult manufacturing constraints on the sensor head by
requiring the initial cavity length to be positioned at the quadrature point (Q-point) or
sometimes one end of a linear region, of the transfer function. Linear region sensors also
suffer from signal fading caused by environment perturbations other than the measurand,
which may drive the sensors out of the linear regions. This is extremely critical for FFPI
sensors with medium or high finesse F-P cavities in order to obtain high sensitivity.

Current operating point stabilizing techniques include using a servo system, using a tunable
light source, quadrature phase-shifted demodulation or dual wavelength interrogation, and
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direct spectrum detection. The servo system method is straightforward and useful for high
frequency signal measurements, but the reference voltage may not be constant due to
temperature drift, static bias change or source power fluctuation. Adjusting the operating
point by changing the bias current of a laser diode may cause optical power fluctuation and is
sensitive to backreflections. The quadrature phase-shifted demodulation or dual wavelength
interrogation was originally developed by K. Murphy et al. to solve the nonlinear transfer
function and directional ambiguity problems in extrinsic Fabry-Perot interferometric (EFPI)
sensors, but it may also be used for operating point stabilizing for sensors working in the
linear region as well. However, it is possible that neither of the two quadrature channels will
operate at the optimal Q-point at a given time, and maintaining a 90° phase shift is as hard as
controlling the operating-point itself.

Strictly speaking, the spectrum detection method should not be categorized as an operating-
point stabilizing method, although a linear response may be achieved. By using a diffraction
grating or a Fizeau interferometer, the modulated broadband spectrum is detected by a CCD
array and analyzed by a signal-processing unit. This method does not need to control the
operating point of an FFPI sensor, provides the absolute and accurate value of the optical
path difference (OPD) in a sensing interferometer, and is insensitive to power and spectral
fluctuations of the light source. Its major disadvantage is that it is not suitable for real time
detection of broadband signals, such as acoustic waves and high frequency pressure, because
a large amount of time is required to process the huge amount of data from the CCD array.
The achievable frequency response is about 1 kHz. Another disadvantage of spectrum
detection is the high cost, especially for sensors operating at NIR wavelengths.

In this section, we describe an alternative demodulation technique with operating point
tuning, called grating-assisted operating point tuning (GA-OPT), by using a diffraction
grating with feedback control. The GA-OPT features dynamic operating-point control, high
frequency response, insensitivity to light source fluctuation, and real time operation.

9.2.1 GA-OPT Operating Principle

The operating principle of an FFPI sensor system based on GA-OPT is shown in Figure 9.20.
Operating point tuning is realized using two collimators, a diffraction grating, a short piece of
multimode fiber (MMF), a signal processor, a motorized rotary stage and its drive. The light
from a broadband source is launched into a single-mode fiber (SMF), propagates through a 3-
dB coupler, and arrives at a FFPI sensor, where it is modulated by the perturbation
measurand. The wavelength-modulated signal propagates back through the same 3-dB
coupler and reaches the first collimator. The collimated light beam illuminates a diffraction
grating that can be rotated by a motorized rotary stage with extremely high resolution (~0.2
mrad). The diffraction collected by a second collimator focuses onto a 100/140 um MMF,
and only part of the total spectrum (A = AL) can be collected by the MMF. Instead of a SMF
or a detector, a short MMF is used to increase the reception area and to facilitate spectrum
monitoring with an optical spectrum analyzer (OSA). It may be replaced by the photodetector
at the cost of reduced flexibility. A signal processor is used to separate the detected signal
into a dc component and an ac component. The ac output directly represents the absolute
value of the ac information of the perturbation signal, and its frequency response is limited
only by the sensor head and the bandwidth of the electronic circuits. The angle of the grating,
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which is obtained from the number of the driving pulses or the amplitude of analog voltage to
the step motor, contains the dc information of the perturbation signal. The dc output can be
used to analyze the drift of the operating point (4V) from the set point (Vy), and a control
signal can be generated to adjust the angle of the diffraction stage, and thereby the center
wavelength of the received spectrum. Since the operating point of an interference fringe
depends on the center wavelength of the interrogation light, dynamic tuning of the operating-
point can be realized by rotating the grating.

Broadband
light source 2 SMF
Diffraction
Grating
3-dB FFPI sensor
coupler
@) o I
1
SMF E
Collimators Index mached

terminal
Motorized

rotary stage

Detector
- Signal Signal
100/140 MMF processor [ output

Motor drive |

Figure 9.20. Illustration of the principle of an FFPI sensor system based on GA-OPT.
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Figure 9.21. A theoretical calculation of the wavelength dependence of the operating point,
where 2AA = 10 nm, R=3.5%, and F-P cavity length L0 is in pm.
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Figure 9.21 shows the theoretical wavelength dependence of the interference fringe on
different F-P cavity lengths for a 1300 nm light source of a 40 nm spectrum width. If the F-P
cavity length drifts from L;=15.05 um to 15.15 pum, the operating-point can be tracked by
tuning the central wavelength from 1.296 um to 1.303 pm. Absolute measurement may be
realized if V) can be calculated from a fringe measured during a reset scan without the
presence of any perturbation signal. The tuning range is determined by the source spectrum
width and the dc accuracy is limited by the resolution and repeatability of the rotary stage.

According to the grating equation, the relationship between the incident beam and -1%
diffracted beam can be expressed as

sin(A) + sin(B) = 1./d, (9-1)

where A: the incident angle of the light beam from the input collimator with respect to the
normal of the grating;
B: the angle of —1st diffraction with respect to the normal of the grating;
A: the wavelength of the light in the air;
d: the groove spacing of the grating.

Assuming a lens of focal length f'is used in the receiving collimator, we can calculate B by

cos(B) = M , (9-2)
and
dl Al
& D 69

where 44 - the spectral resolution;
D: the diameter of the core of the receiving MMF or the active area of the detector.

Assume A=1300 nm, d=106/750 nm, /=6.5 mm, AA=10 nm, D=0.1 mm for a 100/140pum
MMF, and 44/D=100 nm/mm. From Eq.(9-1) and (9-2), B and 4 can be obtained as B=60.82°
and A=5.85°. Obviously, the resolution 44 is variable by changing the fiber size, the focal
length f the incident angle and receive angle are fixed.

Figure 9.22 shows the calculated angular tuning range for a wavelength range of 1280 - 1320
nm and the resulting receiving bandwidth change. An angular change of 1.2° is sufficient to
scan a wavelength range of 40 nm, resulting in a bandwidth error of about 3.5%. This error
can be compensated during the calibration of the non-flat spectrum of the broadband source.
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Figure 9.22. Angular range and receiving bandwidth (2A\) v.s. wavelength tuning range.

9.2.2 Initial Experimental Results

Figure 9.23 shows the spectral distributions received by the detector at different grating
positions (311°00’, 310°42', 310°30’, 310°12’, 310°00’, 309°42") and the original spectral
distribution of the SLED. A 1300 nm SLED with a spectral width of 35 nm was used as the
broadband source. By scanning the grating through an angle of 1°18’°, a center wavelength
change of 40 nm was achieved. This agrees well with the theoretical calculation given in
Figure 9.22. The resulting spectral bandwidth (FWHM) is ~5 nm, only half of the theoretical
value. This can be attributed to the misalignment between the 6.5 mm lens used in the
experiment and the 100/140 um MMF and the small aperture of 6.5 mm lens. This can be
easily corrected through the use of a commercial collimator with a larger aperture. The
insertion loss is about 15dB. The ripples on each spectrum curve are caused by the etalon
formed by the end-face of the MMF and the input surface in the connector of the OSA. A
tradeoff must be made between large spectral bandwidth for high optical power and small
bandwidth for high fringe visibility and high operating point tuning resolution.
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Figure 9.23. Spectral distributions received by the detector at different grating positions and
the original spectral distribution of the SLED.

Figure 9.24(a) and (b) show the detected signal and its FFT from an experiment on acoustic
wave detection, using a diaphragm-based FFPI sensor without operating point tuning.
Obviously, the sensor was not in its linear region and the acoustic waveform is distorted.
However, when GA-OPT was employed, the operating point was tuned close to its Q-point,
and the sensor faithfully recovered the original waveform, as shown in Figure 9.24(c), with
lower harmonic frequency as shown in Figure 9.24(d). The frequency response achieved is
about 250 kHz, which is limited by the bandwidth of the electronic circuits.

9.3 Digital Signal Processing (DSP) System

The wideband and narrowband signals from the pre-amplifiers are processed by a DSP
system. The main functions of the DSP system are:

e Data acquisition

o Calculation

o Signal filtering

e Linearization

e LCD screen display

o Communication with personal computer

A diagram of the DSP system is shown in Figure 9.25. The DSP system contains a
standalone SBC6X DSP board, an A4D1 A/D module, a signal conditioning terminal board
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and an LCD display screen. The core of the DSP system is a 200 MHz TMS320C6201 fixed-
point DSP processor. The wideband and narrow signals are converted to digital signals by
the A4D1 A/D module. The ratios of the narrowband and the wideband signals are calculated
then filtered by a low pass FIR filter so that high frequency noise can be removed. Then the
filtered signals are linearized according to the real pressure values. All of these functions are
implemented by the high performance DSP-based SBC6X controller. Real time pressure
values and history curves can be displayed on the LCD display screen. Real time pressure
values and buffered history curves can be communicated to a personal computer via a USB
communication interface.
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Figure 9.24. Acoustic wave and its spectrum detected by the fiber sensor without GA-OPT [(a)
and (b)] and with GA-OPT [(c) and (d)].
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Figure 9.25. Signal flow diagram for the digital system.

9.3.1 Functions of Digital System

Data Acquisition

The A4D1 Analog I/O Module is a high-speed analog I/O module from Innovative
Integration. Its main features are listed below.

A/D converters: 4 channels
Update rate: 10MHZ max
Resolution: 14-Bit

Analog input range: +/-2V
S/N ratio: 75dB

64K FIFO

Two channels (channel 0 and channel 1) are used to sample the wideband and narrowband
signals of pre-amplifiers. The sampling rate is programmable according to the signal
bandwidth needed. It must be greater than twice that of the signal frequency. In this system,
sampling rate is selected to be 8§ times that of the signal frequency band. The desired signal
bandwidth can be set to 50 kHZ, 100 kHZ or 150 kHZ, so the sampling rate can be set to 400
kHz, 800 kHz and 1200 kHz respectively. There is a 64K FIFO buffer in the A/D module.
When half of the buffer is filled, the A/D module will generate an interrupt to the DSP
processor and it will retrieve a block of data from the FIFO. The data processing speed
benefits a great deal from this kind of block processing.

Pressure Signal Calculation

The narrowband digital signal is divided by the wideband digital signal producing the
compensated pressure signals.
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Signal Filtering

The pressure signal is filtered by a low pass FIR digital filter to eliminate high frequency
noise. The FIR filter is designed using a least squares method. The desired signal bandwidth
can be set to 50 kHZ, 100 kHZ or 150 kHZ. The designed gain of the stop band is —60dB
compared with 0dB for pass band. The performance of the digital filter has been tested. The
results show that it is fast enough to filter a signal with 150 kHz bandwidth. Noise above the
desired signal bandwidth will be remarkably well filtered.

Linearization

The relationship between the detected pressure signals and the real pressure values is not
linear. It will be linearized by the digital signal processing unit. This will be implemented
after the tested sensor performances are satisfactory.

LCD Display

The LCD display module is a GM24642 240*64 dot matrix LCD screen. The real time
pressure data and history curves of pressure signals as well as raw narrowband and wideband
signals can be displayed.

Communication Interface

The DSP target applications are downloaded and debugged via the RS232 interface on the
SBC6X board. The maximum baud rate is 115 kb/s. The USB interface on the SBC6X board
is used to communicate with a monitor application running on a host personal computer. The
host program uses this interface to configure operating parameters of the target DSP
application, and to retrieve pressure data from the DSP board. The maximum packet transfer
rate is 12 Mbps.

9.3.2 Software Development

Development Environment

The software development environment includes following main parts:

e Code Composer Studio V2.0 from Texas Instruments
e Code Hammer PCI JTAG Emulator from Innovative Integration
e Zuma ToolSet from Innovative Integration

Code Composer Studio V2.0 is one of the most powerful integrated programming,
debugging, and profiling development environment of the TMS320C6XXX series DSP
applications from Texas Instruments. The main programming languages are C/C++ and
assembly language. Code Hammer PCI JTAG Emulator is a PCI board plugged into a
computer together with a JTAG head to simulate and debug real time DSP applications.
Zuma ToolSet is a development package providing many useful library functions and
development tools to develop applications for a SBC6X DSP board.

Target Software

Target software refers to the program running on the SBC6X DSP board. It is written using C
and assembly language. The main functions of target program are:
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e System initialization

e Data acquisition through A4D1 A/D module
e Pressure signal calculation

e Low pass filtering

e Linearization of the pressure signals

o Real time pressure value display on LCD

o Communication with personal computer

The main program first initializes the DSP board and A/D, D/A and other 1/O devices. Then
it goes into a loop to process the sampled data, display it on the LCD screen and to handle the
communication requests that the host computer has sent.

The data sampled by the A4D1 will go into a FIFO buffer on the A/D module. When half of
the buffer is filled, an interrupt will be requested to the TMS320C6201 processor. In the
interrupt handling routine, the sampled data in the FIFO will be read and calculated, then sent
into the data buffer in the main system memory, and the data ready flag will be set to notify
the main program that there are new data that need to be processed.

The main loop of the target program will check if there is new data need to be processed. If
so, the sampled data will be filtered by a FIR low pass filter to eliminate high frequency
noise. The filtering speed has been optimized with some routines written in assembly
language. The DSP filter can process a 512 short integer data block within 260us. After the
pressure signals are processed and linearized, the real time value of the pressure will be
displayed on the LCD screen, and recent history values will be stored in a history data buffer.
The display will be refreshed every 500ms. The recent history curve can be displayed on the
LCD screen.

The target program will listen on the USB communication port. When there is a
communication request, the target program will transfer relevant requested data to the host
personal computer according to the different communication commands received.

Host Software

Host software refers to the program running on a personal computer to communicate with the
DSP board. The platform of the host program is Microsoft Windows 9X/2K. It is written
using Microsoft Visual C++ V6.0. The main functions of the host program are:

o Parameter configuration of the target program
e Monitoring the DSP application through a high speed USB link
o Data logging

The operating parameters of the target DSP application can be set by the host application.
These parameters include sampling rate, filter parameters, display mode etc. Both real time
pressure data and pressure history can be transferred from the DSP target application to the
host application. The host application can thus monitor the pressure signals through this
communication link and the transferred pressure signal can be recorded through the data-
logging module of the host application.
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The host program is a multithreaded application. Different threads are used to communicate
with the DSP board, to display real time and history pressure signals and to log the data so
that a high performance host program can be achieved.

9.3.3 Prototype System Performance

A prototype of the digital signal processing system has been implemented. The signal to
noise ratio (SNR) of the DSP system itself is about 70dB. The noise performance of the
entire system is limited to the SNR of the wideband and narrowband signals from the pre-
amplifiers. The FIR digital filter can eliminate high frequency noise remarkably well. The
signal processing speed is fast enough to process a signal which has a 150 kHz bandwidth or
even higher.

9.4 Thermally Tunable Extrinsic Fabry-Perot Filter

Tunable optical filters are a key component in the interrogation of optical sensors[33], in
spectroscopy [34], as well as in video distribution networks [35]. A variety of bandpass
tunable filters have been demonstrated in the past decades. Among these, acousto-optic
tunable filters (AOTFs) [36], fiber Fabry-Perot tunable filters (FFP-TFs) [37], and
micromachined tunable filters [38] have attracted the most interest. A significant amount of
these efforts have been focused on meeting the requirements of WDM networks, in which a
tuning range covering the erbium doped fiber amplifier spectral range (~40 nm), a bandwidth
smaller than 1.0 nm for high channel capacity, and high tuning speed on the order of
microsecond or even faster are generally required [39]. However, in sensing systems,
spectrometers and video networks, tunable filters of extremely low cost with a tuning range
above 80 nm, a passband from 0.5 nm to 10 nm, an insertion loss less than 3.0 dB, good
repeatability and long term stability have obvious advantages. On the other hand, a tuning
speed up to sub-second is still acceptable in some applications. Tunable filters addressing
these application needs are desirable.

The thermally tunable filter demonstrated during the program has a tuning range of 90.8 nm
with a temperature sensitivity of 1.63 nm/°C and a long-term drift of less than 5.0 pm in the
1550 nm band. The filter features polarization independence, high repeatability, and
inherently low drift and low insertion loss.

9.4.1 Principle of Operation

The core of the device described here is basically a high-finesse EFPI that is formed by
fusion bonding of two mirror-coated single-mode optical fibers to a short piece of
borosilicate capillary tubing using fusion bonding, shown in Figure 9.26. For a Fabry-Perot
interferometer, the resonant or transmission peaks occur when the optical phase difference
0=2nnL,/A is equal to multiples of 2w, where L, is the distance between the two mirrors, and
n=1.0 is the refractive index of the air in the cavity. For a given L,, multiple wavelengths
satisfy the resonant conditions, resulting in multiple transmission bands. Changing L, results
in the change of the resonant condition, and thus the shift of the transmission band.
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Figure 9.26. Schematic of the thermally tunable EFPI filter.

Assuming that the central wavelength of the filter passband is Ay when the airgap is L,, the
shift of the central wavelength A4 caused by an airgap change AL can be expressed as

AA=(AL/L))-2,. (9-4)

The wavelength shift is proportional to the ratio AL/L,, which means a large tuning range
may be obtainable with a small change of the airgap, if a short cavity is used. Taking
advantage of the differential thermal expansions of the borosilicate tubing and the silica fiber,
continuous tuning of the filter passband can be achieved by locally cooling or heating the
EFPI. Assuming that a temperature change from 7 to 7+A4T is applied to an EFPI filter of
gauge length L;, corresponding to the distance between the two bonding points, resulting an
airgap change from L, to L, +AL, AL is given by

AL =[a,L, —a,(L, —L,)]-AT, (9-5)

where a; and oy are the coefficients of thermal expansion (CTE) of the borosilicate tubing
and the fused silica fiber, respectively. o, and ¢ are constants from 0 to 300°C. Substituting
Eq. (9-5) into Eq. (9-4) and assuming that L,<<L,,

AA=(L,/L,)(a,—a,)-A,-AT. (9-6)

Eq. (9-6) indicates that the wavelength tuning is proportional to the temperature change.
Since the borosilicate tubing has a CTE approximately 5~10 times higher than that of the
silica fiber, a tuning range of above 100 nm can easily be achieved within a temperature
range of less than 80°C (the normal operation range of a Peltier device).

As implied by Figure 9.26, the alignment between the two mirrors is automatically achieved
because of the tight match between the inside diameter (I.D.) of the tubing and the diameter
of the single-mode bare fiber. This self-alignment capability significantly reduces the
coupling loss and eliminates the costly aligning process encountered by other tunable filter
techniques. Furthermore high reliability is expected, since there are no moving parts and
therefore no mechanical wear is involved. The long time stability of the filter is determined

by the temperature stability of the Peltier device and its controller, which can be as low as
0.001 °C.
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9.4.2 Filter Preparation

A prototype tunable EFPI filter was constructed that operates in the 1550 nm band using
SMF-28 single-mode fibers with a CTE of 5.6x10” /°C, and Pyrex tubing with a CTE of
32.5x107 /°C, an LD of 127+1.5 pm and an O.D. of 290 pm. The two multilayer dielectric
mirrors were deposited on the cleaved ends of the fibers by Evaporated Coating, Inc.. The
mirrors have a peak reflectance of R=87.5% at 1565 nm, reduced to 87.0% at 1529 nm and
1602 nm. The fibers were fusion bonded to the Pyrex tubing using a pulsed CO2 laser at
relatively high power, forming an airgap of 10.589um at 7=25.45°C and a gauge length L, ~
4.1mm. During the bonding process, an LED with a central wavelength of 1557.6 nm and a
bandwidth AApwim=601.7 nm, and an AQ-6315A optical spectrum analyzer (OSA) were used
to monitor the airgap length. Fine adjustment of the airgap can be made with low power CO,
laser pulses. Figure 9.27 shows an optical micrograph of the airgap.

The EFPI filter was then assembled into a 14-pin butterfly package with a thermoelectric
cooling (TEC) module and a thermistor, shown in Figure 9.28. To achieve fast thermal
response, the EFPI filter was brought in direct contact with the cold plate of the TEC and
thermal compound was used to enhance thermal coupling between the TEC and the EFPI
filter.

SMF-28 Fiber i ' SMF-28 Fiber

Figure 9.27. Optical micrograph of an EFPI filter.

Figure 9.28. Photo of a packaged thermally tunable EFPI filter.
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9.4.3 Filter Characterization

To characterize the prototype filter, a TEC controller was constructed with a 24-hour
temperature stability of 0.003°C, whose input is set by a computer through a high resolution
DAC card. The same light source and OSA for the fabrication was used for the performance
evaluation. Figure 9.29 gives the output spectrum of the filter normalized to that of the
source at a set voltage Vsgr=1.7 V, corresponding to T=13.55 °C.
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Figure 9.29. Normalized spectrum at T=13.55°C.

A 3dB bandwidth of 7.4 nm on the first passband, a free spectral range (FSR) of 118.8 nm,
and an insertion loss of 2.7 dB were measured at this temperature. From the positions of the
two peaks, the airgap can be readily calculated as 10.425 um. The FSR may be doubled by
reducing the airgap to a few micrometers. A narrower passband as low as 1.0 nm can be
obtained by using either mirrors of higher reflectance or longer cavity length. The major
sources of the insertion loss include misalignments between the two fibers, absorption and
asymmetry of the two mirrors. The misalignments includes the end separation, which is small
in this case, and the tangential misalignment caused by the mismatch between the diameter of
the fiber and the 1.D. of the tubing. Insertion loss close to 1.0 dB can be expected by using
tubing of smaller I.D. and higher quality thin films on polished fiber ends.

Continuous tuning of the passband has been achieved by scanning the output voltage of the
DAC. Figure 9.30 shows the dependence of the central wavelength of the filter on the
control voltage with a 3™ order exponential curve fit. A tuning range of 90.8 nm was
obtained with a voltage change of 1.7~0.2 V, or a temperature change from 13.55°C to
69.28°C. This tuning range agrees well with the predicted value of 89.8 nm by Eq. (9-6). The
3" order exponential dependence of the central wavelength on the control voltage can be
explained by the similar dependence of the resistance of the thermistor on temperature. When
converting the voltage to corresponding temperature, very good linear dependence of the
wavelength on temperature resulted, as shown in Figure 9.31. A temperature sensitivity of
1.63 nm/°C has been measured from the linear fit. The long time drift of the filter passband
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has been determined by the temperature stability, which is less than 5.0 pm in the laboratory
environment.
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Figure 9.30. Tuning curves of the thermally tunable EFPI filter.
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Figure 9.31. Filter’s temperature sensitivity and linearity.

A bandwidth of 7.4 nm at 1515.6 nm, 6.58 nm around 1565 nm and 7.0 nm at 1606.4 nm was
measured. This bandwidth change is a combined effect of the airgap change with temperature
and the non-flat reflectance spectrum of the mirrors, which has a peak at 1565nm. The
bandwidth can be described by FWHM=(1-R)-FSR/(zR"?) and FSR is inversely proportional
to the airgap L,, and thus to 7. On the other hand, the peak reflectivity makes the filter have a
smaller FWHM around 1565 nm than at other wavelengths.

The time needed to scan the whole tuning range was less than 2 seconds. This relatively low
speed can be attributed to the large package size and the associated thermal mass. Much
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higher scanning speeds can be expected by reducing the package size, or directly depositing
an electrically resistive coating onto the capillary tubing of the filter.

9.5 Data Processing System

Fiber sensors researched and developed by CPT featuring small size, high accuracy and high
reliability, have already been used in the measurement of temperature and pressure in harsh
environment. However, the data acquisition and processing system that we are using for
these tiny sensors, which includes a personal computer, and a CTS or OSA, is so bulky,
expensive and fragile, has limited the broad application of those high quality sensors.
Therefore, the research and development of a data acquisition and processing system with
portable size, ease of use, cost effectiveness, high flexibility and reliability will become an
indispensable part of our sensors, and will also propel the application of them in daily life.

9.5.1 Objective

1. To use the Oceanoptics spectrometer, 850nm white light source and a PC to set up a
Fiber Sensor Spectrum Analysis System, which is just like the OSA we now have.

2. To set up an independent (without PC) Fiber Sensor Spectrum Analysis System that has
features of portability, cost effectiveness, low power consumption, data storage,
communication, and simple application to many kinds of fiber sensors.

3. To transfer CPT’s specialized data processing software into it.

9.5.2 Current Data Processing System

The smallest data processing system that we have now includes a USB spectrometer and a
PC. A block diagram is shown in Figure 9.32, and the components are listed in Table 9.2.

9.5.3 Independent Fiber Sensor Data Processing System

A block diagram of the designed data processing system is shown in Figure 9.33, and the
components are listed in
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Figure 9.32. Block diagram of current data processing system.
Table 9.2. Component listing for current data processing system.
Item Description Manufacturer Price (USD)
USB2000
Spectrometer Oceanoptics 2,200
200~1100,0.3nm
LED 850+30nm, 410uW, 100mA Honeywell 10
LED Driver 5V, 500mA Wavelength Eletr. 330
Coupler 2*2, 50%/50%, SMF, 850nm ACPhotonics 50
Optical Switch  850+40nm, 1x2, MM ACPhotonics 600"
PC Dell Dimension 4600 Dell 510
Total Cost $3,100
Total Volume 0.7m°

* The optical switch is multimode. A singlemode switch was unavailable and its price was prohibitive;
therefore we do not use it in this system. However, if an optical switch was used, we could obtain the
background spectrum at any time, then the measurement result would be very accurate, even if the
background spectrum profile changed during detection.
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Figure 9.33. Block diagram of newly designed data processing system.
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Item Description Manufacturer Price (USD)
USB2000
Spectrometer Oceanoptics 2,200
200~1100,0.3nm
LED 850+30nm, 410uW, 100mA Honeywell 10
LED Driver 5V, 500mA Wavelength Eletr. 330
Shell 50
Coupler 2*2, 50%/50%, SMF, 850nm ACPhotonics 50
Optical Switch  850+40nm, 1x2, MM ACPhotonics 600*
MCU Motorola i.XM1 15
Flash Am29LV640D,4Mx16bits AMD 15
SDRAM 1IS41LV16100,1Mx16bitsx2,3.3V ISSI 12
Power Module TI/National 13
640x480 6.4”
Color LCD Sharp/LG Philips 150
odule With Touch Panel
Membrane Keypad
Key Board 5
Tact Switches
PCB Board 4 layer, 14cmx14cm 20
Peripheral Resistances, Capacitances, 20
Components  Transformers, Inductors, etc.
Total Cost 2,890
Total Volume 0.12m°

* Again, since an appropriate optical switch (1x3 at 850nm) is not available, manual plugs will be used
instead.
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MCU Candidates
The basic requirements for the micro controller unit (MCU) in this system are as follows.

a) USB host or RS232 interface
Since the spectrometer USB2000 made by Oceanoptics has USB and RS232 interfaces,
the MCU should have one of these ports to control and acquire data. Because the
spectrometer requires an extra special cable and power module to realize a RS232 port, a
USB port will be utilized..

b) USB client interface
This port permits the data communication and control from a PC to our system.

¢) LCD controller and touch panel interface
This system needs a LCD screen to display spectrum curves, command menu,
calculation results and so on. If the MCU selected has an embedded LCD controller,
much less work would have to be done to connect to an LCD. For use as experimental
equipment, a color TFT LCD could be chosen, but for industrial use for fixed purpose,
monochrome, or even a simple digits LCD is sufficient. If we use a touch panel for
pointing input, a touch panel interface will facilitate our work.

d) Enough GPIO points for controlling use
The MCU needs enough GPIO points, at least 5, to control the optical switch, LED
driver, power module and so on.

e) High calculation speed
The main tasks of the MCU are data acquisition, LCD refreshment and data
transmission. The data analysis tasks, such as peak seeking, flitting, FFT, and averaging
will not sacrifice much MCU capability, therefore any MCU with calculation speed
greater than 10 MIPS will be qualified.

f) CCD interface
A CCD will be used to detect the spectrum generated by a grating, so the MCU should
have a CCD interface.

g) Easy connection to ADC
In the future, we may need to acquire data from a photo diode or non-standard CCD, so
an easy connection to ADC is a good requirement.

There are many MCU choices for our system which satisfy all the requirements mentioned
above. Three were selected for further consideration.

Motorola i.MXI1 (315): The new MC9328MX1 features the advanced and power-efficient
ARM920T™ core that operates at speeds up to 200 MHz. Integrated modules such as an
LCD controller, static RAM, USB support, an A/D converter (with touch panel control), and
an MMC/SD host controller offer a suite of peripherals for volume data storage. It also has a
multimedia accelerator, which has MAC for FIR and FFT operation. However, the . MX1
only has a USB client port; we would need to use an extra USB chip to expand a host port.
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Figure 9.34. .MX1 Functional Block Diagram.

Intel PXA255 Processor ($18): The Intel PXA255 processor is a highly integrated, 32-bit
RISC processor that combines the efficiency of Intel design with the ARM v.5TE instruction
set architecture. Key features are as follows.

Low power, high performance 32-bit Intel XScale® core-based CPU (200, 300
and 400 MHz)

ARM* Architecture v.5TE compliant

Intel® Superpipelined RISC Technology utilizing advanced Intel 0.18u process
for high core speeds at low power

Intel® Media Processing Technology including 40-bit accumulator and 16-bit
SIMD to enhance audio/video decode performance

Integrated Memory and PCMCIA/Compact Flash Controller with 100 MHz
Memory Bus, 16-bit or 32-bit ROM/Flash/SRAM (six banks), 16-bit or 32-bit
SDRAM, SMROM (four banks), as well as PCMCIA and Compact Flash for
added functionality and expandability

System Control Module includes 17 dedicated general-purpose interruptible I/O
ports, real-time clock, watchdog and interval timers, power management
controller, interrupt controller, reset controller, and two on-chip oscillators
Peripheral Control Module offers 16 channel configurable DMA controller,
integrated LCD controller with unique DMA for fast color screen support,
Bluetooth** I/F, serial ports including IrDA, 12C, 12S, AC97, three UARTs(1 Full
H/W flow control), SPI and enhanced SSP, USB end point interface, and
MMC/SD Card Support for expandable memory and I/O functionality
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However, the PXA255 also only has a USB client port, requiring the use of an extra USB
chip to expand a host port. In addition, the PXA255 dose not have an ADC and CCD

interface.
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Figure 9.35. PXA255 Functional Block Diagram.

TI OMAPI1510 ($35): The OMAP1510 combines the TMS320C55x™ DSP core with a TI-
enhanced ARMO925 processor, which provide the balance of high performance and low
power consumption necessary for modern portable products, such as 2.5G and 3G wireless
handsets and PDAs to run applications such as streaming video, audio, mobile commerce,
location-based services and others.

TMS320C55x DSP Core:
Up to 200 MHz (maximum frequency)
Voltage: 1.5v nominal
One/two instructions executed per cycle
32K x 16-bit on-chip dual-access RAM (DARAM) (64 KB)

48K x 16-bit on-chip single-access RAM (SARAM) (96 KB)
16 KB I-cache, 8 KB D-cache
Video hardware accelerators for DCT, iDCT, pixel interpolation, and motion
estimation for video compression
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TI1925T ARMI9TDMI Core:
e Upto 175 MHz (maximum frequency)
Voltage: 1.5v nominal
e 16KB I-cache; 8KB D-cache
e 192-KB of shared internal SRAM - frame buffer
e Support for 32-bit and 16-bit (Thumb mode) instruction sets
o Data and program MMUs
o Two 64-entry translation look-aside buffers (TLBs) for MMUs
e 17-word write buffer

Application Subsystem:
e Supports Linux®, Microsoft® Windows® CE, Palm OS™ and Symbian OS,
Microsoft Smartphone 2002, Microsoft Pocket PC 2002 and Nokia Series 60
e Three 32-bit timers and watchdog timer
e 32-kHz timer
e Levell/Level2 interrupt handlers
e USBI.1 host interface with up to 3 ports
e USBI.1 function interface
e One integrated USB transceiver for either host or function
e Multichannel buffered serial port (McBSP)
« I’C master and slave interface
e Micro-wure serial interface
e MMC/SD interface
e HDQ/1-wire interface
e Camera interface for CMOS sensors
e ETMO trace module for TI925T debug
o Keyboard matrix interface (6 x 5 or 8 x 8)
e Upto 10 MPU general-purpose 1/Os
e Pulse-width tone (PWT) interface
e Pulse-width light (PWL) interface
e Two LED pulse generators
e Real-time clock
e LCD controller with dedicated system DMA channel
e Two multichannel buffered serial ports
e Two multichannel serial interfaces
e Three UARTS (one supporting SIR mode for IrDA)
o Four interprocessor mailboxes
e Up to 14 shared general-purpose 1/Os

However, the OMAP1510 does not have an ADC, although it has a number of high
performance ADC chips which can be easily connected to OMAP.

According to the analysis above, no MCU can totally satisfy our requirements. The
OMAP1510 has the best performance, and its DSP portion will give us plenty of room for
further calculations. But it has the highest price. Comparing the i.MX1 and PXA255, the
1.MX1 has more of the ports we want, and both of them have the calculation capability we
need.
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Figure 9.36. OMAP1510 Functional Block Diagram.

9.5.4 System Assembly

A Motorola i.MX1 ADS (Advanced Development System) has been purchased to facilitate
the system development work. The ADS has provided the 1. MX1 CPU, enough memory, a
LCD, and some peripheral interfaces (see Figure 9.37). We still need to develop a USB host
port which will be used to control the spectrometer.

USB Host Card

A Philips ISP1161A1 was selected to expand two USB host ports and one USB client port to
the .MX1. A USB host daughter card was designed, which can be easily plugged into the
SoDIMM slot of the .M X1 ADS. Figure 9.38 shows a schematic of the card and Figure 9.39
is the assembled PCB board. We are currently programming the USB host driver to achieve
control and data acquisition of the spectrometer. Figure 9.40 shows all the parts of this new
system.

After the USB driver programming, the system application program will be written. Then, a
new smaller system schematic and PCB will be designed to take the place of the ADS and
USB host card. In fact, the size of a finished system PCB board, with CPU, memory, USB
ports, power and LCD circuits on it, will not be larger than the size of the LCD screen.
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Figure 9.37. Motorola i.MX1 ADS.
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Figure 9.38. Schematic of USB host card.
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Figure 9.40. Preliminary system panoramas.
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10.0 Fiber Optic Engine Pressure Sensor Field Test

On June 24", 2004, the Center for Photonics Technology at Virginia Tech successfully field
tested three types of fiber optic pressure sensors near the fan of a jet engine: a diaphragm-
ferrule based sensor and two miniature fiber sensors. This section describes the installation of
the sensors in the engine and analyzes the performance of the optical sensors compared to
that of a commercial Kulite sensor. Results from both sensors indicate that the acoustic
pressure near the engine fan is about 0.89 psi. In addition, the phase delay between the
optical sensor and the Kulite sensor is in good agreement with the value calculated based on
the distance between these two sensors. The test demonstrated not only good sensor
performance, but also that the sensor packaging and installation are suitable for engine
operation.

10.1 Sensor Packaging

For protection and installation purposes, the engine sensor must be packaged in a metal
housing. This sensor package protects both the sensor head and the bare fiber near the sensor
head. The package design is shown in Figure 10.1 and the packaged sensors are shown in
Figure 10.2

////////////////////////// ///////%

////////////////////////////// / o

Figure 10.1. Engine sensor package design.

Figure 10.2. Representative packaged diaphragm-ferrule based fiber optic pressure sensor (left)
and miniature sensor (right).
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10.2 System Setup and Sensor Installation

The F109 turbofan test engine is shown in Figure 10.3. Five holes were drilled in the
aluminum ring at the engine inlet (Figure 10.4). The reference Kulite sensor was installed in
the center hole and the fiber sensors in the remaining four holes. The miniature sensors, in
the outer holes, were located 40mm from the Kulite sensor. All five sensors were connected
with long cables to the control room (Figure 10.5). The signals from the fiber and Kulite
sensors were collected simultaneously and displayed on oscilloscope.

Sensor
Mounting
Positions

| 1. Mini 2
2. Dia-Ferr
3. Kulite
4. Dia-Ferr
5. Mini 1

Figure 10.4. Kulite and fiber sensors installed on the engine.
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Figure 10.5. System instrumentation in control room.

10.3 Test Results
The following data was collected when engine was running at 90% of its full speed.

10.3.1 Diaphragm-Ferrule Based Sensor

The time domain and frequency domain signals for the diaphragm-ferrule based sensor are
shown in Figure 10.6 and Figure 10.7, respectively. As discussed above, there is a phase
difference (time delay) between the two signals due to the slightly different installation
locations. According to the cross-correlation between the two signals, this delay is 0.058ms.
The time domain signals were processed using the Matlab FFT function to obtain the
frequency data listed in Table 10.1. The results of the Kulite and diaphragm-based sensors
are very consistent.

The fundamental frequency at 5.93kHz is due to the effect of the blades passing since the
rotation speed of the fan with 30 blades is set to about 12000rpm. By precise calculation, the
actual fan rotation speed is

5.93x1000Hz x 60s /30 =11860(rpm) .

According to the Kulite calibration data, the output of the sensor is 33.3mV/psi. The peak to
peak output at 5.93kHz was 22.7544mV, resulting in a dynamic pressure of:

Kulite — M = 0683pSla .
33.3mV / psi

Based on the diaphragm-ferrule fiber sensor calibration data, the sensor output is 87mV/psi.
The peak to peak output at 5.93kHz was 60.1268mV, resulting in a dynamic pressure of:

ber = M =0.691psia .
: 87.0mV / psi

This result is consistent with that of the reference Kulite sensor.
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Figure 10.6. Diaphragm-ferrule based fiber sensor and Kulite sensor signals in time domain.
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Figure 10.7. Diaphragm-ferrule based fiber sensor and Kulite sensor signals in frequency
domain.
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Table 10.1. Main frequencies measured by Kulite and diaphragm-ferrule based sensors.

Fiber Optic Engine Pressure Sensor Field Test

Frequency (KHz) Amplitude (mV)
F?riljllilelrsagrﬁ;)r Kulite Sensor ngriqgrggggr Kulite Sensor
1 5.930 5.930 30.0634 11.3772
2 11.860 11.865 12.1294 7.4924
3 17.795 17.800 7.7381 4.5748
4 23.725 23.720 6.0433 2.9771
5 29.660 29.660 3.2610 3.7025
6 35.590 35.595 2.9957 1.8222

10.3.2 Miniature Sensor Type 1

The response of the first type of miniature sensor was calibrated as 15.7mV/psi. Figure 10.8
and Figure 10.9 show the time domain and frequency domain signals for the miniature sensor
and the Kulite sensor. Both have a high response to the fundamental frequency and its
multiple frequencies. Here the analysis and comparison of the responses are given up to the
sixth frequency. Their frequencies and corresponding signal amplitude are listed in Table

10.2.
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Figure 10.8. Time domain response of the optical sensor compared with that of the Kulite
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sensor. (The upper plot shows the response of the optical sensor; while the lower one shows the
response of the Kulite sensor.).
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Figure 10.9. Frequency response of the optical sensor compared with that of the Kulite sensor.
(The upper plot shows the response of the optical sensor; while the lower one shows the
response of the Kulite sensor.).

Table 10.2. Comparison results between the first miniature fiber sensor and the Kulite sensor

Frequency (kHz) Amplitude (mV)
Mini Sensor 1 | Kulite Sensor | Mini Sensor 1 | Kulite Sensor
1 5.985 5.985 7.0198 14.8556
2 11.970 11.970 3.9559 11.1985
3 17.960 17.955 3.3262 7.2848
4 23.945 23.940 1.4419 4.1817
5 29.940 29.930 0.8255 4.5464
6 35.923 35915 0.6702 2.3301

The peak to peak output of the Kulite sensor at the fundamental frequency was 29.7112mV,
resulting in a dynamic pressure of 29.7112/33.3=0.8922psi. At the same frequency, the
miniature fiber sensor’s peak to peak output was 14.0396, resulting in a dynamic pressure
measurement of 14.0396/15.7=0.8942psi. Except for a slight discrepancy which may be
caused by calibration error, these results are quite consistent with each other. The obvious
time delay between the miniature fiber sensor and the Kulite sensor is due to the distance
between the two installation positions. An estimation of the resulting time delay can be
calculated as follows.
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The distance between the Kulite sensor and the optical sensor is 40mm, the radius of the ring
surrounding the fans is 254mm, and the rotation speed of the fan is about 200 revolutions per
second. The time delay between the two sensors can therefore be estimated as

40 N 1
2rx254 200

Figure 10.8 shows that the time delay between the optical sensor and the Kulite sensor is
about 0.12ms, which agrees well with the estimation. The error may be caused by the rough
measurement of the distance of the position and the ring radius. Also, the rotation speed is
not an ideal constant when the engine is operated at 90% of its full speed.

z0.13(ms).

10.3.3 Miniature Sensor Type 2

Figure 10.10 and Figure 10.11 show the outputs from both the mini-sensor and the Kulite
sensor. Output voltages recorded by oscilloscope are plotted in Figure 10.10, which clearly
shows that pressure is periodic. As discussed above, the Kulite signal trailed the sensor signal
because of their different mounting positions. By calculating the cross-correlation of the two
signals, this delay was determined to be about 0.105 ms. Figure 10.11 shows the FFT of the
outputs. The frequency and amplitude of up to 6™ harmonic for both sensors are listed in
Table 10.3. The frequencies for both sensors match very well.
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Figure 10.10. Mini-sensor output vs. Kulite sensor output, time domain signal .
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Figure 10.11. Mini-sensor output vs. Kulite sensor output, FFT spectrum.

Table 10.3. Comparison results between the second miniature fiber sensor and the Kulite sensor

Peak # Frequency (kHz) Amplitude (mV)
Mini-sensor 2 Kulite Mini-sensor 2 Kulite
1 6.030 6.030 9.59 20.44
2 12.060 12.060 5.71 8.83
3 18.085 18.090 3.88 6.69
4 24.115 24.120 2.47 6.82
5 30.145 30.145 1.51 5.03
6 36.180 36.175 1.11 1.59

The miniature sensor's dynamic response was calibrated to be about 18 mV/psi. From Table
10.3, the amplitude of the first harmonic measured by the sensor was about 9.59 mV. So the
peak-to-peak pressure change is 2*9.59mV/ (18mV/psi) = 1.1 psi.

The Kulite sensor has a sensitivity of 33mV/psi. It measured a dynamic pressure change of
20.44mV in amplitude, which corresponds to a peak-to-peak pressure change of about

2*%20.44 mV / (33 mV/psi) = 1.2 psi.
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10.4 Conclusion

The field test result confirms that the fiber optic sensor design can function safely and
reliably near the engine fan. During a field test of about two hours, the optical sensors’
package was robust enough for the engine operation. In addition, the optical sensor was able
to measure the acoustic pressure near the engine fan. Its performance is consistent with that
of the commercial Kulite sensor.

Furthermore, theoretical calculation and analysis indicate that the sensors can work well
under higher temperature and pressure environments, where most current commercial sensors
cannot survive. This was to be further demonstrated experimentally prior to the Energy
Efficiency Science Initiative budget cuts. A second field test was scheduled at Pratt &
Whitney in Connecticut.
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11.1 Publications

11.1.1 Journal Articles

1.

2.

10.
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12.
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Advanced Sensor Systems and Applications, Invited Paper, Proc. SPIE 4920, pp. 377-
381 (2002).
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with multiple applications” Sensors for Harsh Environments, Proc. SPIE 5590, pp. 111-
121 (2004).
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J. Xu, G. R. Pickrell, X. Wang, B. Yu, K. L. Cooper, and A. Wang, "Vacuum-sealed high
temperature high bandwidth fiber optic pressure and acoustic sensors," Sensors for Harsh
Environments II, Proc. SPIE 5998, 599809, Boston (Oct 2005).

F. Shen, Z. Huang, Y. Zhu, M. R. Coffey, G. R. Pickrell, and A. Wang, "Frequency-
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measurements,” Photorefractive Fiber and Crystal Devices: Materials, Optical Properties,
and Applications XII, Proc. SPIE 6314, pp. 63141K, San Diego, CA (Aug 2006).

11.2 Web sites

Portions of http://www.ee.vt.edu/~photonics

11.3 Technologies

The most significant technologies developed under this program are:

e A laser bonded silica high temperature fiber sensor with a high temperature
capability up to 700°C and a frequency response up to 150 kHz

e The world’s smallest fiber Fabry-Perot high temperature pressure sensor (125 x
20 pm) with 700°C capability

e UV-induced intrinsic Fabry-Perot interferometric sensors for distributed
measurement.
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e A single crystal sapphire fiber-based sensor with a temperature capability up to
1600°C.

These technologies have been well demonstrated and laboratory tested. Our work plan
included conducting major field tests of these technologies at EPRI, Corning, Pratt &
Whitney, and Global Energy; field validation of the technology is critical to ensuring its
usefulness to U.S. industries. However, due to budget cuts, DOE was unable to follow
through with its funding commitment to support Energy Efficiency Science Initiative projects
and this final phase was eliminated.

11.4 Patents

Virginia Tech Intellectual Properties, Inc. (VTIP), a non-profit corporation affiliated with the
university is charged with the mission of protecting and utilizing IPs for the benefit of the
university. All IPs assigned to the university flows to VTIP by assignment for operational
management. Therefore, Virginia Tech patent disclosures are identified by a VTIP
Disclosure Number.

11.4.1 Patent Disclosures

e VTIP No. 04.030 Method for Hermetic Bonding of Sapphire or Alumina
Y. Zhu, G. Pickrell, A. Wang

e VTIP No. 04.028 Signal Processing Algorithm for White Light Fiber Fabry-Perot
Interferometric Sensors
M. Han, A. Wang

e VTIP No. 04.001 Miniature Fabry-Perot Structure
X. Wang, J. Xu, Y. Zhu, A. Wang

e VTIP No. 03.148 A Novel Optical Fiber and Ferrule Hermetic Thermal Bonding Method
J. Xu, A. Wang

e VTIP No. 03.141 Laser Heated Sapphire-to-Sapphire Direct Bonding
M. Han, A. Wang

e VTIP No. 03.132 A Novel Method of Micromachining Sapphire with Excimer Laser
X. Chen, B. Dong, R. Chakraborty, A. Wang

e VTIP No. 03.126 Novel Mini-Size Optical Fiber Fabry-Perot Sensors
J. Xu, A. Wang

e VTIP No. 03.103 Diaphragm-Based High Temperature Sensor
Y. Zhu, Z. Huang, A. Wang

e VTIP No. 03.098 Thermally Tunable Fiber Fabry-Perot Filters
B. Yu, A. Wang

e VTIP No. 03.089 Sapphire Fiber-Based Interferometric Sensors
M. Han, A. Wang

e VTIP No. 03.081 Bi-directionally Tunable Optical Filters
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B. Yu, A. Wang

VTIP No. 03.066 A Novel Method to Fabricate Intrinsic Fiber Optic Fabry-Perot
Interferometer
X. Chen, A. Wang

VTIP No. 03.055 Novel Split Wavefront Interferometer
Z. Huang, A. Wang

VTIP No. 03.054 Optical Crystal Based Fiber Optical Sensor for Ultrahigh Temperature
W. Peng, A. Wang, G. Pickrell, Y. Zhang

VTIP No. 02.127 Diaphragm-based Fabry-Perot Tunable Filter
B. Yu, A. Wang

11.4.2 Patent Applications

VTIP No. 03.012 Operating-Point Tuning Technique for Fiber-Optic Fabry-Perot
Interferometric Sensors

B. Yu, A. Wang

U.S. Patent Application Serial No. 10/824,600

VTIP No. 03.093 Miniature High Temperature Pressure Sensor Fabricated on Fiber Tip
Y. Zhu, A. Wang

Patent Application Serial No. 10/911,635

PCT/US04/028535

VTIP No. 03.032 Optical Fiber Pressure Sensors for Ultrahigh Temperature Applications
J. Xu, A. Wang
Patent Application Serial No. 10/791,842

VTIP No. 02.062 Intrinsic Fabry-Perot Optical Fiber Sensors and their Multiplexing
A. Wang

Patent Application Serial No. 10/656,256

PCT/US2003/027933
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12.0 Conclusions and Future Work

Pressure and temperature sensors are vitally important for efficient energy use and low
environmental emissions in many industrial processes, especially energy intensive industries
such as power generation, metal casting, glass, and transportation sectors. However, many of
these processes involve various harsh environmental conditions, such as high temperature,
high pressure, chemical corrosion, and strong electromagnetic interference (EMI), which
often makes conventional sensors and measurement devices difficult to apply. For example,
the boilers or turbines in power generation plants operate at very high temperature and
pressure for increased efficiency, and accurate pressure monitoring is required to provide the
combustion process information needed to control the fuel-air mixture and residence time in
the flame zone in order to attain desired emissions levels, and to provide seamless fuel
transitions on duel-fuel turbines. In the transportation sector, the accurate monitoring and
control of pressure and temperature in the combustion chamber of aircraft and locomotive
engines can increase efficiency and reduce fuel consumption and pollutant emission.

For pressure measurements at elevated temperatures, industry primarily relies on
semiconductor pressure sensors, which have several major drawbacks, including rather
limited maximum operating temperature (482°C for the latest model), poor reliability at high
temperatures, extreme sensitivity to temperature, and susceptibility to electromagnetic
interference (EMI). Kulite and other sensor manufacturers have been increasing the
operating temperatures of silicon pressure sensors for some time, but they have reached the
practical temperature limit at which silicon can operate. For temperatures of 500°C and
higher, silicon deforms plastically. As with other electrical or electronic sensors,
susceptibility to EMI remains a major concern.

For temperature measurements, the primary tool is the thermocouple. Again, susceptibility to
EMI is a major concern. Moreover, commercially available thermocouples exhibit very short
lifetimes and rather poor reliability in corrosive environments when the temperature is above
1500°C, which is typical of many industrial environments.

Improved temperature and pressure sensors have been identified as a critical need in
numerous industrial sectors, including power generation [40], transportation [41], and the
targeted Industries of the Future (glass, steel, aluminum, and metal casting) [42], in order to
improve energy efficiency and reduce pollutant emissions. Sensors that can reliably operate
at the required temperatures up to 1600°C and pressures up to 450psi can result in savings of
17 to 45 trillion BTU in the glass industry, 26 trillion BTU in the steel industry, and 0.25
quadrillion BTU across the IOF industries [42].

In addition to energy savings, improved harsh environment sensing capabilities will provide
for reductions in emissions such as nitrogen oxide, carbon monoxide, carbon dioxide, and
unburned hydrocarbons through higher operating temperatures and leaner mixtures in turbine
systems, significant reductions in greenhouse gas emissions in the glass industry, and
minimization of waste through improved process control and the resulting reduction of scrap
and rework.
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In this program, Virginia Tech’s Center for Photonics Technology (CPT) has developed
optical fiber-based sensing technologies and associated signal processing algorithms to
provide self-calibrating and absolute measurements in the harsh environments of energy
intensive industrial processes, combining the advantages of interferometric and intensity-
based sensing.

CPT has demonstrated a number of sensing configurations using a range of materials and
sensor sizes, suitable for the wide range of environmental conditions found in industrial
processes. The most significant technologies developed under this program are:

e A laser bonded silica high temperature fiber sensor with a high temperature
capability up to 700°C and a frequency response up to 150 kHz

o The world’s smallest fiber Fabry-Perot high temperature pressure sensor (125 x
20 pm) with 700°C capability

e UV-induced intrinsic Fabry-Perot interferometric sensors for distributed
measurement.

e A single crystal sapphire fiber-based sensor with a temperature capability up to
1600°C.

The next step is to build packaged, field-ready systems based on this technology for
deployment at industrial sites.

A variety of diaphragm-based Fabry-Perot interferometric (DFPI) pressure sensors were
demonstrated with diameters ranging from a few millimeters (ferrule-based) [43-45] down to
only 125 microns (fiber tip based) [46-48]. The ferrule-based sensors can operate at
temperatures up to 700°C and with a sensitivity of 2.93nm/psi, a resolution of 0.01psi (68.9
Pa) and temperature dependence 0.0076 psi/°C (52.4 Pa/°C). Simple fabrication processes
have been developed to produce hermetic seals with negligible CTE mismatches. The sensors
exhibited a linear response in the available testing range from 0 to 200 psi (1.38 MPa), and
being composed entirely of fused silica, the structure is very reliable, corrosion resistant and
immune to EMI. With the same structure, sensors with various sensitivities can be fabricated
as needed by changing only the diaphragm thickness or the ferrule pit diameter on order to
adapt to the needs of various industries.

As with the ferrule-based sensors, the fiber tip sensors are composed entirely of fused silica,
resulting in a mechanically robust structure with a diameter of only 125 microns. We have
demonstrated their operation up to 710 °C in our laboratory with repeatability better than 1%.
The maximum operating temperature is limited by the mechanical creep of the fused silica
diaphragm. The system is able to resolve a pressure change about 0.0013 psi due to the high
performance of both the algorithm and instrumentation.

For even higher temperatures (up to 1600°C with excellent repeatability), sapphire fiber-
based sensors were developed. A key challenge with interferometric single-crystal sapphire
sensors is the large number of propagating modes, which make it extremely difficult to
generate high quality interference fringes. Angular offsets as small as 0.01° can significantly
reduce fringe visibility. To overcome this difficulty, a sensor was developed that uses a
sapphire wafer as the extrinsic Fabry-Perot cavity to ensure high surface quality and
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excellent parallelism. To reduce the overall system cost, the sensor head is coupled to a
silica fiber. A prototype sensor was tested from 230-1600°C with excellent reproducibility.
The sensor is interrogated by digital signal processing, which removes the blackbody
radiation and other sources of error. The measured accuracy of +£0.2% full scale was limited
by the accuracy of the B-type thermocouple used as a reference ( £0.5% full scale over
800°C). The sensor is expected to work close to sapphire’s melting point, which is greater
than 2000°C.

The developed pressure sensors were successfully field tested near the fan of a F109 turbofan
test engine. The peak to peak output of both the fiber sensors and the semiconductor
reference sensor indicate that the acoustic pressure near the engine fan is about 0.89 psi. In
addition, the phase delay between the optical sensor and the Kulite sensor is in good
agreement with the value calculated based on the distance between these two sensors. The
test demonstrated not only good sensor performance, but also that the sensor packaging and
installation are suitable for engine operation.

These technologies have been well demonstrated and laboratory tested. Our work plan
included conducting major field tests of these technologies at EPRI, Corning, Pratt &
Whitney, and Global Energy; field validation of the technology is critical to ensuring its
usefulness to U.S. industries. However, due to budget cuts, DOE was unable to follow
through with its funding commitment to support Energy Efficiency Science Initiative projects
and this final phase was eliminated.
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ABSTRACT

This paper presents a review of the sensor research at Virginia Tech Center for Photonics
Technology. Some of these sensors are intended for energy-production and energy-intensive
industries, such as power, oil, coal, transportation, metal casting, and glass manufacturing. The
sensors of different types are presented. Some recent experimental results are briefly discussed.

1.0 INTRODUCTION

Optical fibers have been shown to be attractive in the fabrication of a variety of physical, chemical,
and bio sensors because of a number of inherent such advantages as remote interrogation, potential
of multiplexing, capability of operation in extreme physical conditions, non-electrically conducting,
small size, and low weight. In the past three decades, many fiber sensor concepts and principles
have been proposed, demonstrated and or developed into practical devices and systems. However,
the real importance and potential of fiber sensors was not widely recognized and accepted in the

_energy-production and energy-intensive sectors until recent years. In these sectors, there are a wide
range of extreme physical and chemical conditions which make conventional electrical and
electronic sensors and measurement devices difficult to apply. Consequently, R&D investment by
industry is picking up in an observable pace, and it is believed that the pace will continue in the
foreseeable future. There is no doubt that this trend will dramatically accelerate the industrialization
of a range of fiber sensors as what has happened to fiber gyroscopes many years ago.

The optical sensor research at the Virginia Tech Center for Photonics Technology (VTCPT) has been
mainly focused on the development of sensors for measurement of pressure, temperature, strain,
acoustic waves, flow, electric partial discharges, surface mapping and 3-D temperature imaging.
Most of these sensors are based on optical fibers, including silica glass fiber with various polymer
and metallic coatings and single-crystal sapphire fiber waveguides. In terms of the optical
parameters being modulated, these sensors could be approximately classified into interferometric,
polarimetric, intensity-based, and wavelength-coded devices. This paper presents several examples
of the sensors recently developed at Virginia Tech.

2.0 Self-Calibrated Interferometric/Intensity-Based Sensors

Many of the fiber sensors developed to date belong to the categories of interferometers in which
optical phase is affected, and intensity-based devices in which optical intensity is modulated. In

Advanced Sensor Systems and Applications, Yun-Jiang Rao, Julian D. Jones, Hiroshi Naruse,
Robert I. Chen, Editors, Proceedings of SPIE Vol. 4920 (2002) © 2002 SPIE - 0277-786X/02/$15.00 377



general, interferometric sensors have the advantages of ultra-high resolution, accuracy and
configuration versatility. However, they have the disadvantages of relative measurement, costly
signal processing and low frequency response. In contrast to fiber interferometers, the intensity-
based devices have the advantages of simple signal demodulation, absolute measurement, and high
frequency response. Recently, researchers at VTCPT developed a new sensor, — the self-calibrated
interferometric/intensity-based (SCIIB) sensor, which combines the two types in one sensor system.

The basic principle of the SCIIB sensor is illustrated in Figure 1. The system involves a sensor
probe, optoelectronic signal processing and an optical fiber linking the sensor head and signal
processing unit. The light from an optical source is launched into a two-by-two fiber coupler and
propagates along the optical fiber to the sensor head. As shown in the enlarged view of the sensor
head, the lead-in fiber and a reflecting fiber are thermally fused to a hollow glass tube with a
predetermined air-gap separation between the two fibers. The incident light is first partially reflected
at the endface of the lead-in fiber. The remainder of the light propagates across the air gap to the
reflecting fiber endface, where a second reflection is generated. The two reflections then travel back
along the same lead-in fiber through the same fiber coupler to the photodetection end.

In order to overcome common problems associated with regular fiber interferometric sensors, such
as relative measurement, low frequency response, and complexity in signal demodulation, a special
optoelectronic signal demodulation method is employed that allows self-calibrating and absolute
measurement with high frequency response. As a result, the new sensor possesses the best features
of both fiber interferometry and intensity-based sensors. To our knowledge, this is the first design to
realize successful combination of fiber interferometric and intensity-based sensors into a single
sensor system. Because of these combined simultaneous advantages, the new sensor scheme is
therefore extremely attractive for the fabrication of a variety of sensors for accurate and reliable
measurement of various physical parameters that can be related to microdisplacement. Various
sensors have been designed and fabricated based on the basic SCIIB sensor configuration.
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Figure 1. Illustration of the principle of the self-calibrated interferometric/intensity-based (SCIIB) fiber sensor.
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Pressure Sensors

For the sensor geometry shown in Figure 1, when a pressure is applied to the sensor head, due to the
longitudinal and lateral compression of the glass alignment tube, the air gap separation in the sensor
will change. The air gap variation can be expressed as

_Lp (.
AL Erg-r,-z(l 20, (1)

where E is the Young’s modulus of the tube material, p is Poisson ratio, L is the distance between
the two thermal fusion points, and 7, and #; are the outer and inner radii of the glass tube. Equation
(1) indicates that the air gap change is directly proportional to the applied pressure. In addition, the
equation also shows the involvement of several sensor parameters, including the inner and outer
diameters of the hollow glass tube, the distance between the two fusion bonding points and the
mechanical properties of the hollow glass material. The sensor thus offers excellent design
flexibility for different dynamic measurement ranges. Moreover, since the glass tube can be made of
the same material as the fiber, the thermal expansion of the tube is balanced by the thermal
expansions of the lead-in and the reflecting fibers, so that ultra-low temperature dependence is
therefore expected.

Based on Equation (1), various sensors were designed and fabricated for different dynamic
measurement ranges. Some of the typical testing results are presented in Figures 2-4. Figure 5
shows the results of the temperature tests. As expected, the pressure sensor shows a very low level
of temperature dependence.
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Temperature Sensors

Contrary to the SCIIB-based pressure measurement, a temperature-induced air gap change is
necessary for temperature measurement. One of the ways to produce a temperature-sensitive sensor
is to use a sensor tube having a coefficient of thermal expansion different from that of the fibers, so
that temperature changes produce a differential thermal expansion between the tube and the fibers.
Because of the ultra-high sensitivity and accuracy in the measurement of small air gap changes, the
SCIIB-based temperature sensors would allow excellent measurement resolution and accuracy.
Again, the sensor could be designed to have varying measurement ranges by properly selecting such
parameters as tube material and distance between the two thermal fusion points. The pressure
dependence of the temperature measurement could be eliminated with the use of a pressure isolation
glass tube.
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Figure 6 presents a typical response of a SCIIB temperature sensor. As expected, the sensor shows
reliable measurement at temperatures above 800°C. Figure 7 shows no observable cross-sensitivity
between temperature and pressure.

Based on the principle described above, various different SCIIB sensors have been designed and
fabricated for oil downhole measurement, gas turbine engine monitoring and aerospace materials
evaluations.

3.0 Sapphire-Based Polarimetric High Temperature Sensors

Single-crystal sapphire is an attractive material for the fabrication of sensors intended for harsh
environment applications because of its high melting temperature (>2000C), outstanding resistance to
chemical corrosion, excellent optical transparency over a large spectral range, and commercial
availability of different sizes and geometries. VTCPT has done extensive research concerning
sapphire element-based or sapphire fiber-based sensors for measurement of temperature, strain and
pressure. This section presents one example of the research in this area.
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Figure 8. Schematic of the sapphire-based high temperature sensor.

Figure 8 shows the basic principle of a sapphire element-based polarimetric sensor for ultra-high
temperature measurement. The light produced from a light emitting diode (LED) is launched into a
multimode optical fiber and propagates through a 3dB 2X2 fiber coupler to the sensor probe. In the
probe, the light is first linearly polarized with its polarization direction aligned at 45 degrees with
respect to the fast or slow axis of a single-crystal sapphire disk. Because of the birefringence of
sapphire, the sapphire disk, which functions as the temperature sensing element, delays the two
decomposed polarization components of the light along the fast and the slow axes differently. When
the two co-propagating orthogonal polarization components are combined at a polarization analyzer,
which is virtually the same as the input polarizer when the sensor is operated in a reflection mode, the
light spectrum after the analyzer then carries the information about the birefringence of the sapphire
disk, which is a function of temperature. The transmitted light spectrum can be expressed as:
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Grating-assisted demodulation of interferometric

optical sensors

Bing Yu and Anbo Wang

Accurate and dynamic control of the operating point of an interferometric optical sensor to produce the
highest sensitivity is crucial in the demodulation of interferometric optical sensors to compensate for
manufacturing errors and environmental perturbations. A grating-assisted operating-point tuning sys-
tem has been designed that uses a diffraction grating and feedback control, functions as a tunable-
bandpass optical filter, and can be used as an effective demodulation subsystem in sensor systems based
on optical interferometers that use broadband light sources. This demodulation method has no signal-
detection bandwidth limit, a high tuning speed, a large tunable range, increased interference fringe
contrast, and the potential for absolute optical-path-difference measurement. The achieved 40-nm
tuning range, which is limited by the available source spectrum width, 400-nm/s tuning speed, and a step
resolution of 0.4 nm, is sufficient for most practical measurements. A significant improvement in
signal-to-noise ratio in a fiber Fabry—Perot acoustic-wave sensor system proved that the expected fringe

contrast and sensitivity increase.
OCIS codes:

1. Introduction

Fiber-optic interferometers, especially fiber Fabry—
Perot interferometers (FFPI), have found increased
applications in the past decade for the detection and
measurement of a large variety of physical parame-
ters, such as temperature,’~* vibration,» pres-
sure,346.7 acoustic waves,58-11 and strain.1213
Many interferometric sensors operate over the linear
region of an interference fringe.1:3:48:9.11  Compared
with sensors that use fringe counting,>911 sensors
that operate in the linear region have the advantages
of a linear transfer function, no ambiguity in fringe
direction, simple signal processing, and highest sen-
sitivity at the quadrature point (@ point). They are,
therefore, suitable for detection of small optical path
differences (OPDs) and wideband applications.
However, confining the operation to the linear region
places difficult manufacturing constraints on the sen-
sor head by requiring that the initial cavity length be
positioned at the @ point or sometimes at one end of
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a linear region of the transfer function.® The sen-
sors also suffer from signal fading caused by environ-
mental perturbations, such as temperature changes,
which may drive the sensors out of the linear region.
The drifts are even more critical for Fabry—Perot
(F-P) sensors; medium- or high-finesse F-P cavities
are often necessary for higher measurement sensitiv-
ity1-11 because of their steeper fringe slopes. There-
fore, poor control of the operation point has been a
major factor that limits the practical application of
interferometric optical sensors in the sensor indus-
try.

Several techniques have been developed by various
researchers to stabilize the @ point, for example, in-
tentionally applying an acoustic bias,! tuning the
static OPD in stages,* and using a tunable light
source,®? quadrature phase-shifted demodulation or
dual-wavelength interrogation,>6.12.15 or direct spec-
trum detection.6-13:16.17 In the acoustic bias method,
the low-frequency component output of a FFPI
acoustic-wave sensor was compared with a constant
voltage corresponding to the setting operating point,
and the difference was used to adjust the acoustic
bias through a voice coil. This method does compen-
sate for environmental drifts, but adjusting the oper-
ating point with a voice coil limits its use only to
acoustic detection, and the coil may cause extra noise.
A static OPD is tuned in a Mach—Zehnder interferom-
eter by use of a fiber stretcher. The quadrature
point nearest maximum visibility can be locked with



a feedback-control servo system, and a temperature
drift from 25 °C to 55 °C has been successfully com-
pensated for. However, tuning the OPD may cause
excess power fluctuation in the fiber, and it is not
suitable for use with sensors with F-P interferom-
eters. Adjusting the operating point by changing
the bias current of a tunable laser diode is another
effective approach that has been used by many re-
searchers. The disadvantages of using a tunable la-
ser are its optical power fluctuation, high sensitivity
to backreflection, laser mode hopping, and high cost.
Quadrature phase-shifted demodulation, or dual-
wavelength interrogation, was originally developed
by Murphy et al.12 to solve problems of a nonlinear
transfer function and directional ambiguity in extrin-
sic F-P sensors, but it may also be used for the de-
modulation of sensors operating in the linear regions.
However, it is possible that both channels operate
away from their optimal @ points at the same time,
even if a 90° phase shift can be maintained during the
measurement, which is as hard as to control the op-
erating point itself.

Strictly speaking, the spectrum detection method
should not be categorized into a kind of operating-
point stabilizing method, though linear response can
be achieved.’® Direct spectrum detection uses a dif-
fraction grating or a Fizeau interferometer, and the
modulated broadband spectrum is detected by a CCD
array and analyzed by a signal-processing unit.
This procedure is also called white-light interferom-
etry and actually does not need to control the oper-
ating point of an interferometric sensor. It provides
an absolute and accurate value of the OPD in a sens-
ing interferometer and is insensitive to power and
spectral fluctuations of the light source. Its major
disadvantage is that it is not suitable for real-time
detection of broadband signals such as acoustic
waves and high-frequency pressure because a large
amount of time is required for processing the huge
amounts of data from a CCD array. Another disad-
vantage of spectrum detection is its high cost, espe-
cially for sensors operating in the near-infrared
region, where expensive detector arrays must be
used.

In this paper we present an alternative demodu-
lation technique with operation-point tuning by use
of a diffraction grating with feedback control, called
grating-assisted operating-point tuning (GA-OPT).
This demodulation method has no ac bandwidth
limit, a high tuning speed, a large tunable range,
increased interference fringe contrast, and the po-
tential for absolute optical-path-difference mea-
surement. An experiment in which a fiber F-P
acoustic-wave sensor system is used to prove the
feasibility of the design is also presented.

2. Wavelength Dependence of Operation Points

Interferometric-intensity-based detection is a widely
used demodulation technique in optical interferomet-
ric sensors such as fiber F-P interferometers, Mach—
Zehnder, and Sagnac sensors. When a
monochromatic light of wavelength \ is used to inter-

rogate the sensors, the optical intensity of the two-
beam interference between the sensing beam and the
reference beam can be expressed as

I=1,+1I,+ 2,1, cos &, (1)

where I; and I, represent the optical intensities of the
sensing beam and the reference beam, respectively,
and

¢ = 2m(nl)/\ (2)

is the phase difference caused by the OPD nl between
the two beams, where n is the refractive index of the
medium and / is the physical path difference. The
optical intensity arriving at the photodetector is a
simple cosine function, called interference fringes, of
nl, which is a function of perturbations in the mea-
surant and the background. Obviously, sensors
have zero sensitivity at the peaks or the valleys of the
fringes, and the maximum sensitivity and the most
nearly linear response at the @ points, where ¢ =
w/2+mm,m=0,1,2,.... Itisofabsolute advan-
tage to design a sensor operating at the @ points for
the highest sensitivity and the lowest signal distor-
tion. However, any sensor fabrication tolerance,
temperature-induced drift, or other environmental
perturbation can easily drive a sensor away from the
@ points. Notice that the interference fringes and
thereby the @ points are wavelength dependent for
all interferometers; one may dynamically control the
operation points by tuning the wavelength of the in-
terrogation lights to compensate for the phase drifts,
that is,

2m(nl)

Ad = Ady) + Ad, = 2% Anl) =5 AN =0,
3)
or
A= A(nl), (4)
(nl)

where Ad,;,) and Ad, are the phase changes caused
by environmental disturbance [A(nl)] and wave-
length tuning [AN]. Usually nl is at least 1 order
larger than \, which means that a large drift can be
compensated for by a relatively small change in the
wavelength. The wavelength tuning can be
achieved by use of a tunable laser, though this may
cause some problems such as optical power fluctua-
tion and sensitivity to backreflections.

For a broadband light source, the wavelength de-
pendence of the interference fringe is much more
complex than for a monochromatic source. The in-
terference fringes are determined not only by the
central wavelength but also by the spectrum width of
the interrogation lights. The total optical intensity
arriving at the photodetector has to be computed by
integration over the whole spectrum of the light
source. Figure 1 is a theoretical calculation of the
wavelength dependence of the interference fringes at
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Fig. 1. Theoretical calculation of the wavelength dependence of
operation points. R, reflectivity.

three cavity lengths (L0) of a low-finesse FFPI sen-
sor,* where a 1300-nm light source of a 35-nm (3-dB)
spectral width was used, the output was normalized
to the source intensity distribution, and the band-
width of the interrogation lights was limited to 2A\ =
10 nm. For example, if the OPD, for any reason,
changes from L0 = 15.05 to 15.15 wm, one can track
the operation point by tuning the central wavelength
from 1.296 to 1.304 wm. The central wavelength of
the interrogation light can be tuned by use of GA-
OPT, as is discussed in Section 3.

3. Grating-Assisted Operation-Point Tuning

A schematic illustration of a white-light interfero-
metric sensor system based on GA-OPT is shown in
Fig. 2. Operation-point tuning is achieved with
two collimators, a diffraction grating, a short piece
of multimode fiber (MMF), a photodetector, a pre-
amplifier, a computer with a data-acquisition card,
and a motorized rotary stage and its driver. The
light from a broadband source is launched into a
single-mode fiber (SMF), propagates through a 3-dB
coupler, and arrives at an interferometric sensor,
where it is modulated by the perturbation measur-
and. The phase-modulated light propagates back
through the same 3-dB coupler and reaches the first
collimator. The collimated light beam illuminates
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Fig. 2. Schematic diagram of a FFPI sensor system based on
GA-OPT.
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a diffraction grating, which can be rotated by a
motorized rotary stage with high resolution (~0.2
mrad). The —1st diffractions collected by a second
collimator are focused into a 200-230-pm MMF,
and only part of the total spectrum (A = A\) can be
collected by the MMF.

Instead of a SMF or a detector, a short MMF is
used to increase the reception area and to facilitate
the spectrum monitoring with an optical spectrum
analyzer. The MMF can be removed and the detec-
tor can be placed on the focal point of the receiving
collimator with a penalty of less flexibility. A tran-
simpedance preamplifier converts the photocurrent
into voltage, and a subsequent divider separates the
signal into dc and ac components, which are amplified
and filtered further. A computer with a data-
acquisition card is used to record and to calibrate the
dc and ac signals. The calibration reference, a rep-
resentation of the original optical intensity distribu-
tion, is an output-position curve obtained by scanning
of the whole wavelength range with a cleaved fiber,
instead of a sensor, connected.

The calibrated ac signals directly represent the ab-
solute value of the ac information of the measurand,
and the frequency response is limited only by the
sensor head and the bandwidth of the electronics.
The calibrated dc signals represent the current oper-
ation point on the transfer function. Ideally, this dc
voltage (V) should to be equal to the setting point
(V,), most likely the @ point. However, any change
in manufacturing tolerance and environment may
cause an undesired change of the OPD of the sensor
and thereby a drift of dc voltage V. The difference
AV between the dc output and the setting point is the
control signal that can be used to adjust the position
of the grating, and therefore the central wavelength
of the interrogation lights, through a motorized ro-
tary stage. By this feedback control, the optimal
operation point can be dynamically maintained, and
the dc signal may also be recovered from the position
of the grating if environmental effects can be deter-
mined. Obviously, the tuning range is limited only
by the source spectrum, and the dc accuracy is limited
by the resolution and the repeatability of the rotary
stage.

According to the grating equation, the relationship
between the incident beam and the —1st diffracted
beam can be expressed as

sin(A) + sin(B) = \/d, (5)

where A is the incident angle of the light beam from
the input collimator to the normal of the grating sur-
face, B is the angle of the —1st diffraction to the
normal of the grating surface, \ is the wavelength of
light in air, and d is the groove spacing of the grating.
Assuming that a lens of focal length fis used in the
receiving collimator, we can calculate B from

f(AN/D)

cos(B) = d s

(6)
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where AN is the spectrum resolution and D is the
diameter of the core of the receiving MMF or the
active area of the detector.

With A = 1300 nm, d = 1/750 mm, f = 25.0 mm,
D = 0.2 mm for a 200-2300-p.m MMF, and B-A =
55°, Fig. 3 gives the calculated angular tuning range
for wavelength tuning from 1280 to 1320 nm and the
resultant change in receiving bandwidth. An angu-
lar change of 1.2° is enough for scanning a wave-
length range of 40 nm, and a bandwidth error of
~3.5% may result. This bandwidth error may in-
duce an error in the optical intensity distribution
from the original light source distribution that one
can easily compensated for by scanning the whole
spectrum range and storing the new intensity distri-
bution during the reset. Obviously, finer tuning or
smaller A\ can be achieved, with a penalty of higher
insertion loss, by use of smaller-diameter fiber D or a
longer focal length f if the groove spacing, incident
angle A, and diffraction angle B have been deter-
mined.

4. Experiments

To verify the feasibility of operation-point tuning we
designed and fabricated GA-OPT, as shown in Fig. 4.
A holographic diffraction grating of 750 grooves/mm
was glued onto a motorized rotary stage. The motor
has a step resolution of 0.2 mrad and a rotation speed
of 2 rpm, which means that a central wavelength
resolution of 0.38 nm and a tuning speed of 400 nm/s
can be achieved. Collimator I is the input collima-
tor, and collimator II is the output collimator, which
has a focal length of 25 mm. The input SMF is
connected to an interferometric optical sensor, and
the output 200-230-pm MMF is connected to an op-
tical receiver. The control interface board intercon-
nects the motor and the motor controller.

In Fig. 5 are shown the spectra received by the
detector at various grating positions or central wave-
lengths (1276.4, 1288.0, 1298.0, 1307.9, and 1317.9
nm) and the original spectrum of the superlumines-
cent light-emitting diode (SLED), where the sensor
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Qutput

Fiber
Control

Interface
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input Fiber .
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Fig. 4. Top view of GA-OPT.

was replaced with a cleaved SMF. A 1296-nm SLED
with a spectral width of 35 nm was used as the broad-
band source. Scanning the grating at an angle of
1.2° achieved a central wavelength change of 40 nm.
This agrees well with the theoretical calculation
given in Fig. 3. The resultant spectrum bandwidth
(FWHM) is 4.30—4.65 nm, an average of 0.7 nm less
than the theoretical results. This difference is be-
lieved to be caused by misalignment between the
25-mm lens in collimator II and the 200-230-pm
MMF as well as by the relatively small aperture of
collimator II. The total insertion loss is ~11 dB.
As mentioned in Section 3, a trade-off must be made
between large bandwidth for high optical power and
small bandwidth for high fringe visibility and high
resolution of operation-point tuning.

The wavelength scan outputs of a FFPI sensor and
the theoretical results in atmospheric pressure are
shown in Fig. 6(a). The peak amplitudes are un-
equal because of the Gaussian spectrum distribution
of the 1296-nm SLED source. The peak position dif-
ferences between the experimental results and the
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Fig. 5. Spectra received by the detector at several grating posi-
tions and the original spectrum of the SLED.
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theoretical calculation are caused by cavity-length
measurement error, whereas the amplitude differ-
ences are believed to be caused by the offset of the
spectrum distribution from the ideal Gaussian distri-
bution used for the calculation and by misalignment
of GA-OPT or of the sensor’s F-P cavity. Figure 6(b)
gives the scan outputs of a FFPI sensor in the atmo-
spheric environment and under 50 cm of water nor-
malized to the source spectrum. A @-point drift of
~3 nm resulted from the 50-cm static water pressure.
Obviously there is more than one @ point on the
fringes, but only those two @ points on the highest
fringe have the best signal-to-noise ratio and thereby
are suitable as optimal operation points.

A diaphragm-based FFPI acoustic-wave sensor!!
was chosen to test the performance of the developed
GA-OPT in practical applications. This sensor was
designed for partial-discharge detection in power
transformers. Because this sensor was fabricated
by use of thermal fusion bonding, which might cause
large cavity-length error and may suffer from high
static pressure in a transformer tank full of mineral
oil, operation point control has been a major chal-
lenge, and very low sensitivity may result. A scan
output of this sensor in an acoustic-wave test setup is
given in Fig. 7(a). The acoustic-wave outputs at
marked points A-E in Fig. 7(a) are shown in Fig. 7(b),
along with that from a sensor system without GA-
OPT. Obviously, the original system has a low
signal-to-noise ratio (SNR) because of the short co-
herence length of the SLED source compared with
the sensor’s cavity length, the unknown operation
point, or both. When GA-OPT is used, the sensor
performs differently at different operation points.
At points A and C the @ points of the interference
fringes, the sensor has the best SNR, which is attrib-
uted to the highest sensitivity of the @ point and the
increased fringe contrast. An improvement of ~15
dB in SNR compared with that of the original sensor
can easily be achieved, even if the original sensor was
operating at its @ point. The sensor’s SNR has only
moderate improvement at points D and E, though
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they are @ points too, because of the lower fringe
slope at D or the low absolute optical intensity at E,
both caused by the nonflat SLED spectrum. The
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sensor has the lowest SNR at B because of the zero
sensitivity at the fringe peaks (or valleys). There-
fore points A and C are the ideal operation points of
this FFPI sensor. We also observed that the
acoustic-wave outputs at these two points have dif-
ferent polarities and different dynamic ranges that
may be sensitive for some measurements. When the
operation point is determined, the last task is to
maintain the sensor operation at the setting point.
This can easily be achieved by the feedback-control
system shown in the system diagram of Fig. 2. A
signal-processing system that uses a computer and a
data-acquisition card makes data recording and cal-
ibration easy and fast.

5. Discussion

In conclusion, an effective demodulation technique
has been developed for dynamic compensation of
manufacturing errors and environmental-
perturbation-induced drifts in interferometric sen-
sors. The total effect of all low-frequency drifts,
including dc signals, in the sensor system can be
measured by the position of the diffraction grating.
The dc signals may be recoverable if other effects,
such as temperature, are known or can be measured.
If such is the case, the dc dynamic range of the sensor
system can be greatly increased and is limited only by
the source bandwidth. Obviously, the GA-OPT does
not impose any limit on the ac signal, and the fre-
quency response of the sensor system depends only
on the sensor probe itself and the electronic band-
width.

In addition to operation-point control, GA-OPT
brings another benefit to the demodulation system,
namely, improved sensitivity. The improvement
comes from the reduction of the bandwidth of the
interrogation lights and thereby from the increase of
the interference fringe contrast.l? Although the
fringe contrast is still smaller than that of a sensor
system with a laser source, this demodulation ap-
proach retains all the advantages of a white-light
system over a laser system.

The potential for absolute OPD measurements is
another important feature of GA-OPT. By scanning
the wavelength, one may calculate the absolute OPD
between the sensing channel and the reference chan-
nel from the scanning output, as was done by Egorov
et al. with a spectrometer and a CCD array.’® Com-
pared with the method described in Ref. 16, the ad-
vantage of the GA-OPT is greatly reduced cost,
especially for sensors operating in the near-infrared
region.

This research was supported by the U.S. Depart-
ment of Energy under contract DE-FC-01GO11050.
The authors acknowledge useful discussions with
Yibing Zhang of the Center for Photonics Technology,
Virginia Polytechnic Institute and State University.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

1 December 2003 / Vol. 42, No. 34 / APPLIED OPTICS

T. Yoshino, K. Kurosawa, K. Itoh, and T. Ose, “Fiber-optic
Fabry—Perot interferometer and its sensor application,” IEEE
Trans. Microwave Theory Tech. MTT-30, 1612-1620 (1982).

. C. E. Lee and H. F. Taylor, “Fiber-optic Fabry—Perot temper-

ature sensor using a low-coherence light source,” J. Lightwave
Technol. 9, 129-134 (1991).

. R. A. Wolthuis, G. L. Mitchell, E. Saaski, J. C. Hartl, and M. A.

Afromowitz, “Development of medical pressure and tempera-
ture sensors employing optical spectrum modulation,” IEEE
Trans. Biomed. Eng. 38, 974-981 (1991).

. A. Wang, H. Xiao, J. Wang, Z. Wang, W. Zhao, and R. G. May,

“Self-calibrated interferometric-intensity-based optical fiber
sensors,” J. Lightwave Technol. 19, 1495-1501 (2001).

. N. Furstenau, M. Schmidt, H. Horack, W. Goetze, and W.

Schmidt, “Extrinsic Fabry—Perot interferometer vibration and
acoustic sensor systems for airport ground traffic monitoring,”
IEE Proc. Optoelectron. 144, 134144 (1997).

. W. Pulliam, P. Russler, R. Mlcak, K. Murphy, and C.

Kozikowski, “Micromachined, SiC fiber optic pressure sensors
for high temperature aerospace applications,” in Industrial
Sensing Systems, A. Wang and E. Udd, eds., Proc. SPIE 4202,
21-30 (2000).

. Y. Kim and D. P. Neikirk, “Micromachined Fabry—Perot cavity

pressure transducer,” IEEE Photon. Technol. Lett. 7, 1471—
1473 (1995).

. J.d. Alcoz, C. E. Lee, and H. F. Taylor, “Embedded fiber-optic

Fabry—Perot ultrasound sensor,” IEEE Trans. Ultrason. Fer-
roelectr. Freq. Control 37, 302-306 (1990).

. J. F. Dorighi, S. Krishnaswamy, and J. Achenbach, “Stabiliza-

tion of an embedded fiber optic Fabry—Perot sensor for ultra-
sound detection,” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 42, 820—-824 (1995).

K. A. Murphy, M. F. Gunther, A. Wang, and R. O. Claus,
“Detection of acoustic emission location using optical fiber sen-
sors,” in Smart Structures and Materials 1994: Smart Sens-
ing, Processing, and Instrumentation, J. S. Sirkis, ed., Proc.
SPIE 2191, 282-290 (1994).

B. Yu, D. W. Kim, J. Deng, H. Xiao, and A. Wang, “Fiber
Fabry—Perot sensors for partial discharge detection in power
transformers,” Appl. Opt. 42, 3241-3250 (2003).

K. Murphy, M. F. Gunther, A. M. Vengsakar, and R. O. Claus,
“Quadrature phase-shifted, extrinsic Fabry—Perot optical fiber
sensors,” Opt. Lett. 16, 273-275 (1991).

C. Belleville and G. Duplain, “White-light interferometric mul-
timode fiber-optic strain sensor,” Opt. Lett. 18, 78—80 (1993).
A. S. Gerges, F. Farahi, T. P. Newson, J. D. C. Jones, and D. A.
Jackson, “Fibre-optic interferometric sensor utilising low co-
herence length sources: resolution enhencement,” Electron.
Lett. 24, 472—-474 (1988).

M. Schmidt and N. Fiirstenau, “Fiber-optic extrinsic Fabry—
Perot interferometer sensors with three-wavelength digital
phase demodulation,” Opt. Lett. 24, 599—-601 (1999).

S. A. Egorov, A. N. Mamaev, I. G. Likhachiev, Y. A. Ershov,
A. S. Voloshin, and E. Nir, “Advanced signal processing
method for interferometric fiber-optic sensors with straight-
forward spectral detection,” in Sensors and Controls for Ad-
vanced Manufacturing, B. O. Nnaji and A. Wang, eds., Proc.
SPIE 3201, 44-48 (1998).

B. Qi, G. Pickrell, J. C. Xu, P. Zhang, Y. H. Duan, W. Peng,
Z.Y.Huang, W. Huo, H. Xiao, R. G. May, and A. Wang, “Novel
date processing techniques for dispersive white light inter-
ferometer,” Optical Engineering (to be published).

6829



Grating-assisted Oper ating-Point Tuning
for Fiber-Optic Fabry-Perot Interferometric Sensors
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460 Turner St., Blacksburg, VA 24061-0287

ABSTRACT

A grating-assisted operating-point tuning system was designed to dynamically stabilize the operating-point of a fiber
Fabry-Perot interferometric sensor to compensate for manufacturing errors and environment perturbation induced drifts.
The system uses a diffraction grating and a feedback contral, functioning as a tunable bandpass optical filter, and can be
used as an effective demodulation subsystem in sensor systems based on optical interferometers using a broadband light
source. Thisdemodulation method features unlimited signal detection bandwidth, high tuning speed, large tunablerange,
increased interference fringe contrast, and a potential of absolute optical path difference measurement. Sensitivity
improvements were demonstrated with a fiber Fabry-Perot acoustic wave sensor system.

K eywor ds: interferometric sensors, operating-point control, diffraction grating, feedback control.

1. INTRODUCTION

Fiber-optic interferometers, especially fiber Fabry-Perot interferometers (FFPI), have found increased applications
in the last decade for the detection and measurement of a large variety of physical parameters, such as temperature,
vibration, pressure, acoustic wave, and strain, etc. Many of the interferometric sensors operate over the linear region of
an interference fringe or transfer function ¥ 1. Sensors operating in the linear region have advantages over sensors
using fringe counting 1", such as linear transfer function, no fringe direction ambiguity, smple signal processing and
highest sensitivity at the quadrature point (Q-point). They are, therefore, suitable for small optical path difference (OPD)
change detection and wideband applications. However, confining the operation to the linear region places difficult
manufacturing constraints on the sensor head by requiring theinitia cavity length to be positioned at the Q-point or at
one end of the linear region of the transfer function (. They also suffer from signal fading caused by environmental
perturbations, such as temperature changes, which may drive the sensors out of the linear region. The drifts are even
more critical for Fabry-Perot sensorswith medium or high finesse F-P cavitiesthat are necessary for higher measurement
sensitivity ™ ¥ because of their steeper fringe slopes. Therefore, poor control of the operating-point has been a major
factor that limits the practical industrial application of interferometric optical sensors.

Currently, several techniques have been devel oped by different researchers to stablllze the Q-point, for example, by
intentionally applying an acoustic bias ™, tuning the static OPD using stages ®, using a tunable light source ! 1
quadrature phase-shifted demodulation or dual wavelength interrogation ! 1 120 (4 or direct spectrum detection (12
13 '|n the acoustic bias method, the low-frequency component output of an FFPI acoustlc wave sensor was compared
With a constant voltage corresponding to the operating set-point, and the difference was used to adjust the acoustic bias
through a voice coil. This method does compensate for environmental drifts, but adjusting the operating-point with a
voice coil limitsit only to acoustic detection and may induce extra noise from the coil. The tuning of the static OPD is
realized in a Mach-Zehnder interferometer by using a fiber stretcher. The quadrature point nearest to maximum visibility
can be locked with a feedback control servo system and a temperature drift from 25°C up to 55°C has been successfully
compensated. However, tuning the OPD may cause excess power fluctuation in thefiber, and it is not a suitable approach
for sensors with F-P interferometers. Adjusting the operating-point by changing the bias current of atunable laser diode
is another effective approach that has been used by many researchers. The disadvantages of using a tunable laser are
optical power fluctuation, high sensitivity to backreflections, laser mode hopping, and relatively high cost. The
guadrature phase-shifted demodulation or dual wavelength interrogation was originally developed by K. Murphy, et

! biyu@vt.edu; phone 1 540 231-7070; fax: 1 540 231-2158
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al."” to solve the nonlinear transfer function and directional ambiguity problems in extrinsic Fabry-Perot interferometric
(EFPI) sensors, but it may also be used for the demodulation of sensors operating in the linear regions. However, it is
possible that both channels are operating away from their optimal Q-points at the sametime, even if a90° phase shift can
be maintained during the measurement, which is difficult to contral.

Strictly speaking, the spectrum detection method should not be categorized as an operating-point stabilizing method,
though linear response can be achieved ™. Direct spectrum detection uses a diffraction grating or a Fizeau
interferometer, and the modulated broadband spectrum is detected by a CCD array and analyzed by a signal-processing
unit. This approach is also called whitelight interferometry and actually does not need to control the operating-point of
an interferometric sensor. It provides an absolute and accurate value of the OPD in a sensing interferometer, and is
insensitive to the power and spectral fluctuations of the light source. Its major disadvantage isthat it is not suitable for
real time detection of a broadband signal, such as acoustic waves and high frequency pressure fluctuations because a
large amount of time is required to process the huge data from a CCD array. Another disadvantage of the spectrum
detection isthe high cost, especially for sensors operating in the near infrared (NIR) region, where an expensive detector
array must be used.

In this article, we present an alternate operating-point stabilization approach using a diffraction grating with a
feedback contral, referred to as grating-assisted operating point tuning (GA-OPT). This approach features unlimited
bandwidth, high tuning speed, large tunable range, increased interference fringe contrast, and the potential for absolute
optical path difference measurement. Experimental results of an FFPI acoustic wave sensor system used to prove the
feasibility of the design is also presented.

2. OPERATING-POINTS OF AN INTERFEROMETRIC SENSOR

Interferometric-intensity-based detection is a widely used demodulation technique in optical interferometric sensors,
such as FPl, Mach-Zehnder and Sagnac sensors. When monochromatic light of wavelength A is used to interrogate the
sensors, the optical intensity of the two-beam interference between the sensing beam and the reference beam can be
expressed as

| =114+ 15+2/1115 cog2z(nl)/ 1] D

where |; and |, represent the optical intensities of the sensing beam and the reference beam, respectively, (nl) isthe OPD
between the two beams, where n is the refractive index of the medium and | is the physical path difference. The optical
intensity arriving at the photodetector is a simple cosine function, named interference fringes, of (nl), which isafunction
of both the measurant and background perturbations. Obvioudly, sensors have zero sensitivity at the peaks or the valleys
of the fringes, and maximal sensitivity and linear response at the Q-points, where the phase difference

p=2z(nl)/A=7l2+mx )

where theinterference order m=0,1,2,.... Sensors operating around the Q-points will have the highest sensitivity and the
lowest signal distortion. However, any sensor fabrication tolerance, temperature-induced drift, and other environment
perturbations can easily drive a sensor away from its Q-points. Noticing that the interference fringes and therefore Q-
points are wavelength dependent for all interferometers, the operating-points may be dynamically controllable by tuning
the wavelength of the interrogation signal to compensate for the phase drifts, that is

21 27z(nl)

AP =Adyy, +A9, == An) == AA=0 3)
or
A
AA=-Z—A(nl
) (nl) (4)
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where Agyny and Ag; are the phase changes caused by environment disturbance A(nl) and wavelength tuning A4,
respectively. Usually (nl) is at least one order larger than 4, which means alarge drift can be compensated by arelatively
small change of the wavelength. The wavelength tuning can be realized by using a tunable laser, though this may cause
some problems, such as optical power fluctuation, sensitivity to back-reflections and high cost.

For a broadband light source, the wavelength dependence of the interference fringe is much more complex than for a
monochromatic source. Theinterference fringes are determined by not only the central wavel ength, but al so the spectrum
width of the interrogation lights as well as the physical path difference. The total optical intensity arriving at the
photodetector has to be computed by integration over the entire spectrum of the light source. Fig.1 is a theoretical
calculation of the wavelength dependence of the interference fringes at different cavity lengths (Lo) of alow-finesse FFPI
sensor [® where a 1300 nm light source with a40 nm (FWHM) spectral width was used. The output is normalized to the
source intensity distribution and the bandwidth of the interrogation signal islimited to 2AA=10 nm. Asan example, if the
OPD, for any reason, changes from Ly=15.05 um to 15.15 um, the operating-point can be tracked by tuning the central
wavelength from 1.296 um to 1.304 um. The central wavelength of the interrogation light can be tuned by using a GA-
OPT that is discussed in the next section.
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Fig. 1 Theoretical calculation of the wavelength dependence of operating-points of an FFPI sensor, where 2AA = 10 nm, R=3.5%.

3. GRATING-ASSISTED OPERATING-POINT TUNING

A schematic illustration of a whitelight interferometric sensor system based on a GA-OPT is shown in Fig.2. The
operating-point tuning is realized with two collimators, a diffraction grating, a short piece of multimode fiber (MMF), a
photodetector, a preamplifier, a computer with a data acquisition card, and a motorized rotary stage. The light from a
broadband source is launched into a single-mode fiber (SMF), propagates through a 3-dB coupler, and arrives at an
interferometric sensor, whereit is modul ated by the perturbation measurand. The phase-modulated light propagates back
through the same 3-dB coupler and reaches collimator | of the GA-OPT, which is shown in detail in the inset. The
collimated light beam illuminates a diffraction grating, which can be rotated by a motorized rotary stage with high
resolution (~0.2 mrad). The —1% diffractions collected by collimator 11 are focused into a short 200/230 um multimode
fiber (MMF), and only part of the total spectrum (A + AL) can be collected by the MMF.
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Fig. 2 Principle diagram of awhitelight interferometric sensor system based on GA-OPT.

Instead of a SMF or a detector, a short MMF is used to increase the reception area and to facilitate the spectrum
monitoring with an optical spectrum analyzer (OSA). The MMF can be removed and the detector can be placed on the
focal point of the receiving collimator. However, this will provide less flexibility. A transimpedance preamplifier
converts the photocurrent into voltage, and a subsequent splitter separates the signal into two componentsthat are further
amplified and filtered into DC and AC components. A computer with a data acquisition card is used to record and
calibrate the DC and AC signals. The calibration reference, arepresentation of the original optical intensity distribution,
is an output-position curve obtained by scanning the whole wavelength range with a cleaved fiber, instead of a sensor,
connected. The calibrated AC signals directly represent the absol ute value of the AC information of the measurand, and
the frequency response is limited only by the sensor-head and the bandwidth of the electronics. On the other hand, the
calibrated DC signals represent the current operating-point on the transfer function. Ideally, this DC voltage (V) should
to be equal to the set-point (Vo), which is most likely the Q-point. However, any manufacturing tolerance and
environment change may cause an undesired change of the OPD of the sensor, thereby causing drift of the operating-
point and the DC voltage V. The difference AV between the DC output and the set-point is the control signal that can be
used to adjust the position of the grating through a motorized rotary stage, and therefore the central wavelength of the
interrogation signal. By this feedback control, the optimal operating-point can be dynamically maintained, and the DC
signal may also be recovered from the position of the grating if environmental effects can be determined. Obvioudly, the
tuning range is limited only by the source spectrum and the DC accuracy is limited by the resolution and repeatability of
the rotary stage.

According to the grating equation, the relationship between the incident beam and the -1% diffracted beam can be
expressed as

sn(A)+sn(B)=A4/d ®)

where A —theincident angle of the light beam from the input collimator respect to the normal of the
grating surface;
B —the angle of —1% diffraction with respect to the normal of the grating surface;
A —thewavdength of thelight in air;
d — the groove spacing of the grating.
Assuming alens of focal length f is used in the receiving collimator, we can calculate B by

cos(B) = 1(a47b) (Aj /D) (6)

where A/ - the spectrum resol ution;
D —the core diameter of the receiving MMF or the active area of the detector.

Fig.3 gives the calculated angular tuning range for a wavelength tuning from 1280 to 1320 nm and the resulting
receiving bandwidth change for A=1300 nm, d=1/750 mm, f=25.0 mm, D=0.2 mmfor a 200/230#m MMF, and B-A=55".
An angular change of 1.2° is enough to scan a wavelength range of 40 nm, which produces a bandwidth error of about
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3.5%. Thisbandwidth error may induce an optical intensity distribution error out of the original light source distribution,
but can easily be compensated by scanning the whole spectral range and storing the new intensity distribution during the
reset. Obvioudly, finer tuning or smaller A4 can be realized, with the penalty of higher insertion loss, by using smaller
diameter fiber D or longer focal length f if the groove spacing, incident angle A and diffraction angle B have been
determined.
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Fig. 3 Wavelength dependence of the diffraction angle and the GA-OPT bandwidth (44).

4. EXPERIMENTS

In order to verify the feasibility of the operating-point tuning, a GA-OPT was designed and fabricated, as shown in
Fig.4. A holographic diffraction grating of 750 grooves per millimeter was glued onto a motorized rotary stage. The
motor has a step resolution of 0.2-mrad and a rotation speed of 2 RPM, which means a central wavelength resolution of
0.38 nm and a tuning speed of 400 nm/s can be achieved. Collimator | is the input collimator, and collimator Il isthe
output collimator which has a focal length of 25 mm. The input single-mode fiber is connected to an interferometric
optical sensor, while the output 200/230 um multimode fiber is connected to an optical receiver. The control interface
board interconnects the motor and the motor controller.
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Fig. 4 Top view of the GA-OPT. Fig. 5 Spectrum received by the detector at different

grating positions and the original spectrum of the SLED.
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Fig.5 shows the output spectrums received by the detector at different grating positions or central wavelengths
(1276.4 nm, 1288.0 nm, 1298.0 nm, 1307.9 nm, and 1317.9 nm) and the original spectrum of the SLED, where the
sensor was replaced with a cleaved single-modefiber. A 1298 nm SLED with a spectrum width of 35 nm was used asthe
broadband source. By scanning the grating by an angle of 1.2°, a central wavelength change of 40 nm was achieved.
This agrees well with the theoretical calculation given in Fig.3. The resulted spectrum bandwidth (FWHM) is between
4.30 and 4.65 nm, an average of 0.7nm less than the theoretical results. This is believed to be caused by the
misalignments between the 25 mm lens in Collimator 11 and the 200/230 um MMF as well as the relatively small
aperture of Collimator 11. Thetotal insertion lossisabout 11dB. As mentioned in the previous section, a tradeoff must be
made between large bandwidth for high optical power and small bandwidth for high fringe visibility and high resolution
of operating-point tuning.

A diaphragm-based FFPI acoustic wave sensor [°! was chosen to test the performance of the developed GA-OPT in
practical applications. This sensor was designed for partial discharge detection in power transformers. Since this sensor
was fabricated using thermal fusion bonding which might cause large cavity length error and may suffer from high static
pressurein atransformer tank full of mineral oil, operation point control has been amajor challenge. Fig.6 givesthe scan
outputs of the FFPI sensor under normal atmospheric conditions and under 50 cm water normalized to the source
spectrum. A Q-point drift of about 3nm resulted due to the 50 cm static water-pressure. Obvioudly, there are more than
one Q-point on the fringes, but only those two Q-pointswith the highest intensity have the best signal-to-noise ratio, and
are optimal operating-points.

A scan output of this sensor in an acoustic wave test setup is given in Fig.7 with the acoustic wave outputs at the
marked points A - C shown in Fig.8 with that from a sensor system without a GA-OPT. The original system has very
low signal-to-noise ratio (SNR) because of the short coherence length of the SLED source compared to the sensor’s
cavity length and/or the unknown operating-point. When a GA-OPT is used, the sensor has different performances at
different operating-points. At points A and C, the Q-points of the interference fringes, the sensor has the best SNR dueto
the highest sensitivity of the Q-points and the increased fringe contrast. A SNR improvement of about 15dB can easily
be achieved over the original sensor even if it was operating at its Q-point. Although D and E are Q-points too, they are
generally not suitable for the operating-points because of the lower fringe slope at D or low absolute optical intensity at
E caused by the non-flat SLED spectrum. The sensor has the lowest SNR at B because of the zero sensitivity at the
fringe peaks (or valleys). Therefore, points A and C are the ideal operating-points of this FFPI sensor. We also observed
that the acoustic wave outputs at these two points have different polarities and different dynamic ranges that may be
sensitive for some measurements. When the operating-point is determined, the last task is to maintain the sensor in the
operational range at the set-point. This can be easily realized by feedback control system shown in the system diagram of
Fig.2. A signal processing system using a computer and a data acquisition card makes the data acquisition and
calibration easier and faster.
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Fig.8 Acoustic wave detection using a diaphragm-based FFPI sensor and a GA-OPT at the operating-points (a) point A,
(b) point B, (c) point C and (d) without the GA-OPT.

5. CONCLUSIONS

In conclusion, an effective operating-point stabilization approach has been developed for dynamical compensation
of manufacturing errors and environment perturbation induced driftsin interferometric sensors. Thetotal effect of all low
frequency drifts, including dc signals, in the sensor system can be measured by the position of the diffraction grating.
The dc signals may berecoverableif other effects, such astemperature, are known or can be measured. If thisisthe case,
the dc dynamic range of the sensor system can be greatly increased and is limited only by the source bandwidth.
Obvioudly, the GA-OPT does not apply any limit on the ac signal, and the frequency response of the sensor system
depends only on the sensor probe itself and the electronic bandwidth.

The achieved 40 nm tuning range which is limited by the available source spectrum width, 400 nm/s tuning speed
and a step resolution of 0.4 nm are sufficient for most practical sensor measurements.

In addition to the operating-point control, the GA-OPT brings another benefit into the demodul ation system, which
is improved sengitivity. The improvement comes from the reduction of the bandwidth of the interrogation signal, and
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thereby the increase of the interference fringe contrast ®. Although the fringe contrast is still smaller than that of a
sensor system with a laser source, this demodulation approach keeps all the advantages of a whitelight system in
comparison to a laser system.

Potential for absolute OPD measurementsis another important feature of the GA-OPT. By scanning the wavelength,

the absolute OPD between the sensing channel and the reference channel may be calculated from the scanning output.
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Deep wet etching on fused silica material

for fiber optic sensors
Xiaopel Chen*, Bing Yu, Yizheng Zhu, Anbo Wang
Center for Photonics Technology, Virginia Polytechnic Institute and State University
460 Turner Street, Suite 303, Blacksburg, VA 24061

ABSTRACT

In this paper, deep microstructures on fused silica material, which are useful for fabrication of the fiber optic sensors,
were obtained by using a wet chemical etching process. The etching solutions and the masking materials used for
developing deep structure are described in this paper. The etch rate of a fused silica digphragm in room temperature
ranged from 46nm per minute to 83nm per minute with different concentrations of Buffered Hydrogen Fluoride (BHF).
The etch depth of one step etching was 25um with the surface roughness less than 20nm (peak-to-peak value). The
optical reflectance from the deep etched surface was 4%, which is the same as a well-cleaved fiber end face. Thisresult
made the visibility of interference fringes from the single mode fiber optic sensors to be as high as 96%. Furthermore,
two-step structures on the fused silica diaphragms with the total depth greater than 35um are demonstrated. To the best
knowledge of the authors, this is the deepest structure produced by wet etching process on fused silica material. Fiber
optic pressure sensors based on deep etched diaphragms were fabricated and tested. Fabrication of microstructures on
the fiber end faces by using this processis therefore possible.

Keywords: Deep wet etching, fused silica, optical fibers, fiber optic sensors
1. INTRODUCTION

Fiber optic sensors offer many advantages over conventional electrical or electromechanical sensors. First, optical fiber
is a dielectric, so it is not subject to electromagnetic interference that might be present in the sensing environment.
Secondly, fiber-optic sensors can function under harsh environment, such as high temperature, toxic or corrosive
atmospheres where metals or other materials can be corroded. In addition, semiconductor based photo-detectors and
laser diode sources are usually small and light weight, so fiber-optic sensors are useful as sensing devices for a wide
range of physical and chemical phenomena including temperature, pressure, acoustic field, position, rotation, electrical
current, liquid level, biochemical composition, and chemical concentration. Therefore, fiber optic pressure sensors,
which can survive at high temperature, provide a promising field with clear advantages over conventional sensors.

Fused silica was chosen for high temperature pressure sensitive material because of its inertness and stability at high
temperatures, and excellent optical transparency. In addition, fused silica offers an extremely low coefficient of thermal
expansion and high Y oung’s Modulus, which make it immune to stress effects from thermal shock or thermal gradients.
It iswidely available, hard and easy to fabricate into specialized components at modest cost. Thus it is a nearly ideal
sensor material.

Many methods have been used for micro-fabrication of fused silica Reactive lon Etching (RIE)™ is the most
conventional method. Laser ablation '?, short-wavelength laser processing ', and ultra-short-pulse laser micro-
machining ' also have been intensely investigated. Laser Induced Back Side Etch (LIBWE) of fused silica is another
method reported by researchersin Japan [ recently. However, deep wet chemical etching of fused silica material is a
less investigated process though it is usually inexpensive and easy process.

In this paper, a process based on deep wet chemical etching of fused silica diaphragms for fabricating fiber optic
pressure sensorsis described. The sensor structure requires a deep pit on the fused silica diaphragm to form an extrinsic
Fabry-Perot (FP) interferometric cavity with the optical fiber end-face. Therefore, etching solutions that provide
cavities of the desired shape and surface quality, and masking layers that can withstand the etchant for several hours are
needed. Both these issues have been overcome and finally, pressure test results of this sensor structure are presented.
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2. DEEPWET ETCHING OF FUSED SILICA

Wet etching is a simple technology, which could give good results with suitable combination of etchant and mask
material. Since fused silica is a noncrystalline (glass) form of silicon dioxide (quartz, sand) ', acidic ammonium
fluoride solution, called buffered hydrogen fluoride (BHF) was used because of its reactivity to silicon compounds [”.
But the etch depth can be only up to 5um. Currently no photoresist can withstand BHF for long time (more than 1 hour).
For deeper structures, additional masking layers that can be deposited onto diaphragm have to be used. This mask layer
should be deposited between the photoresist layer and the diaphragm in order to further protect the diaphragm surface
from HF attack. Different mask materials, such as Plysilicon, amorphous silicon ¥, and Hexamethyldisilazane
(HDMS)™® have been reported for deep wet etching process. But these materials cannot be later removed easily.
Chromium was chosen as the metal mask because chromium layers can be easily removed by a commercial chromium
mask etchant.

Figure 1 shows the process for realization of a deep structure on fused silica material for pressure sensor fabrication.
This process consists of deposition of achromium thin film by a sputtering system (@), photolithographic imaging (b)-(d)
and selective wet etching (e) and remove the masks (f), (g).

@ (b) © (d)
i R
(©) (f) (©)
mmmmm  PhOtOresist s Chromium

Figure 1. Deep wet etch process

Thereisalarge variety of different fused silicatypes. Some of them are not pure, which contain aluminium oxide. The
impurity causes the etched pit to be filled with a white powder after etching, indicating aluminium oxide residuals &
We used fused silica diaphragms made of Valley Design, Inc. with thickness of 125um. This is an extremely pure
fused silica material with high surface quality. Fused silica diaphragms were wet etched by BHF. The chemical
composition of BHF is usually a mixture of 40% NH4F and 49% or 50% HF ranging in weight ratio of NH4F:HF from
5:1 to 30:1. Buffering with NH,4F helps stabilize the etch rate. BHF was purchased from Sigma Aldric (35.1% NH4F,
6.3% HF).

The chromium layer was coated by a sputtering system (100W, 3.5e-3 Torr process pressure for 15 to 60 second). The
thickness of the chromium layer is around 10 to 70 nm. This layer enhanced the adhesion of the photoresist (AZ TFP
650) to the substrate. In this way, the photoresist can withstand in the BHF solution without peeling off for at least 7
hours. Thus the etch depth can be as deep as 35 um after 7 hours’ etching in the BHF solution at room temperature.
The chromium layer can be easily lift off by the chromium mask etchant purchased from Transene Company, Inc.

A surface profiler was used to measure the etched substrate. Four aspects of the etch results, etch rate, surface
roughness, diameter deviation and etch depth uniformity, were examined in deep etching fused silica material process.
These four aspects were chosen because they all have effects on pressure sensor performance. Usually the surface
roughness will affect the sensor visibility, the diameter deviation will affect the sensitivity of the sensor and the etch
depth uniformity affects the repeatability of the sensor fabrication.

2.1 Etchrate
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The wet etch rates can vary for reasons that are usefully divided into three groups: the etch setup, the material being
etched, and the layout and structure on the substrate. The most significant effects on wet-etch rates are as follows:

e Temperature;

e Impuritiesin or on the material being etched;

e Contamination
Figure 2 shows the relationship between the etch depth and the etch time provided by commercially available BHF at
room temperature. It is noticed that the etch rate curve is not linear. After certain amount of time, the etch rate
decreased a little. The etch rate of silicon dioxide increases linearly with the concentrations of both HF and HF,. HF
molecules and HF, ions are consumed with time and make the HF concentration smaller than it was at the very
beginning. If we do want to etch a sample in the BHF solution for long time, bigger container with more BHF solution
is suggested.
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Figure2. Etch rate of commercial BHF

2.2 Surface roughness

The amount of ammonium fluoride (NH4F) in the BHF solution was the most important factor that affected the surface
cleanness. Some pin holes appeared on the etched diaphragm if we didn’t mix enough NH4F. The smoothness of the
surface can be ensured through wet etching by the improvement of the compositions of the BHF solution. For the left
plot in Figure 3-13, we mix H,O, HF,F and HF with the percentage of 58%: 20%:22% and for the right plot in Figure 3,
the concentration ratio changed to be:H,O: NH4F: HF = 58%:36%:6%. We can see from the two plotsin Figure 3 that
the surface quality in the second plot is significantly improved by the changes of the BHF compositions.

Also, the lower concentration of the HF, the better surface quality we can get. So chemical etching is a possible means
to mitigate the growth of surface damage on fused silica. There is a trade-off between the surface quality and the etch
rate. For our sensor fabrication, we choose commercially available BHF with higher concentration to etch at the first
(first etch process). The etch rate is high so we can get as deep as 20 um pitsin 4 hours. But the etched surface became
alittle bit rough after long time etching. Then we changed to use 10:1 BHF (second etch process). Since we don't care
much about the depth at the second etch process, lower concentration of HF was used to mitigate the surface roughness
of the small pits caused by the first etch process. The reflectance of the etched pit on the fused silica diaphragm can be
as high as 4% with normal light incidence. Thisis the same reflectance a with well-cleaved optical fiber end face.

2.3 Diameter deviation

The main factor that affects the diameter of the etched pit isthe UV exposure process including the distance between
the UV light source and the substrate and the exposure time. Ideally, different areas of the substrate should be exposed
by the same energy and the same period. If we put the UV light too close to the substrate (Figure 4., left), some areas
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were over-exposed while some other areas were under-exposed because of the limited size of the UV light. This caused
the diameter of the size to vary substantially.

If we place the UV light source far away from the substrate, the exposure would be more uniform asillustrated in
Figure 4 (right plot). But longer exposure time is needed. In this experiment, the distance between the UV light and the
substrate was 8 cm and the exposure time was 4 minutes.

| s T T T T T T T T T
o
i
"J os | 4
I 4 s i
Eant Crd - -
al i o -1 E
=
1k i
= |
E-u g ER 4
=
E f 4 E S B
Y] i
N L4 ' 4
4 u
L
. 'znln -1E|:| ﬁu'u su'u m':m n::m |-1'm Iri::u:l |s:m 20 -d5 L L L L L L L L L
0 o0 do0 GO0 200 lood 100 1doo  lGod 1200 000
Pit d tamaeter (mde rom) Pi dismaa ficom)

Figure 3. Surface quality improvement

UV light UV light
/7' |\\\\\
//: :\\\ Beams
/| [
/] [ \ \
SN
2 I IR A
/ \ \
i/ po by
Substrate Substrate

Figure 4. UV light exposure

We can see from the plot in Figure 5 that the sidewalls of the 2nd pit are very straight and smooth. Therefore, the
deviations of the etched pit diameter are reduced. We can also see that in the second plot the diameter deviation is:
(1.14-1.04)/1.04*100%= 9.6%, but in the first plot, the diameter deviation is: (1.8-1.04)/1.04*100%=73%. The
sengitivity of the sensor can be better controlled with the reduced deviation of the pit diameter per our calculation.

2.4 Etch depth unifor mity

Etch depth uniformity was examined when the structures were etched under the same conditions on two different
diaphragms or on the same diaphragm. Figure 6 shows two etched pits on two different digphragms. These two
diaphragms were both etched in the commercial BHF for 5 hours respectively. The etch depth was controlled by BHF
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concentration, the temperature and the time. Since HF is extremely dangerous, we normally only use it under the room
temperature. And commercial BHF is used in order to keep the BHF concentration unchanged. Figure 7 shows six
etched pits on the same diaphragm. We can see from both Figure 6 and Figure 7, that wet chemical etch can provide the
same etch depth under the same conditions.
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Figure 6. Etched pits on two different diaphragms
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3. FIBER OPTIC PRESSURE SENSOR

The geometry of the diaphragm based pressure sensor can be illustrated using Figure 8. The interference cavity is
formed by wet chemical etching of a round pit on the diaphragm. When static or dynamic pressures are applied, the
diaphragm will deform, and as the consequence the cavity length will change.

ﬁ\HDlaphragm

Cavity

Alignment Ferrule

«— Fiber

Figure 8. Geometry of diaphragm based pressure sensor probe

Figure 9 shows the configuration of an Extrinsic Fabry-Perot Interferometric (EFPI) pressure sensor system. A single
mode silica optical fiber transmits light from a 1550 nm laser diode to the sensor element through a 2x2 coupler. At the
sensor head, the light signal is partially reflected and partially transmitted across the gap formed by the end of the input
fiber and the fused silica diaphragm. The light from the first interface (the input fiber end) and the light reflected at the
second interface (the pit on the diaphragm) travel back to a photo-detector where a sinusoidal interference signal can be
monitored due to differential phase changes between the two light beams as a result of changes in the EFPI sensor

cavity spacing.

Proc. of SPIE Vol. 5342 133



Optical source Optical fiber Sensor

Detector

iaphragm

Optical fiber Glassalignment tube  Interferometer cavity
Figure 9. Configuration of the sensor system

For a single-mode fiber Fabry-Perot sensor, the visibility of the interference fringe which is afunction of the reflectance
of both two reflected surfaces, can reach as high as 95% to 99% as shown in Figure 10. The etching surface quality of
the fused silica diaphragm played an important role for this high visibility. These two plots were copied from the white
light interferometric system. The left plot shows the interference fringes. The right plot shows the normalized

interference fringes by the source spectrum. The cavity length (also called air-gap) and the interference fringe visibility
can be read directly from the right plot.

The pressure sensor test results are as shown in Figure 11 and Figure 12. The sensor used in this test was a single-mode
fiber sensor with 95um thickness (after etching) diaphragm and 1mm diameter etched pit. Due to the sinusoidal nature
of the interference signal, the direct output is a nonlinear function of the applied pressure as shown in Figure 11. The

sensitivity of this sensor to the pressure was controlled by the fused silica diaphragm etch depth and the diameter of the
etched pit.
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Figure 10. White-light interferometric signal
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The sensor probe is made of fused silica material so the operating range of the sensor in terms of pressure induced strain
is very small. Therefore, the hysteresis of the sensor is expected to be small. Hysteresis of the pressure sensor was
measured by cycling the applied pressure between 14psi and 200psi. The measurement results are shown in Figure 12.
The experimental results confirm our expectation. There was no noticeable hysteresis found within the operation range.
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Figure 12. Hysteresis of the pressure sensor
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4. CONCLUSION

We have presented a deep wet chemical etching process for fabricating optical fiber pressure sensors. The wet
chemical etching and thin film deposition methods were successfully combined and used in the sensor fabrication
process. A very good adhesion of photoresist to the chromium mask was achieved and led to excellent etching results.
Especially, these techniques were implemented on the fused silica diaphragms instead of silicon wafers. About twenty
pits could be fabricated in the same process. The total time used in the photolithography process and wet etching on a
diaphragm can be as short as one hour. The patterns transferred onto the fused silica diaphragms are uniform, with
smooth surface and great depth that suffice the requirements of the pressure sensor application. It is revealed that wet
etching processis arepeatable, cost effective and reliable technique.
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Thermally Tunable Extrinsic Fabry—Pérot Filter

Bing Yu, Gary Pickrell, and Anbo Wang, Senior Member, IEEE

Abstract—This letter describes a thermally tunable filter of
extremely low cost, suitable for optical sensing, spectrometry, and
video distribution. The filter utilizes a high-finesse extrinsic fiber
Fabry-Pérot interferometer formed by fusion bonding of two
mirror-coated single-mode fibers to a short piece of borosilicate
tubing. Continuous wavelength tuning is achieved using a Peltier
device. We demonstrate a prototype filter operating at 1550 nm
with a tuning range of 90.8 nm and a temperature sensitivity of
1.63 nm/°C. The filter features polarization independence, high
repeatability, and inherently low drift and low insertion loss.

Index Terms—Extrinsic Fabry-Pérot interferometer, laser
bonding, tunable optical filter.

I. INTRODUCTION

UNABLE optical filters are a key component in wave-

length-division-multiplexing (WDM) networks for
channel selection, wavelength add—drop, and circuit switching
[1]. They are also important devices in the interrogation of
optical sensors [2], in spectroscopy [3], as well as in video
distribution networks [4]. A variety of bandpass tunable filters
have been demonstrated in the past decades, among these,
acoustooptic tunable filters [5], fiber Fabry—Pérot (FFP) tunable
filters [6], and micromachined tunable filters [7] have attracted
the most interest. A significant amount of these efforts have
been focused on meeting the requirements of WDM networks,
in which a tuning range covering the erbium-doped fiber
amplifier spectral range (~40 nm), a bandwidth smaller than
1.0 nm for high channel capacity, and high tuning speed on the
order of microseconds, or even faster, are generally required
[1]. However, in sensing systems, spectrometers, and video
networks, tunable filters of extremely low cost with a tuning
range above 80 nm, a passband from 0.5 to 10 nm, an insertion
loss less than 3.0 dB, good repeatability, and long-term stability
have obvious advantages. On the other hand, a tuning speed up
to subseconds is still acceptable in some applications. Tunable
filters addressing these application needs are desirable.

The extrinsic FFP interferometer (EFPI) has found tremen-
dous applications in fiber-optic sensors [8] and FFP tunable
filters [6], because of its simple structure, compact size, and
insensitivity to environment changes. In this letter, we present
an inherently inexpensive thermally tunable filter based on
an EFPI, suitable for optical sensing, spectrometer, and video
distribution. The filter demonstrated has a tuning sensitivity
of 1.63 nm/°C, and features polarization independence, high
repeatability, and inherently low drift and low insertion loss.

Manuscript received April 16, 2004; revised June 3, 2004. This work was
supported by DOE under Contract DE-FC36-01GO11050.

The authors are with the Center for Photonics Technology, Virginia Poly-
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II. PRINCIPLE OF OPERATION

The core of the device described here is basically a
high-finesse EFPI that is formed by fusion bonding of two
mirror-coated single-mode optical fibers to a short piece of
borosilicate capillary tubing using fusion bonding, shown in
Fig. 1. The resonant or transmission peaks occur when the
optical phase difference 6 = 2w L, /) is equal to multiples of
7w, where L, is the distance between the two mirrors and \
is the optical wavelength in vacuum. Changing L, results in
the change of the resonant condition, and thus, the shift of the
transmission band.

Assuming that the central wavelength of the filter passband
is Ag when the airgap is L,, the shift of the central wavelength
A caused by an airgap change AL can be expressed as

AL
AA:(L >-/\0. (1

a

The wavelength shift is proportional to the ratio AL/L,,
which means a large tuning range may be obtainable with a
small change of the airgap, if a short cavity is used. Taking ad-
vantage of the differential thermal expansions of the borosilicate
tubing and the silica fiber, continuous tuning of the filter pass-
band can be achieved by locally cooling or heating the EFPI.
Assuming that a temperature change from 7" to T' + AT is ap-
plied to an EFPI filter of gauge length L;, corresponding to the
distance between the two bonding points, resulting in an airgap
change from L, to L, + AL, AL is given by

AL = [OJ},L}, — O(f(L}, — L,,)] . AT (2)

where a; and oy are the coefficients of thermal expansion

(CTE) of the borosilicate tubing and the fused silica fiber,

respectively. o and oy are constants from 0 °C to 300 °C.
Substituting (2) into (1) and assuming that L, < Ly

Ly

AN = R ~(Oé},—04f)~)\0~AT. 3)

Equation (3) indicates that the wavelength tuning is pro-

portional to the temperature change. Since the borosilicate

tubing has a CTE approximately 5~ 10 times higher than that

1041-1135/04$20.00 © 2004 IEEE



YU et al.: THERMALLY TUNABLE EXTRINSIC FABRY-PEROT FILTER

Pyrex Tubing

. SMF-28 Fiber

Fig. 2. Optical micrograph of an EFPI filter.

of the silica fiber, a tuning range of above 100 nm can easily
be achieved within a temperature range of less than 80 °C (the
normal operation range of a Peltier device).

As implied by Fig. 1, the alignment between the two mir-
rors is automatically achieved because of the tight matching be-
tween the inside diameter (I.D.) of the tubing and the diam-
eter of the single-mode bare fiber. This self-alignment capa-
bility significantly reduces the coupling loss and eliminates the
costly aligning process encountered by other tunable filter tech-
niques. Furthermore, high reliability is expected since there are
no moving parts and, therefore, no mechanical wear is involved.
The long time stability of the filter is determined by the temper-
ature stability of the Peltier device and its controller, which can
be as low as 0.001 °C.

III. FILTER PREPARATION

A prototype tunable EFPI filter was constructed that operates
in the 1550-nm band using SMF-28 single-mode fibers with
a CTE of 5.6 x 10~7/°C, and Pyrex tubing with a CTE of
32.5x 1077 /°C, an L.D. of 127+ 1.5 ym, and an outside diam-
eter of 290 pm. The two multilayer dielectric mirrors were de-
posited on the cleaved ends of the fibers by Evaporated Coating,
Inc.. The mirrors have a peak reflectance of R = 87.5% at
1565 nm, but down to 87.0% at 1529 and 1602 nm. The fibers
were fusion bonded to the Pyrex tubing using a pulsed CO;
laser at relatively high power, forming an airgap of 10.589 ym
at T = 25.45 °C and a gauge length L;, ~ 4.1 mm. During
the bonding process, a light-emitting diode with a central wave-
length of 1557.6 nm and a bandwidth AApwpy = 61.7 nm,
and an AQ-6315A optical spectrum analyzer (OSA) were used
to monitor the airgap length. Fine adjustment of the airgap can
be made with low power COs laser pulses. Fig. 2 shows an op-
tical micrograph of the airgap.

The EFPI filter was then assembled into a 14 p-i-n butterfly
package with a thermoelectric cooling (TEC) module and a ther-
mistor. To achieve fast thermal response, the EFPI filter was
brought in direct contact with the cold plate of the TEC and
thermal compound was used to enhance thermal coupling be-
tween the TEC and the EFPI filter.
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Fig. 4. Tuning curves of the thermally tunable EFPI filter.

IV. FILTER CHARACTERIZATION

To characterize the prototype filter, a TEC controller was con-
structed with a 24-h temperature stability of 0.003 °C, whose
input is set by a computer through a high resolution data acqui-
sition card (DAC) card. The same light source and OSA for the
fabrication was used for the performance evaluation. Fig. 3 gives
the output spectrum of the filter normalized to that of the source
at a set voltage Vsgr = 1.7 V, corresponding to 1" = 13.55 °C.

A 3-dB bandwidth of 7.4 nm on the first passband, a free spec-
tral range (FSR) of 118.8 nm, and an insertion loss of 2.7 dB
were measured at this temperature. From the positions of the
two peaks, the airgap can be readily calculated as 10.425 pm. A
narrower passband as low as 1.0 nm can be obtained by using
either mirrors of higher reflectance or longer cavity length. The
major sources of the insertion loss include misalignments be-
tween the two fibers, absorption and asymmetry of the two mir-
rors. Insertion loss close to 1.0 dB can be expected by using
tubing of smaller I.D. and higher quality thin films on polished
fiber ends.
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Continuous tuning of the passband has been achieved by
scanning the output voltage of the DAC. Fig. 4 shows the
dependence of the central wavelength of the filter on the control
voltage with a third-order exponential curve fit. A tuning range
of 90.8 nm was obtained with a voltage change of 1.7~0.2 V, or
a temperature change from 13.55 °C to 69.28 °C. This tuning
range agrees well with the predicted value of 89.8 nm by (3).
The third-order exponential dependence of the central wave-
length on the control voltage can be explained by the similar
dependence of the resistance of the thermistor on temperature.
When converting the voltage to corresponding temperature,
very good linear dependence of the wavelength on temperature
resulted, as shown in Fig. 5. A temperature sensitivity of
1.63 nm/°C has been measured from the linear fit. The long
time drift of the filter passband has been determined by the
temperature stability, which is less than 5.0 pm in 24 h in the
laboratory environment.

An FSR change from 118.8 nm at 13.55 °C to 108.8 nm
at 69.28 °C was observed which can be explained by FSR =
)\2/2La. A bandwidth of 7.4 nm at 1515.6 nm, 6.58 nm around
1565 nm, and 7.0 nm at 1606.4 nm was measured. This band-
width change is a combined effect of the airgap change and

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 16, NO. 10, OCTOBER 2004

the nonflat reflectance spectrum of the mirrors, which makes
the filter have a smaller full-width at half-maximum (FWHM)
around 1565 nm than at other wavelengths. The airgap depen-
dence of the bandwidth can be described by FWHM = FSR/F,
where FSR is inversely proportional to the airgap L,, and thus,
to T, and F is the finesse determined by the mirror reflectance.

The time needed to scan the whole tuning range was less
than 2 s. This relatively low speed can be attributed to the large
package size and the associated thermal mass. Much higher
scanning speeds can be expected by reducing the package size,
or directly depositing an electrically resistive coating onto the
capillary tubing of the filter.

V. SUMMARY

We have demonstrated a thermally tunable EFPI filter that
has a tuning range of 90.8 nm with a temperature sensitivity of
1.63 nm/°C and a long-term drift of less than 5.0 pm in the
1550-nm band. The filter features polarization independence,
high repeatability, and inherently low drift and low insertion
loss. This filter can be used in an optical sensing system as a
demodulation component, and in a spectrometer for bio- and
chemical-sensing.
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Epoxy-free high temperature fiber optic pressure sensors
for gasturbine engine applications
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ABSTRACT

Pressure measurements at various locations of a gas turbine engine are highly desirable to improve the operational
performance and reliability. However, measurement of dynamic pressure (1psi (6.9kPa) variation superimposed on the
gtatic bias) in the operating environment of the engine, where temperatures might exceed 600°C and pressures might
exceed 100ps (690kPa), is a great challenge to currently available sensors. To meet these requirements, a novel type of
fiber optic engine pressure sensor has been developed. This pressure sensor functions as a diaphragm-based extrinsic
Fabry-Perot interferometric (EFPI) sensor. The structure of the sensor head, composed entirely of fused silica, allows a
much higher operating temperature to be achieved in conjunction with a low temperature dependence. The sensor head
and the fiber tail have been packaged in a metal fitting connected to a piece of metal extension tubing, which improves
the mechanical strength of the sensor and facilitates easy sensor ingtalation. The sensor exhibited very good
performance in an engine field test, demonstrating not only that the sensors package is robust enough for engine
operation, but also that its performance is consistent with that of a commercial Kulite sensor.

Keywor ds: Fiber optic sensor, pressure sensor, turbine engine

1. INTRODUCTION

Dynamic pressure measurements are highly desirable in aerodynamics applications, for example, in gas turbine engines.
Pressure variations are of frequencies ranging from several hertz to on the order of 10kHz at different locations in the
engine. Conventional semiconductor pressure transducers are widely used for these measurements. However, they are
sensitive to temperature variations and electromagnetic interference (EMI) and are temperature limited to 500°C. Fiber
optic sensors offer many advantages as compared to other types of sensors, including smal size, long life, high
temperature capability, immunity to EMI, and extreme reiability.

Diaphragm-based extrinsic Fabry-Perot interferometer (EFP!) fiber optic sensors have been devel oped for many years [
[ The most common approach to fabricating such sensors involves applying epoxy to bond both the diaphragm and the
fiber to the holding ferrule or tube. However, epoxy will exhibit a time-dependent viscoel astic dimensiona change and
will decompose at high temperatures.

" juxul@vt.edu; telephone 540-231-8359; fax 540-231-2158
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In this paper, we describe a silica diaphragm-based fiber optic pressure sensor that offers high sendtivity, high
bandwidth and can be operated at temperatures up to 700°C with low temperature dependence. Some experimental
results from laboratory measurements and dynamic pressure measurements in an engine field test will be presented.

2. PRINCIPLE OF OPERATION

The sensor head functions as a diaphragm-based extrinsc Fabry-Perot interferometric (EFPI) sensor, which offers high
resolution and high frequency response. The basic configuration of the sensor system is shown in Fig. 1 and the sensor
head structure is shown in Fig. 2. The fiber end face and diaphragm inside surface form a Fabry-Pérat (F-P)
interferometer. The length of the F-P cavity (air-gap) will decrease with deflection of the diaphragm as a result of the
applied pressure. The sensor lead-in fiber is connected to an operating-point tuning ® enhanced self-calibrated
interferometric-intensity-based (SCIIB) ') signa interrogation system to monitor air-gap changes during pressure
measurements. Light is injected into the optical fiber and partially reflected (4%) by the end face of the fiber and the
inside surface of the digphragm. Then the two reflections propagate back through the same fiber and generate
interference fringes, which are demodulated to determine the air-gap thickness. The intensity of the sensor output will
change sinusoidally with the air-gap changes. In order to eiminate fringe direction ambiguity, the sensor is designed
such that it is operated within a linear range of one fringe as shown in Fig. 3.

Light Source Pressure
3dB Sensor Head

\¥ 2x2 Coupler

Photo [H/&t:_?\f\ Single Mode Fiber

Anti-Reflection
v End

Signal Processing

Fig. 1. Schematic of diaphragm-ferrule based fiber optic pressure sensor interrogation system.

Ferrule

Optical Fiber \

\ —

Diaphragm

Fig. 2. Diaphragm-based fiber optic pressure sensor.
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Fig. 3. lllustration of interference fringes versus sensor air-gap.

3. SENSOR DESIGN

3.1 Diaphragm deflection under pressure

A round diaphragm clamped rigidly at its edges is shown in Fig. 4. The diaphragm will be deflected under a uniform
pressure P. The out-of-plane deflection of the diaphragm y is a function of the pressure difference and the radial
distance:1*%

_31- )P, _42\2
== L -d?) @
16Eh

where y = deflection

P = pressure

h = diaphragm thickness

r = effective diaphragm radius

E = Young's Modulus

d = radial distance

M= Poisson’s Ratio
Usually, we define the ratio between the deflection and the pressure difference as the diaphragm pressure sensitivity (Y).
When the optical fiber is positioned to face the center of the diaphragm, only the center deflection v, is of interest, and
Y (for fused silica material at 25°C) is given by

4
Y, = 1.71><10‘8% (um/ps), @)

wherer and h arein microns.
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Fig. 4. Deflection of arigidly clamped flat diaphragm under uniform pressure.

The relationships between pressure sengitivity and r and h are illustrated in Fig. 5. Since the central wavelength of the
light source in the sensor system is about 1300nm, the linear range of the sensor falls within about 250nm of air-gap
variation. Thislinear rangeisrelated to a 0.6~1V voltage output change, which is 0.8V on average. Theresolution of the
sensor signa interrogation system is about 2mV; to achieve a resolution of 0.1psi in pressure measurement, the
diaphragm sensitivity should be higher than 6.25nm/psi. If the effective diaphragm diameter is 1.5mm, the diaphragm
thickness should be no more than 95um.

©
o

Pressure Sensitivity (nm/psi)

. . : ! : =
40 60 80 100 120 140
Diaphragm Thickness (um)

Fig. 5. Theoretical pressure sensitivities of the sensor for three different diaphragm radius values.

3.2 Diaphragm frequency response

In addition to the consideration for diaphragm sensitivity, the diaphragm frequency response is another important issue.
We define the diaphragm as a free vibrating circular plate clamped rigidly at the edge. Its natural frequency f., is
expressed follows %

a

o [ E (1) o
4\ 3w(L— 2) \r?

where an, isaconstant related to the vibrating modes of the diaphragm

mn

Proc. of SPIE Vol. 5590



h is the thickness of the diaphragm

r isthe effective diaphragm radius

wis mass density of the diaphragm material

Misthe Poisson’sratio

E isthe Young's modulus of the diaphragm material

For the lowest natura frequency, 0 = 10.21, and based on the properties of fused silica, the frequency response of the
diaphragm can thus be calcul ated as follows:

h
whereh and r arein microns.

The relationships between frequency response and r and h are illudtrated in Fig. 6. In the engine sensor field test
described below, the blade passing frequency (BPF) is around 6kHz, which is the fundamental frequency. The higher
order harmonic frequencies might exceed 36kHz. In order to faithfully respond to these dynamic pressures, the sensor
natural resonant frequency should be at least three to five times as high as the highest applied frequency. To obtain a flat
frequency response from DC to 50KHz, let foo > 250 kHz.

3000 ————
2750 y
2500 .
2250 e
2000
17504 r=0.5mrp,/ r=0.6mm.-~
1500- .
1250-
1000 R o
7504 N r=0.75mm
500 o
250 LT
o, -
0 25 50 75 100 125 150 175 200 225 250
Diaphragm Thickness (um)

Natural Frequency In Air (kHz)

Fig. 6. Theoretical natural frequency of the sensor.

As indicated by Equation (3), the sensor’s frequency response is proportional to the thickness of the diaphragm and
inversely proportional to the square of the effective diaphragm radius, which is in contradiction with the diaphragm
sengitivity. Therefore, some tradeoff must be made in sensor design. We chose the diaphragm thickness h=60um and its
effective radius r=0.75mm, so the calculated pressure sensitivity and natural resonant frequency is 292kHz and
25nm/psi, which meets the requirements.

4. SENSOR FABRICATION

Asshown in Fig. 7., a 60um thick fused silica wafer was bonded to the top of the ferrule, which was also made of fused
silica. Thiscircular bonding was achieved by CO, laser heating. The pit in the ferrule was drilled about 50pum deep and
1.5mm in diameter, which will allow the diaphragm to deflect in response to pressure variations outside. To bond the
fiber and the ferrule, the laser beam was defocused and directed to the side of the rotating ferrule and fiber. The ferrule
and fiber were rotated clockwise and then counterclockwise alternately, to avoid twisting the fiber tail.

Proc. of SPIE Vol. 5590 5
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Fig. 7. . lllustration of diaphragm to ferrule and fiber to ferrule thermal bonding.
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The size of the sensor head is 8mm long and 1.8mm in diameter. Fig. 8 is a photo of the unpackaged sensor and the
packaged oneis shown in Fig. 9. In the sensor package, a sainless steel 316 fitting with 10-32 UNF-2A threads was used.
The hex to tip length is about 11.3mm. The sensor fiber tail was also protected.

Fig. 8. Photo of the engine pressure sensor. Fig. 9. Photo of the packaged engine pressure sensor.

5. SENSOR CALIBRATION

The schematic of the static pressure test system is shown in Fig. 10. The sensor head is sealed in a closed end ceramic
tube with its fiber tail connected to the sensor interrogation system. The static pressure inside the ceramic tube is

controlled by the pressure control system (Model 9035, Pressure Systems), which is connected to a compressed nitrogen
gas tank.

Nitrogen Pressure
Gas Contral
T-fitting
Ry ) Sensor

E:%T; - Interrogation
Fiber S/Stem

Sensor Head Close End Tube

Fig. 10. Schematic of the controlled pressure testing system.
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The static pressure response of the pressure sensor is shown in Fig. 11. The sensor pressure sensitivity is about 87mV/psi.
Therefore, the sensor system resolution is about 0.023psi (159Pa). To investigate the sensor response to dynamic
pressure thoroughly, a dynamic pressure calibration will be needed, such as a shock tube testing. [

SEe __
N i
N i
AN '_
0.8 \ i

0.7

Output Voltage (V)

0 1 2 3 4 5
Pressure (psig)

Fig. 11. Static pressure response of the diaphragm-ferrule based pressure sensor.

6. ENGINE SENSOR FIELD TEST

The turbine engine for the sensor field test in Blacksburg, Virginia, U.S., isaF-109 turbofan test engine manufactured by
Allied Signal. The fan consists of 30 blades and the pressure sensors were flush mounted on the in-let aluminum ring
near the blades (see Fig. 12. and Fig. 13).

Blade
Rotation
Direction
Aluminium
Ring
Fig. 12. Engine pressure sensor installation. Fig. 13. Illustration of the sensor installation.
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The time domain and frequency domain signals for the diaphragm-ferrule based sensor are shown in Fig. 14 and 15,
respectively. In the time domain signals, there is a phase difference (time delay) between the two signals due to the
dightly different installation locations. The signal of the Kulite sensor had about 0.06ms delay compared with that of the
fiber sensor. This is because the two sensors were ingalled at different locations in the engine inlet ring. (see Fig. 13.)
The time domain signals were processed using the Matlab FFT function to obtain the frequency data listed in Table 1.
The results of the Kulite and diaphragm-based sensors are very consistent.
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Fig. 14. Diaphragm-ferrule based fiber sensor and Kulite sensor signals in time domain
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Table 1. Main frequencies measured by Kulite and diaphragm-ferrule based sensors.

Frequency (KHz) Amplitude (mV)
Diaphragm-Ferrule Kulite Sensor Diaphragm-Ferrule Kulite Sensor
Sensor Sensor
1 5.930 5.930 30.0634 11.3772
2 11.860 11.865 12.1294 7.4924
3 17.795 17.800 7.7381 4.5748
4 23.725 23.720 6.0433 29771
5 29.660 29.660 3.2610 3.7025
6 35.590 35.595 2.9957 1.8222

The fundamental frequency at 5.93kHz is due to the effect of the blades passing since the rotation speed of the fan is set
to about 12000rpm. By precise calculation, the actual fan rotation speed is

5.93x1000Hz x 60s/ 30 =11860(rpm).

According to the Kulite pressure sensor calibration data, the output of the sensor is 33.3mV/psi. The peak to peak output
at 5.93kHz was 22.7544mV, resulting in a dynamic pressure of:

_22.7544mV

P, =222 -0.683 (psid).

kit 33.3mV / psi
Based on the diaphragm-ferrule fiber sensor calibration data, the sensor output is 87mV/ps. The peak to peak output at
5.93kHz was 60.1268mV, resulting in a dynamic pressure of:

_ 60.1268mV

e T — " =0,691 (psid).
b 87.0mV / psi (psic)

Thisresult is consistent with that of the reference Kulite sensor.

7. CONCLUSIONS

The al dlica diaphragm sensor design offers high bandwidth (>50kHz). The engine pressure sensor exhibited a
sensitivity of 87.0mV/ps (12.6mV/kPa) and a resolution about 0.023psi (159Pa). The engine field test result confirms
that the fiber optic sensor design can function safely and reliably near the engine fan. During a field test of about two
hours, the optical sensors package was robust enough for engine operation. In addition, the optical sensor was able to
measure the acoustic pressure of 5.93kHz and 0.7ps (4.8kPa) near the engine fan. Its performance is consigent with that
of the commercia Kulite sensor. Further work will investigate the sensor pressure response at el evated temperatures and
its temperature cross senditivity. This fiber optic sensor was made entirely of slica glass, allowing operating
temperatures well above 500°C, which is higher than a conventional semiconductor based pressure sensor.

Proc. of SPIE Vol. 5590 9
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ABSTRACT

In this paper, we present a miniature fiber optic pressure sensor. The sensor is extrinsic Fabry-Perot interferometer
(EFPI) based with its FP cavity directly fabricated on the tip of the fiber by fusion splicing and chemical etching. The
processes are simple, with no other materials but silica fibers involved. The sensor has the same dimension as the fiber
itself, only 125um in diameter. The length of the FP cavity and the interference pattern will change in response to
ambient pressure variation. The signal is demodulated by tracing the spectrum shift. Sensitivity can be adjusted for
different applications with low or high pressure range. Prototype sensors were fabricated and tested for static response.
Dynamic measurements were performed in a turbine engine. Theoretical and experimental analysis of the sensor
response are also presented.

Keywor ds: fiber optic sensor, miniature, pressure sensor

1. INTRODUCTION

Pressure sensors have been widely used in alarge number of applications from automotive and aerospace industries to
healthcare. Miniature sensors are preferred in many situations because of the minimized impact on the measured
system. Significant efforts have been exerted to fabricate these small sensors, either dectrically or optically
interrogated. Compared to capacitive or piezoresistive sensors*? interferometric optical fiber sensors offer the
advantages of high resolution, high senstivity, intrindc dectrical passivity and immunity to electromagnetic
interference. Miniature fiber optic sensors based on Fabry-Perot interferometry have been reported using various
approaches™. In this paper, we demonstrate a novel miniature pressure sensor fabricated directly on the tip of a fiber,
using only fusion splicing, cleaving and wet chemical etching, all of which are ssimple and cost-effective processes.

Current fiber-optic sensors usually employ several different materials in fabrication. The proposed sensor is made of
silica fibers only and thus has an all-fused-silica structure. Thermal expansion mismatch between different materialsis
eliminated in this sensor, whose high temperature capability is only limited by silicaitself. Temperature dependence is
also minimized because of the extremely small coefficient of therma expansion (CTE) of fused silica. Therefore this
miniature sensor has great potential to operate reliably at eevated temperatures. It may find applications where high
temperature and/or small size are important.

The paper is organized as follows: section 2 introduces the fabrication steps of the miniature sensor; the system setup
and results of dtatic tests are discussed in section 3; then section 4 presents and analyzes the dynamic pressure
measurement results in a turbine engine.
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2. SENSOR DESIGN AND FABRICATION

2.1 Sensor Fabrication

Three silica fibers are used: single-mode (SM) fiber, 62.5/125um graded-index multimode (MM) fiber and 105/125um
step-index MM fiber. The 62.5/125um fiber is germanium-doped in the core with pure fused silica cladding, while the
105/125um fiber has pure fused silica core and fluorine-doped cladding. Hydrofluoric acid (HF, 50%) is used for wet
chemical etching where doped silica will be etched much faster than updoped region®.

105/125  62.5/125 SM SM

@ (b) ©

Fig. 1. Sensor fabrication steps

Figure 1 shows the fabrication process. (a) A 105/125um fiber is fusion-spliced with 62.5/125um fiber and cleaved
under microscope to leave a thin layer of 105/125um fiber. This undoped silica layer acts as both the etch stop and the
diaphragm in the following steps. (b) A part in (8) is spliced with SM fiber and cleaved. The length of the 62.5/125um
fiber will be approximately the length of the FP cavity. Immersing the tip in HF to remove the core of the 62.5/125um
fiber. The etching rate for the doped 62.5um-core is about 17um/min in 50% HF while that of undoped silica is only
about 1um/min. Therefore the etching “stops’ at the barrier layer, generating a flat bottom and protecting the core of
SM fiber from being etched. Otherwise, etching of the SM fiber core will reduce itsreflection intensity. The cladding of
the 62.5/125um fiber is aso pure fused silica and remains ailmost intact, left as the wall of the fabricated pit. (c) Splice
the pit with a part in () to form the FP cavity. Reduced power and duration of the splicing arc are crucial to prevent the
structure from being melted and collapsed by excess hesat. Cleave the 62.5/125um fiber and etch in HF. After the core of
62.5/125um fiber isremoved, the 105/125um layer will be left as the diaphragm. Its thickness can be further reduced to
increase the sensitivity of the sensor. Thefinal structure is made of pure fused silica.

3. STATIC PRESSURE TEST

The sensor was tested for static pressure response using the system shown in Fig. 2. For faster data acquisition and
better resolution, we used Micron Optics' Si720 Component Testing System (CTS) which is essentially a spectrometer
with a build-in tunable laser source and a detector. Its spectral range spans from 1520nm to 1570nm with a wavelength
resolution of 2.5pm. Light from the CTS travels to the sensor through a circulator and is reflected back into the CTS.
The sensor is sealed in a tube and pressurized by a pressure calibrator (Pressure Systems, Inc., 9035). A computer
controls the pressure calibrator and retrieves spectrum data from the CTS.

I |
‘ PSI Pressure Control |$ | Micron Optics CTS |

] |

‘ Computer | | Computer |

/'
Sensor T Seded Tube

Fig. 2. Test system for sensor static response
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Figure 3 shows a typical CTS spectrum of the sensor, where the interference fringes are clearly seen. When ambient
pressure varies, the spectrum will shift accordingly. The change of the sensor’s cavity length can be determined by
tracing the positions of interference minima/maxima (valley/peak). The cavity length then results by multiplying the
position with the fringe order, asin Eq. (2).

il /A+n=2Nn = L=(2N-1)A/4 (2
where L is cavity length, % is valley/peak wavelength and N isfringe order. N and A are calculated from the spectrum.

Intensity (dB)

_E 1 1 1 1 1 1 1 1 1
1520 1525 1530 1435 1540 1545 1550 1555 1660 15865 1570
Wavelength (lwm)

Fig. 3. Typical sensor spectrum by CTS

One of the sensors was pressurized at room temperature from 30 ps to 110 psi for three times. The sensor’ s response is
shown in Fig. 4, with excellent repeatability.
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Fig. 4. Pressure test from 30psi to 110psi for three times
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4. DYNAMIC PRESSURE MEASUREMENT

4.1 Self-Calibrated Interferometric Intensity-Based (SCIIB) System

The sensors were ingtalled in a turbine engine for dynamic measurements. However, the system based-on spectra
detection is limited in frequency response, usually unable to achieve beyond a few tens of Hertz and therefore
unsuitable for dynamic pressure measurements. Instead, intensity-based systems using photodiodes as detectors are

widely employed for such purposes. In our test, a sdf-calibrated interferometric intensity-based (SCIIB) system’ was
used. It is constructed asin Fig. 5.

Circulator ~ Sensor head
Broadband /(—D\ o
Source
Coupler
Inline
bandpass
filter
Wideband Narrowband
Channel Channel

Photodiode | | Photodiode

Fig. 5. Schematic diagram of a SCIIB system
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1
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Fig. 6. Simulated wideband and narrowband signals of a SCIIB system
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The light from a broadband source propagates to the sensor head through a circulator. The reflected signal is divided
into two channels by a coupler, wideband and narrowband. The latter is further filtered by an inline band-pass filter.
Then the power in the two channdls is detected by photodiodes. Figure 6 shows the smulated signal for both channés.
The wideband channd has a shorter coherence length because of its broader bandwidth and hence tends to stabilize
more quickly than narrowband channel. The initia cavity length of the sensor is chosen to be larger than the coherence
length of the wideband channel. So when the cavity length changes around its initiad value, the wideband channed will
very much remain stable but the narrowband channe will still oscillate.

The ratio of the two channels can cancd out the power fluctuation due to source drift, fiber bending, etc. and improve
the system stability and indicates the sensor response. SCIIB has advantages in dynamic pressure measurement, with a
much higher frequency response compared to systems based on spectrum detection.

4.2 Sensor packaging and installation

Sensors were packaged in ametd fitting which was mounted into the wall of the engine inlet. A photo of the packaged
sensors is shown in Fig. 7. Since the sensor sizeis so small, each fitting can house severa of them. In the photo two
sensors were packaged in the fitting. The fiber protruded the fitting about 1mm in order to place the sensor a the same
level astheinner wall of the inlet, as shown in a cross-section view of the sensor mounting in Fig. 8. Fgure 9 and 10
show the sensor mounted on the wall from outside and inside, respectively. Along with the miniature sensors, a Kulite
pressure sensor was also mounted on the engine.

Protection
Tubes'

Fig. 7. A packaged miniature sensor

N Aluminum Wall
—_— AN INAT

Metal Sensor

. fitt Engine
Engine ting Metal ferrule / Inlgt
Qutside

Fig. 8. A cross-section view of the sensor installation
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Fig. 10. The outside view of the engine with sensor mounted in the wall

4.3 Test resutls

In the test, the outputs of the photodiodes were recorded by a oscilloscope and sent to a computer through GPIB
interface. Figure 11 show the pressure response of both the miniature sensor and the Kulite sensor. It can be seen that
thereisatime delay between the signals due to the different mounting positions. Figure 12 shows the Fourier transform
of the dgnas. The fundamental harmonic is about 6 kHz, indicating the frequency of the blades passing by. The
frequencies and amplitudes of the all the harmonics arelisted in Table 1 for both sensors.
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Table 1. Frequencies and amplitudes of 1% - 6 order harmonics for miniature sensor and Kulite sensor

Peak # Frequency (kHz) Amplitude (psi)

Mi ni-sensor Kulite Mi ni-sensor Kulite
1 6.030 6.030 0.533 0.614
2 12.060 12.060 0.317 0.265
3 18.085 18.090 0.216 0.201
4 24.115 24.120 0.137 0.205
5 30.145 30.145 0.084 0.151
6 36.180 36.175 0.062 0.048

Proc. of SPIE Vol. 5590

17



18

5. CONCLUSIONS

In summary, this paper presents the fabrication and tests of a miniature fiber-optic sensor. The sensor showed excellent
repeatability in the datic test. For the dynamic measurements in a turbine engine, it showed comparable results with a
semiconductor Kulite pressure sensor.

The sensor has a structure built by silica only, diminating the thermal expansion mismatch and expected to be able to
work at elevated temperature. Future work would involve investigation of the sensor’s high temperature capability. The
sensor has great potential to work at the hot section of the engine where conventional semiconductor pressure
transducers are unable to apply.
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ABSTRACT

Sapphire (single crystal alumina) has superior optical and mechanical properties. With a very high melting point of
about 2050°C, sapphire fiber is an excellent candidate in optical fiber sensing areafor high-temperature measurements.
This paper presents a new type of sapphire-fiber-based extrinsic Fabry-Perot interferometric (EFPI) temperature sensor.
The spectral interference pattern is generated by a sapphire diaphragm placed in front of the sapphirefiber. The sensing
element is interrogated by a white-light source. Temperature is demodulated from the spectral change of interference
pattern. Prototype sensor is tested at high temperature up to 1545°C. Both theoretical and experimental analysis are
presented. Preliminary data shows the sensor is very promising for measuring ultra-high temperature.

K eywords: fiber optic sensor, sapphire fiber, temperature sensor, interferometric, white-light

1. INTRODUCTION

Fiber-optic high-temperature sensors have been used in a wide range of industries. Silica-fiber-based thermometers are
usually limited to below 1000°C due to their degraded properties and diffusion of germanium dopant at eevated
temperature’. Owing to their excellent mechanical and optical properties at very high temperature, single-crystal optical
fibers have been investigated by many researchers for high temperature applications. Based on these high performance
fibers, a variety of high-temperature sensors have been devel oped using different technol ogies. Among them, radiation-
based®* and fluorescence-based®® thermometers are two types which have been studied for years. The former uses
blackbody radiation (intensity or spectral shape) as the measrand while the latter is based on the temperature
dependence of the fluorescence decay time. Optical fibers are used for light collection and guidance in both cases.

Fiber-optic Fabry-Perot (FP) interferometric sensors are al so popular in temperature measurements™’. However, dueto
the large fiber diameter and large refractive-index difference between the core (fiber itself) and cladding (mostly air),
single-crystal fibers are highly multimoded and thus much more difficult than singlemode fiber to generate interference
fringes, which, in this case, is very sensitive to the smoothness, the flatness, and especially the parallelism of the two
surfaces and therefore needs careful alignment®. In this paper, we use a sapphire wafer as the FP interferometer. Since
high quality surface and parallelism can be readily achieved in current wafer lapping/polishing industry, fringes can be
easily generated even for highly multimoded sapphire fiber.

The paper is organized as following: sensor principles and experimental setup are described in section 2; then the
algorithm for spectral processing is discussed in section 3; Preliminary test results, including temperature response and
system resolution, are presented and analyzed in section 4.
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2. PRINCIPLE AND SYSTEM SETUP

2.1 Principle

The principle of the sensor isillustrated in Fig. 1. A wafer is placed in front of afiber and congtitutes an extrinsic Fabry-
Perot interferometer, serving asthe sensing element. Light from the source travel s through the fiber and getsreflected at
both surfaces of the wafer. These reflections will be coupled back into the fiber and interfere with each other, producing
a modulated spectrum, whose pattern is determined by the Optical Path Difference (OPD) between them. Both the
thickness and the refractive index of the diaphragm are temperature-dependent. Therefore the OPD and the spectrum
pattern will be sensitive to ambient temperature variation. A spectrometer is used to detect the reflected spectrum, from
which the temperature information can be demodul ated.

Input light

Output light

Fiber Wafer
Fig. 1. Principle of wafer-based temperature sensor

The OPD of the wafer-based interferometer can be expressed as

OPD =2nd +%

)
=207 +2
2

where n is the refractive index of the material, d is the thickness, OT isthe optical thickness of the wafer and equalsto
the product of n and d. An extra phase shift of A/2 is caused by the reflection at the air/wafer interface. Let o be the
coefficient of thermal expansion (CTE) of the material and p the thermal coefficient of refractive index, we have

OPD(T, + AT) = 2d(T, + AT)n(T, + AT) +%
= 2(d, + ad,AT) [, + BAT) +% @)

= ondy[1+(a+Pyar +9B a2y + A
n, n, 2

Neglecting the high-order term, the change of OPD, AOPD, isrelated to AT as
AOPD = OPD(T, + AT) —OPD(T,)

=2n,d, (0 + nE)AT ®)

0

Since o and B are both positive for sapphire, we will expect an increase of the OPD/OT with temperature.
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2.2 System setup

The sensor is interrogated by a white-light sensing system, a diagram of which is shown in Fig. 2, consisting of a LED
source, a multimode (MM) 3-dB coupler and an OceanOptics S2000 miniature spectrometer. Figure 3 shows an
enlarged view of the sensor head. A 99.8% alumina tube is used as supporting structure, to which both a 59um-thick
sapphire wafer and a 75um (diameter) sapphire fiber are bonded by high temperature alumina adhesive. The sapphire
fiber is coupled with a 100/1240um MM silica fiber which is connected to the system.

Index-
850nm LED matching
3-dB coupler

OceanOptic
Spectrometer Sensor

Fig. 2. White-light interferometric sensing system

Sapphire Aluminatube q

Fiber
——

Alumina adhesive

Sapphire

Light in/out+—= wafer

Fig. 3. Sensor head structure

3. SPECTRUM PROCESSING

Light from the LED travels through the 3-dB coupler to the sensor head and gets reflected. The reflected signal
propagates back to the spectrometer, from which the spectrum data is retrieved and processed by a computer. When
temperature varies, theinterference signal from the wafer will also change. Figure 4 showsthe spectrum from the sensor
head at room temperature, where the interference signals are clearly seen.

The reflected signal consists of several components. In general, the total light intensity received at the spectrometer can
be written as

2n(T)d(T)

1A= Ta ) F 1o () * o ) (Feouie ¥ Fena ¥ g + Top = 2Tl COS——

)
2n(T)d(T)

A

(4)

=g (M) + 15 (A) 1 Leo M) (Teapre * g *+ T + 1) =21 (e (M T, €OS
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Fig. 4. Sensor spectrum at room temperature

where Ig(2), Ip() and I ep(2) isthelight intensity of blackbody radiation, dark current and LED. regupie, Fend, st @nd g
are reflections at every surfaces, the coupling point of silica fiber and sapphire fiber, the end face of the sapphire fiber,
the first and second surfaces of the sapphire wafer, respectively, n is the refractive index of sapphire and d is the
thickness of the wafer. In Eq. 4, the first three terms stands for the light intensity from blackbody radiation, dark current
and reflections at every surfaces, al of which are dow-varying compared to the interference signal and thus will locate
around the zero frequency after a Fourier transform of the spectrum. On the other hand, the last term, which containsthe
cosine, isahigh frequency component and will be separated from the first threeitems by FFT.

A band-pass filter can be used to filter all the low frequency components out, leaving only the last item,
2l oy A1yl COSM’ which is a cosine term modulated by the LED spectrum profile I gp(R). rq and re are

constants and do not have impact. This LED modulation profile can be extracted by envel ope detection. It then can be
used to normalize the modulated signal, resulting in a pure cosine term,

oS 2n(T)d(T)
A
2x Optical Thickness
A

I\) = -
®)

= —cog( )

which corresponds only to the properties of the sapphire wafer. The peaks and valleys of thissignal can be expressed as
2xOptica Thickness =mTtA, (6)

where m is the fringe order and 4, is the corresponding peak/valley position. By tracing the change of i, with
temperature, a dependence of optical thickness on temperature can be determined.
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4. RESULTS

For temperature test, the sensor is placed in a high temperature furnace along with a B-type thermocouple, the tip of
which is right next to the sapphire wafer. The furnace was operated from about 230°C to 1545°C at a ramping rate of
3°C/min. Plotted in Fig. 6 is the optical thickness change with respect to the temperature measured by the B-type
thermocouple. The data was fitted using a cubic polynomial, as shown in Eq. 7.

T = 4.8548(0T-106.5)°-36.383(0T-106.5)* +458.70(0T-106.5) + 1038.4 ©)

This curve converts an optical thickness value from the sensor to atemperature value, difference between which and the
thermocouple measurement is plotted in Fig. 7. The deviation varies between -5°C and +5°C, corresponding to about

+0.38% full scale accuracy.
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Fig. 6. Optical thickness vs. temperature
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Fig. 7. Temperature difference between the sensor (cubic fitting) and the thermocouple
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A 4™ order polynomial fitting would give the following calibration curve

T =-3.7604(0T-106.5)* +2.2943(0T-106.5)°

)
-30.682(0T-106.5)* + 460.81(0T-106.5) + 1037.3
Figure 8 shows the temperature difference between the sensor and the thermocouple using Eg. 8. The deviation reduces

to between -3°C and +3°C or 0.23% full scale accuracy. Further increase of the order of the polynomial would not give
better result.

3 T T T T T T

dth-order polynomial
28 B

Temperature difference hetween sensor and TC £C)

_4 1 1 1 1 1 1
200 400 500 800 1000 1200 1400 1600
Temperature (*C)

Fig. 8. Temperature difference between the sensor (4™ order polynomial) and the thermocouple

Figure 9 shows a system resolution test at room temperature. The sensor was kept in the furnace at room temperature
and the optical thickness was continuously recorded for 5 minutes. The standard deviation ¢ is about 0.33 nm. The
sensitivity of the sensor at room temperature is about 1.34 nm/°C. So the 26-resolution isabout 2*0.33 nm/1.34 nm/°C =
0.5 °C. Instead of processing only one spectrum at a time, recording more spectrum and taking average can reduce the
noise and further improve resolution. A 4-time average can reduce the standard deviation to 0.165 nm or aresolution of
0.25°C . Increasing the averaging time to 9 will further reduce this value to 0.105 nm, corresponding to about 0.16°C
temperature resolution.

Figure 10 plots the standard deviation of 5-minute data for different averaging times. X-axisis plotted as square root of
the averaging times. For averages which is more than 10 times, the standard deviation could not further reduce but reach
alimit around 0.11nm. Thetemperature variation inside the furnace should account for the reason of thislimit. Thiswas
verified by measurements using thermocouple.

5. CONCLUSIONS

We have demonstrated a fiber optic interferometric sensor for high-temperature measurement. In the sensor a sapphire
wafer is used to generate interference fringe and a sapphire fiber is used to transmit light. The sensor was tested up to
1545°C and demonstrated the excellent mechanical and optical performance of sapphire at elevated temperature. The
change of optical thickness of the wafer with temperature is fitted to a cubic curve, which gives a £3.8% full scale
accuracy. When fitted by a 4™ order polynomial, the accuracy can be improved to about 0.23% full scale. The sensor
has great potential to work at higher temperature.

Proc. of SPIE Vol. 5590



104 6556

104.6554 |

104 6552

104 655

Optical Thickness {um)

104 634 -
1046535 -

104 6536
1]

Standard deviation in 5 min (nm)

104 6543

104 6546

104 6544 H

104.6542

0.4

1
0.5 1 1.5 2 2.5 3 35 4 4.5
Tirme (rmir)

Fig. 9. System resolution test at room temperature

036+

0.3

0.25

0z

0.15

0.1

0.05

S, Bt of Average Times

Fig. 10. Effect of averaging on system resolution

ACKNOWLEDGEMENT

This research was sponsored by the U.S. Department of Energy under grant DE-FC36-01G011050.

Proc. of SPIE Vol. 5590

25



26

REFERENCE

A. Wang, S. Gollapudi, K. A. Murphey, R. G. May, and R. O. Claus, “Sapphire-fiber-based intrinsic Fabry-Perot
interferometer,” Opt. Lett. 17, 1021-1223 (1992)

R. R. Dils, “High-temperature optical fiber thermometer,” J. Appl. Phys. 54, 1198-1201 (1983)

R. R. Dils, J. Geigt, and M. L. Rellly, “Measurement of the silver freezing point with an optical fiber thermometer:
Proof of concept,” J. Appl. Phys. 59, 1005-1012 (1986)

L. Tong, Y. Shen, L. Ye, and Z. Ding, “A zirconia single-crystal fiber-optic sensor for contact measurement of
temperatures above 2000°C,” Meas. Sci. Technol. 10, 607-611 (1999)

Z.Y. Zhang, K. T. V. Grattan, and B. T. Maggitt, “ Thulium-doped fiber optic decay-time temperature sensors:
Characterization of high temperature performance,” Rev. Sci. Instrum. 71, 1614-1620 (2000)

J. L. Kenndey, and N. Djeu, “Operation of Yb:YAG fiber-optic temperature sensor up to 1600°C,” Sensors
Actuators A 100, 1870191 (2002)

A. Wang, S. Gollapudi, R. G. May, K. A. Murphey, and R. O. Claus, “Advancesin sapphire-fiber-based intrinsic
interferometric sensors,” Opt. Lett. 17, 1544-1546 (1992)

A. Wang, G. Z. Wang, K. A. Murphey, and R. O. Claus, “Birefringence-balanced polarimetric optical fiber sensor
for high-temperature measurements,” Opt. Lett. 17, 1391-1393 (1991)

H. Xiao, J. Deng, G. Pickrdl, R. G. May, and A. Wang, “Single-crystal sapphire fiber-based strain sensor for high-
temperature applications,” J. Lightwave Technol. 21, 2276-2283 (2003)

Proc. of SPIE Vol. 5590



UV-induced intrinsic Fabry-Perot interferometric fiber sensors

Fabin Shen , Wei Peng, Kristie Cooper, Gary Pickrell, Anbo Wang
Center for Photonics Technology, Bradley Department of Electrical and Computer Engineering,
Virginia Polytechnic Ingtitute and State University, Blacksburg, VA 24061

ABSTRACT

In this paper, we present anovel point-wise laser writing method that utilizes a focused ultraviolet (UV) laser beam and
metallic masksto write local Fresne reflectors and intrinsic Fabry-Perot interferometric (IFPI) sensorsin photosensitive
fibers. These UV-induced IFPI sensors have features of low reflectance and low power loss and have the potentia to be
densely multiplexed. We aso present a sweeping laser based measurement system that measures the interference
spectra and estimates the optical path distances (OPD) of IFPI sensors. We aso demonstrated IFPI sensors for
temperature, strain and pressure measurement. Laboratory test results show that these UV-induced IFPI sensors can
have aresolution of 0.1°C for temperature measurement and 0.5 micro-strain for strain measurement, and can be used in
atemperature environment as high as 600°C.

Keywords: Fiber sensors, UV irradiation, intrinsic Fabry-Perot interferometer, temperature, strain, pressure.

1. INTRODUCTION

The phenomenon of photosensitivity to UV irradiation in germanium-doped silica fiber has been widdly used to make a
variety of fiber components for communications and optical fiber sensors. M2

We can use this phenomenon directly to change the refractive index of a segment of photosensitive fiber by exposing it
to UV, and thus local Fresnd reflectors inside the fiber can be fabricated. J. A. Greene et al. introduced UV-induced
broadband Fresnel reflectors in hydrogen-loaded GeO,-doped optical fiber. ®Il¥ They also demonstrated optical time
domain reflectometry (OTDR)-based IFPI strain and temperature sensors by measuring the reflectance at a certain
wavelength or counting the fringe numbers due to the parameter changes . However, neither of these measurement
methods was satisfying for practical measurement.

Recently, we successfully fabricated IFPI sensors by irradiating commercially available GeO, doped photosensitive
fiber with a dit-masked UV beam and demongrated a measuring system based on interference spectrum measurement.
We also developed a signal processing method that uses FIR filtering, fringe order determination and multiple peak
tracking to retrieve the optical path length of the Fabry-Perot (FP) cavity. Sensors for physical parameters sensing,
including temperature, strain and pressure were investigated.

The contents of the paper are arranged as follows. In section 2, the principle of UV-induced IFPI sensors and the
fabrication procedure are introduced. In section 3, a sweeping laser based measurement system, which measures the
interference spectrum and estimates the OPD of IFPI sensor, is introduced.. In section 4, experimenta results for
temperature, strain and pressure sensing are presented. In section 5, conclusions are given.

2. UV-INDUCED IFPI SENSOR

2.1. Principle of Operation

The basic structure and fabrication method of the UV-induced IFPI sensor are conceptually explained in Fig 1. A
segment of photosensitive single-mode fiber is placed behind a masking dit and illuminated on the side by a UV laser
beam. Due to the photosensitivity of the fiber material, the refractive index of the exposed spot is permanently changed.

" fashenl@vt.edu; phone 1 540 231-2155; fax 1 540 231-2158

Sensors for Harsh Environments, edited by Anbo Wang, 47

Proc. of SPIE Vol. 5590 (SPIE, Bellingham, WA, 2004)
0277-786X/04/$15 - doi: 10.1117/12.577306



48

This narrow segment of fiber with increased refractive index can then function as a Fresndl reflector partially reflecting
the light propagating in thefiber. A pair of such reflectors can therefore form an intrinsic Fabry-Perot interferometer.

ﬂ LV light

~~__ Slit ——— > Trandation of fiber

R ¢ R¢ Fiber core
|‘ d >|

Fig. 1. Structure of UV-induced IFPI sensor.

The optical path distance (OPD) between the two reflectorsis

L=2n,d )

where d is the distance between the two reflectors and Ny is the effective refractive index of the fiber at a certain
wavelength.

Due to the low reflectance at each reflector, the interference between the two reflections at wavelength A is
approximately

| =1[R +R, +2/RR, cos(= +9)] o
where
I Reflected light power measured at wavelength A .
Iy Power of the light source at wavelength A .
R, R, Reflectivity of thereflectors at wavelength A .
¢ Constant phase difference term due to the phase changes on reflection interface.
A Wavelength of light source.

Normalized interference at wavelength A can be written as

II— =R +R, +2\/RR, cos(%ﬂp) = A+ B[tos(kL + ¢)
0 (©)

where

A=R +R, DCtem.

B=2/RR, Amplitudeof the sinusoid.

k=2n/A Wave number.
If the width of the exposed segment is controlled to be on the order of micrometers, a broadband Fresnel reflector can
be achieved by controlling the laser exposure conditions. For a broadband Fresnel reflector, the reflection can be

considered to be wave ength independent. Thus, R; and R,, and therefore A and B, can be considered to be constant
within a certain wavelength range.
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When a normalized interference spectrum is measured in a certain wavenumber range, the measured normalized
interference spectrum for asingle IFPI sensor can be written as

X, = A+Bcoskk,L+¢@) +v, @

where X, K,V arerespectively normalized intensity, wavenumber and noise of the n-th wavenumber sample.

Although ng is not the same at all wavelengths for dispersive silica fiber, it can be reasonably regarded as a constant in
a small window of wavelength range. Therefore, in each sample of interference spectrum, L can be regarded as a

constant for a given cavity length d , X, can be regarded as a sinusoid with constant frequency and phase. It is
evidentthat L and ¢ can bederived by estimating the frequency and phase of the sinusoid described in (4).

2.2. Sensor Fabrication

An IFPI sensor fabrication system has been devel oped at the Center for Photonics Technology at Virginia Tech. The
system consists of an UV excimer laser, optica components including a UV-grade mirror and lens, a metallic shadow
mask, 3-D trandation stages and a monitoring system. The diagram of the setup of the sensor fabrication system is

shown in Fig. 2.
UV Laser I::> \A ror

— Lens

Sweeping Circulator
Laser Ouput it
e
—> - ©
HR-SLI End Termination
-

Detector Input

Fig. 2. Diagram of IFPI sensor fabrication system.

A KrF excimer laser (MPB Communication Inc, MSX-250) with a 248nm wavelength is used as the UV source. A
UV-grade mirror and a UV-grade lens are used to focus the laser beam onto the side of the photosensitive fiber. A pair
of metallic plates is used to form a narrow dlit that just allows a small portion of laser beam to pass though. The two
plates are mounted onto 3-D gtages. The dit width can be controlled by changing the positions of the two plates. The
photosensitive fiber is placed behind the dlit and in contact with the metdllic plates to reduce the influence of laser beam
diffraction at the narrow dit. The fiber is also mounted onto a 3-D trandation stage so that the position of the laser
writing point can be trandated aong the fiber axis direction. A high resolution swept laser interrogator (HR-SLI)
(Micron Optics, SI720), which function as both a sweeping laser source and an optical spectrum analyzer, together with
an optical circulator, which couples the reflected light to the optical detector, are used to monitor the sensor fabrication
procedure. The operation principle of the monitoring and measuring system will be explained in section 3. Findly, a
microscope is used to observe the laser writing point so that the dit width can be roughly estimated.
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The sensor fabrication procedure can be described as follows. Photosensitive fiber, usually a piece of photosensitive
fiber spliced between conventional Corning SMF-28 single mode fibers, is placed behind the dlit, which is close to the
focus point of the lens. The end reflection of the fiber is eliminated by either using a fiber termination or curling the
fiber into a coil with a small diameter about several millimeters. At this point the signal detected by the HR-SLI is the
background reflection caused by Raleigh backscattering of the fiber and the local reflection of the optical test system
itself. The background reflection is very low, usually less than —-60dB. When the first reflector is written, the Fresne
reflection at this point, which is usualy as high as about -55dB~-50dB, can be observed. When the second reflector is
written, the interference fringes of the two reflections can be observed on the HR-SLI. The contrast of the fringes is
determined by ratio of the reflectivity at the two reflectors, R, and R, respectively in (2).

The UV power density irradiated on the fiber is controlled to be around 500mJcm? The pulse duration is 20ns. The
repetition rate is set to 5 Hz. Usually, after tens to hundreds of pulses, significant refractive index change, normally
0.005~0.01, can be achieved. Two kinds of commercially available photosensitive fibers, Thorlab GF1 and Newport S
FBG-15, have been used to make |FPI sensors and both of them provide satisfactory photosensitivity.

A photograph of a fabricated IFPl sensor is shown in Fig 3. The laser witting points can clearly be seen due to the
refractive index change of the fiber and the flaw on the side of the fiber caused by UV-irradiation. The distance between
the two writing pointsin Fig. 3 is about 1Imm.

Laser writing points

Fig. 3. Photograph of a UV-induced IFPI sensor

UV-induced IFPI sensors have the features of low reflectance and low power 10ss, and therefore are good candidates for
dense multiplexing. They can be used in quasi-digributed sensing applications including multiple point temperature
measuring, structure health monitoring etc.

3. SPECTRUM-BASED MEASUREMENT SYSTEM

Unlike the OTDR-based measurement system discussed in [4], we use a spectrum-based measurement system for UV-
induced IFPI sensors. The interference spectrum of 1FPI sensor is measured, and the signa is demodulated by means of
an interference spectrum fringe analysis method.

The reflection of a UV-induced IFPI sensor is rather low. It is difficult to measure the interference spectrum by

conventional methods that utilize a low-coherence light source and passive optical spectrum analyzer. In our measuring
system, a Micron Optics Si720, which contains a sweeping laser source, detectors, intensity and wavel ength referencing
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units and supporting electronic circuits, is used as the optical spectrum measurement equipment. A diagram of the
measurement system for IFPI sensorsis shown isFig. 4.

HR-SLI

Sweeping Laser
Circulator Sensor

End Termination
Wavelength &
Intensity
Reference

Normalized
Spectrum /
Detector
€ Personal Computer

Fig. 4. Diagram of the measurement system.

Narrowband light from a sweeping laser is launched into an optical circulator, which transmits the light to the IFPI
sensors. At the sensor, part of the light is reflected back to the circulator. The circulator then couples the reflected light
to an optical detector. The power of the reflected light, | in (2)(3), is measured by the detector. A portion of the light
is tapped from the light source indde the HR-SLI. The intensity and wavelength of the tapped light are measured as

both an intensity and wavelength reference. Therefore, |, and A, then the normalized interference | /I at A in

(2)(3) can be measured. The laser is operated to finish a sweep in 200 milliseconds. In total, 20,000 samples are
measured in the 1520-1570nm wavel ength range with a wavel ength step of 2.5 picometers during one sweeping cycle of
the laser source.

The measured interference spectrum is transferred to a personal computer via a GPIB interface. A Matlab program
running on the host computer was written to retrieve the spectrum from the HR-SL1 and perform the signal processing
tasks. The OPD of the FP cavity can be estimated by estimating the frequency and phase information of the interference
spectrum.

We developed a signal processing algorithm to estimate the OPD of FP cavity based on the white-light interferometric
fringe analysis approaches described in [5][6]. Some additional features, such as FIR digital filtering, fringe order
determination and multiple peak tracking, were added into the algorithm. The performance of the algorithm isillustrated
through the experimental result shown in Fig. 6.

4. EXPERIMENTAL RESULTS

From (1), it can be derived that
An
AL = 2(Ang d + ng Ad) = L(—= +ﬂ)
Nest d

(5)
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It is evident that the IFPI sensor can be used to measure any quantity that changes either the refractive index Ny or

fiber dimension d or both. Some of the common parameters include temperature, strain and pressure. The sensor
structures and experimental results for temperature, strain and pressure measurement will be discussed below.

4.1. Temperature Sensor

When the intrinsic FP cavity is put into a temperature-varying environment, the OPD of the cavity will change due to
the thermo-optic effect and the thermal expansion of the dlica fiber. The dimension change of the fiber due to the
temperature changeis

%d =a,AT

(6)
where & is the well known coefficient of therma expansion (CTE). For silica, a7 =0.5e-6 (1/°C). The refractive
index change due to the temperature changeis

Ny
Ang =—AT
oT 0

Thetotal OPD change AL can bewritten as

AL—Lane“/ +a.)AT =L(0. +a.)AT
- (a_-l- ne‘f aT) - (JT aT) (8)

n
where O :a—_T_ﬁ/ Ny isthe thermo-optic coefficient . For silicafiber, it ison the order of 10° (1/°C), which ismuch
larger than @ . That isto say, for temperature dependence, the thermo-optic effect is dominant.

Fig. 5 shows the temperature response of an IFPlI sensor. The sensor part was put into a miniature furnace. The
measuring range is from room temperature to 650°C. The temperature during the increasing and decreasing portions of
the cycle was recorded. As shown in Fig. 5, the sensor regponses to increasing and decreasing temperature are almost

overlapping.
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Fig. 5. Response of IFPI temperature sensor.
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Fig 6. shows the resolution test results of the IFPI sensor and the signal processing agorithm. The sensor was kept at
25+0.1°C for about 4 hours. The upper graph shows the response of 