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This letter demonstrates functional enhancements of fiber Bragg grating sensors powered by in-fiber
light. High-power laser light transmitted in double-clad optical fiber was extracted from the fiber
core to heat an on-fiber metal coating. When the power-laser is turned off, the fiber Bragg grating
is used as a passive component for temperature sensing. When the laser is turned on, the thermal
response of the optically heated grating was used to monitor ambient air pressure. The sensitivity
and dynamic range of optically powered fiber sensors can be actively adjusted by in-fiber light to
measure vacuum pressures over four orders of magnitude. © 2005 American Institute of Physics.
关DOI: 10.1063/1.2140082兴
Since their discovery in 1978, fiber Bragg grating1
共FBG兲 sensors have been widely used for a number of sensing applications including temperature, stress, pressure, and
refractive index change measurements.2,3 FBG sensors enjoy
a number of advantages including long lifetime, immunity to
electromagnetic noise, and ease of mulitiplexing. However,
the applications and functionality of FBG sensors are limited
by their total passivity. Passive sensors can only gather limited information. Once deployed; set point, sensitivity, trigging time, responsivity, and dynamic range for each individual fiber sensor cannot be adjusted or reset to adapt to the
changing environment for active sensing. To enhance the
functionality of a passive fiber sensor, we have proposed an
active sensing concept by which an FBG sensor can be directly powered and controlled by in-fiber light carried in the
same fiber.4 In this letter, we demonstrate the functional enhancement of a dual-function active FBG sensor for simultaneous vacuum and temperature measurement.
Thermal-based vacuum sensors such as Pirani gauges
are among the most widely used instruments for vacuum
measurement.5–7 In the past several years significant progress
has been made toward the miniaturization of vacuum sensors
using micro-electromechanical systems 共MEMS兲 technology.
Miniaturized vacuum sensors provide some important advantages including low fabrication cost, low power consumption, higher measurement sensitivity, and improved dynamic
range. However, the implementation of miniaturized gauges
in vacuum systems still requires a number of electrically isolated feed-throughs and a flange with a nominal width of 1 to
2 in. In situations where pressure information is needed at
multiple points, such as in a spacecraft, a large number of
electric wires, feed-throughs, and vacuum flanges will increase the complexity, risk of leaks, and cost of the measurement system. Moreover, long electrical cables are often
needed to transmit perturbation-sensitive signals to a remotely located controller, which makes the measurement
vulnerable to electromagnetic interference.
a兲
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In this letter, we present an all-fiber thermal-based pressure gauge using fiber Bragg gratings 共FBGs兲 without the
need of a single electric cable. The fiber vacuum sensor demonstrated in this paper is based on the concept of active fiber
components powered by in fiber laser light.4 Optical power
transmitted in optical fiber was extracted from the fiber core
to heat an on-fiber metal coating. The thermal response of
the optically heated FBG was used to monitor the thermal
response of the surrounding vacuum. Using wavelength division multiplexing 共WDM兲 or time division multiplexing
共TDM兲 technology, a large number of vacuum sensors can be
inscribed in a single fiber with only one fiber feedthrough
and one flange to provide pressure information at multiple
points with minimal wiring. The one-fiber vacuum sensor
presented in this paper promises a simple, light weight, agile,
multi-functional vacuum and temperature sensing solution
that is free from electromagnetic interference.
The FBG vacuum sensor presented here was inscribed in
photosensitive double-clad fiber shown in Fig. 1. This fiber
has a germanium and phosphorous co-doped silica core. The
germanium concentration is 11 mole % and has a cut-off
wavelength of 1450 nm. The fiber was dual coated with UV
curable acrylate with a diameter of 245 m. The primary
coating has the refractive index lower than that of pure silica
and serves as the second cladding with 0.48 NA. The back-

FIG. 1. 共Color online兲 Schematic of active FBG vacuum sensor in a doubleclad fiber.
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FIG. 2. Resonance wavelength shift of a 5 mm optically heated FBG at 173
mTorr. The optical power used to heat the FBG is 0, 10.5, 31, 52, 104, and
145 mW, respectively.

FIG. 3. Resonance wavelength shift of a 5 mm FBG as a function of
coupled laser power at 173 mTorr, 6.3 Torr, and 745 Torr, respectively.

fore, the temperature rise of the FBG is estimated as 192 °C
ground loss of the coating is 2.3 dB/ km around 1100 nm.
共13 pm/ ° C2兲. This temperature is similar to the operational
The inner cladding of the fiber was used to deliver hightemperature of Pirani gauge or a miniaturized MEMS
power laser light to any point along the fiber for on-fiber
vacuum sensor. Figure 3 shows the resonance wavelength
optical heating. To inscribe an FBG in the fiber core, four-cm
shift of the FBG as a function of coupled argon ion laser
of the fiber coating was carefully removed using methylenepower. The thermal exchange between the silver molecules
chloride. A 5 mm long apodized uniform FBG was inscribed
and fiber enhance the thermal cooling rate of the fiber at
with a KrF 248 nm excimer laser using a standard phase
higher temperature. Therefore, 830 mW and 498 mW laser
mask technique. A silver coating 共2 cm long兲 was then plated
power are needed to shift the resonance wavelength of
on the center of the stripped fiber where the FBG is located.
the FBG the same amount 共2.0 nm兲 at 6.3 and 749 Torr,
The silver coating is estimated to be 0.2 m thick. The
respectively.
double-clad fiber was then inserted into a vacuum calibration
Typical thermal-based vacuum sensors have two operachamber through two fiber feed-throughs. The pressure of
tional modes: A constant resistance/temperature mode and a
the chamber was controlled by a rotary-vane pump and a
constant current/power mode. Figure 4 shows the FBG
mass flow controller connected to the ambient atmosphere. A
vacuum sensor operated in constant power mode. The input
convection gauge installed next to the FBG was used to meapower of the argon laser was set at 145 mW and then 62 mW.
sure and calibrate the chamber pressure. The reflection specAt 173 mTorr ambient pressure, these power levels produced
tra of the FBG were monitored with an optical spectrum
resonant FBG wavelengths of 2.05 and 1.2 nm, respectively.
analyzer 共Ando 6317C兲 and a broadband source via a circuThese wavelengths correspond to fiber temperatures of
lator connected to the other end of the fiber.
179 °C and 112 °C. The resonant wavelength shift of the
High-power multiwavelength Ar-ion laser light 共0.1–4
FBG as a function of the chamber pressure is shown in Fig.
W兲 is coupled into the inner cladding of the fiber from one
4. As the chamber pressure increases, the resonant waveend using a 20⫻ microscope objective. The coupling effilength shift is reduced due to the increase of thermal exciency was over 90%. When the argon laser is turned off, the
change via convection between the gas molecules and the hot
FBG is used as a passive sensor to gauge precisely the amoptical fiber. The FBG vacuum sensor exhibits two distinct
bient temperature of the vacuum chamber. When the argon
operation regions. When the chamber pressure is below 1
laser is turned on, a portion of argon laser light propagating
Torr, the fiber resonance wavelength responds much more
through the uncoated section of fiber is absorbed by the silsensitively than that at higher pressures. When the pressure
ver coating. It was estimated that approximately 40% of the
was increased from 173 to 1 Torr, the resonance wavelength
input power was absorbed by the 2 cm long metal coating.
The total absorption of the power light depends on the coating properties including length, and geometry of the metal.
We found that the fiber temperature distribution and birefringence can be thermally tailored by selectively removing the
fiber coating along either the longitudinal direction or the
azimuth direction of the fiber. The laser light absorbed by the
uniform silver coating produces a uniform temperature profile, which leads to a resonance wavelength shift without
distorting the reflection spectrum. Figure 2 shows the resonance wavelength shift of a 5 mm FBG at 173 mTorr. It was
observed that 145 mW input power from the argon ion laser
uniformly shifts the resonance wavelength of the FBG to 2.0
nm. Although the silver film presents a much larger thermal
expansion coefficient of 5.5⫻ 10−6 K than that of silica glass
of 0.66⫻ 10−6 K, the very thin silver film 共⬍1 m兲 does not
FIG.
4. FBG
vacuum sensor operation in constant powerDownloaded
mode, the coupled
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FIG. 5. FBG vacuum sensor operation in constant temperature mode while
the FBG is preheated by the coupled laser power at 150 and 350 mW,
respectively.

of the FBG heated by 145 mW power was reduced by 0.85
nm. In contrast, the resonance wavelength was only reduced
by 0.44 nm for three orders of magnitude increase in pressure from 1 Torr to atmosphere. This is similar to the response of all thermally based vacuum sensors operating in
the constant temperature mode. When the gas pressure is low
共⬍1 Torr兲 so that the molecular mean free path is equal to or
greater than the distance between the wall of the vacuum
chamber and the hot fiber, the heat transfer is dictated by free
molecular conduction, from the heated fiber to the ambient
gas, followed by heat transfer between the gas and the cool
wall of vacuum chamber. This process is proportional to the
gas pressure. At higher pressures, heater transfer via convection between the heated fiber and ambient gas becomes significant. The heat transfer via convection is a nonlinear process and occurs at a much lower rate, which leads to reduced
peak shifts. This problem can be solved by on-fiber packaging or using micro-structured fibers to eliminate thermal exchange by convection.
Figure 4 demonstrates the agility of the opticallypowered active sensor in tailoring its sensitivity with in-fiber
power light. Given input laser power of either 145 or 62 mW,
the overall resonance wavelength shifts for pressures ranging
from 173 mTorr to 1 Torr are 0.85 and 0.57 nm, respectively.
Thus, a 133% increase in laser power resulted in a 49%
increase in the sensor’s responsivity. While operating in the
higher pressure regime from 1 Torr to atmosphere, the sensor’s responsivity increase is more prominent. For the same
magnitude power increase, the sensor responsivity increases
by 100% from 0.22 nm shift for 62 nW input power to 0.44
nm shift for 145 mW input power. Due to the limitations of
the present vacuum system, we did not calibrate the FBG
sensor at pressures below 170 m Torr. A traditional Pirani
gauge with a similar thermal mass can operate at pressures
down to 10−3 mTorr, and it is expected that the FBG vacuum
sensor with 125 m diameter fiber can be operated effectively down to the same pressure.
The FBG vacuum sensor can also operate in a constant
temperature mode. In this mode, the vacuum was calibrated
by increasing the input laser power to maintain the temperature 共and thus resonance wavelength兲 of the self-heated FBG.
Calibration results are shown in Fig. 5 in which a 5 mm FBG

was subsequently heated by 150 and 350 mW laser input
power. In the constant temperature mode, The FBG sensor
shows a single-exponential response to vacuum. This is in
contrast to the FBG sensor operating in the constant temperature mode, in which two thermal response regimes were
found. It is not clear why the sensor shows different behavior
in the constant temperature modes. When the FBG sensor
was heated by 350 mW laser power, nonlinear response was
observed for the pressure from 3 to 200 Torr, probably also
due to an increase in gas convection at higher pressures. The
120% increase in the initial laser power from 249 to 538 mW
led to a 120% increase of the sensor responsivity.
The active fiber vacuum sensor demonstrated in this letter utilizes 125 m diameter double clad optical fiber. Unfortunately, the excess thermal mass of the fiber requires a
large amount laser heating power 共50–500 mW兲 and limits
the response time of the sensor. The large distance between
the hot fiber and instrument wall introduces convection heat
transfer that reduces the linearity and sensitivity of the sensor
at high pressures 共⬎1 Torr兲. These deficiencies can be improved upon by using a micro-structural fiber.8,9 In microstructure fibers, the fiber core is surrounded by several large
air holes and supported by a thin “bridge” of material between the fiber core and the outer shell. This structure provides good thermal isolation between the fiber core and the
outer shell. The optical power would be used to heat up the
fiber core only. Vacuum is then measured by the thermal
conduction between the hot fiber core and surrounding outer
shell with less than 50 m air gap. This work will be presented elsewhere.
In conclusion, this work illustrates a solution to enhance
the functionality of a passive fiber optical sensor component
without sacrificing any of the intrinsic advantages of fiberbased devices. An optically heated fiber Bragg grating sensor
was used to measure both temperature and pressure in a
vacuum system. When the power laser is turned off, the grating is used as traditional temperature sensor. When the laser
is turned on, the thermal response of optically heated grating
was used to monitor ambient pressure. The sensitivity and
dynamic range of optically powered fiber sensors can by actively adjusted by in-fiber light to gauge the vacuum pressure
over four orders of magnitude. The double-clad fiber used in
this work can deliver optical power to any point along the
fiber. Using wavelength division multiplexing, a vacuum and
temperature sensor array can be constructed in one fiber with
tens of sensor elements using only one fiber feed-through.
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