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ABSTRACT

Optical fiber sensors offer a number of advantages for spacecraft applications, including freedom from electromagnetic
interference, light weight, and low power consumption. One application is strain sensing, where high sensitivity and
bandwidth and the ability to individually interrogate tens of multiplexed sensors via a single fiber lead has been
demonstrated. This paper will describe 2 recent NRL uses of distributed strain sensing using arrays of fiber Bragg
gratings (FBGs) on spacecraft parts, structures, and ground test hardware: distributed dynamic strain monitoring of a
lightweight reflector during acoustic qualification tests and high-frequency, high-sensitivity strain measurements of a
latch fixture. A second fiber sensor being seriously considered for spacecraft is the interferometric fiber optic gyroscope
(IFOG). Although its performance in a benign environment is quite attractive, deployment of this and other optical fiber
sensors requires addressing issues such as the deleterious effects of the space radiation environment. These challenges,
unique to this application, will be discussed.

Keywords: Fiber optic sensors, interferometric fiber optic gyroscope, space radiation, fiber Bragg gratings, strain
sensing

1. INTRODUCTION

The viability of optical fibers in space has been proven in experiments dating back to the 1980’s when a fiber optic
systems experiment comprising 4 active data links was flown by Taylor of the former Air Force Weapons Laboratory
(now known as the Air Force Research Laboratory) at Kirtland AFB, NM' for 69 months onboard the Long Duration
Exposure Facility (LDEF). This experiment was the first known long-term deployment of operational optical fiber data
links in space and demonstrated that the fibers could survive the space environment and radiation doses of up to 25
krad.

In the same time period as the recovery and analysis of the AFWL LDEF experiment, K. LaBel and coworkers at
NASA-Goddard Space Flight Center developed a first-generation spacecraft fiber optic data bus based on MIL-STD-
1773%. This system, which operated at 1 Mbs using multimode fiber at 850 nm, was first flown on the Solar
Autonomous Magnetospheric Particle Explorer (SAMPEX) and successfully operated on several other spacecraft,
including the X-ray Timing Experiment (XTE), Tropical Rainfall Measuring Mission (TRMM), and the Hubble Space
Telescope (HST). A second-generation, dual data rate (1 and 20 Mbs) data bus, based on MIL-STD-1773 A using single
mode fiber operating at 1300 nm was subsequently developed by NASA-GSFC and flown on the Microelectronics and
Photonics Test Bed. Bit error rate data were acquired from this experiment for ~4 years, between 1997-2003. Other
spacecraft optical fiber systems include encoder, point-to-point systems, and a 100 Mbs FDDI system onboard the
International Space Station. These and other successful applications have firmly established the viability of optical
fibers for spacecraft data transmission.

In addition to the data transmission systems described above, there are other potential applications of optical fibers as
sensors onboard spacecraft or spacecraft structures. Optical fiber strain sensing is a well-known technology, where
fibers can be used for strain measurements both during testing and space qualification and while in service.
Demonstrated examples include strain mapping, determination of deflection, deformation and shape, vibration detection
and suppression, micrometeorite detection and classification, and distributed temperature measurement. A second
promising application of optical fiber sensing in space is the interferometric fiber optic gyroscope (IFOG). Here, a long
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length coil of polarization-maintaining single mode fiber in a Sagnac interferometer is used as a rotation sensor, and Er-
doped fiber is used in the broadband fiber light source. Although there has been a significant amount of work in fiber
sensors for spacecraft, this paper is not intended as a review, but rather to highlight recent NRL demonstrations in
distributed strain sensing on spacecraft parts and to discuss potential issues regarding the deployment of IFOGs in the
space radiation environment.

2. FIBER BRAGG GRATING ARRAYS FOR SPACECRAFT STRAIN SENSING

The technology of strain sensing using fiber Bragg gratings (FBGs) has been thoroughly discussed by Kersey et al.,
and the preliminary application of this technology to spacecraft structures is described in a previous article by Friebele
et al.* FBGs have been selected for sensing static or dynamic strain on spacecraft structures because of the unique
advantages they offer, including (and in approximate order of priority): 1) The fact that FBGs can be multiplexed into
multi-element arrays for distributed sensing where >100 sensors can be simultaneously interrogated by one
instrumentation package at high speed with no time skew between individual sensor measurements; 2) The FBGs are
small, light weight and can be mounted in spaces with tight clearances; 3) Absolute strain measurements can be made
using FBGs without constant monitoring since strain is encoded as wavelength shift; 4) Glass optical fibers with
polymer coatings (both dielectric materials) are immune to electromagnetic interference and crosstalk; 5) Fibers are
compatible with a wide range of structural materials (fiber reinforced polymer composites, metals, etc.); and 6) Fiber
arrays can be surface mounted with spacecraft-qualified adhesives or embedded in the structure itself.

2.1. FBG instrumentation of a lightweight antenna reflector

The preliminary application of FBGs to monitor a lightweight antenna reflector during acoustic qualification testing for
flight has been described in reference 4. This initial demonstration on the prototype reflector showed that FBG sensors
offered a number of advantages, including ease of application, small size, inconsequential mass-loading, minimal leads,
and immunity to electrical noise, while providing strain information in many ways superior to that reported by
conventional resistance strain gages (RSGs). As a result of that experiment, NRL was tasked to perform more extensive
instrumentation of a flight article reflector to assist in structural design verification. The sensor configuration included
40 FBGs located at high-strain locations. Figure 1 shows the reflector with five circled sensor placement areas and
insets detailing the attachment points. Figure 1(b) is a close-up of one of the circled regions on the full-scale diagram.
A metal junction mates two small graphite struts to the support ring tube. The five metal junctions chosen for
instrumentation are closest to three underlying fixtures that mount the entire reflector to the test fixture and are therefore
expected to experience the highest strains. Figures 1(a) and 2 show a cross section of one of the two struts of inset Fig.
1(b) with properly scaled FBG sensors surface-mounted at each of the four edges (only the grating regions, not the
intervening leads are indicated). It was desired to place strain sensors along the vertices of the struts, very close to the
metal junction, to closely resolve maximum bending moments as well as axial strain components. Because of the struts’
small cross section (approximately 5 x 3 mm), as shown in Figure 2, the geometry of an optical fiber was much better
suited for attachment near the edges than a conventional RSG.

Because of the large number (40) of sensors, custom FBG arrays were produced on-line during the fiber draw process”.
The bandwidth of the light source and the anticipated strain range of +2500 pe meant that only eight WDM channels
could be illuminated. Thus, five separate fibers were required to instrument all 40 locations. A single fiber was
configured to place one FBG at each of the eight locations shown in Figure 1(b), four on each of two struts. Because
the reflector was a flight structure, the sensors were attached with a flight-qualified epoxy (Dexter Hysol EA 9394). A
specialized clamp held four FBGs under slight tension along each strut at the intended sensor locations until the epoxy
could be applied and set.

In contrast with the “proof-of-concept” demonstration completed on the prototype article in 1996 and described in
reference 4, the sensors on the flight article were interrogated with a different instrument capable of more channels and
absolute (dc) strain measurements. The earlier method employed a wavelength-multiplexed interferometric approach
with a modulated carrier, while an imaging CCD spectrometer instrument® was used to interrogate the flight article
sensors. To accommodate the requirements of the latter test, the central imaging element was increased from 256 to 512
pixels, and the clock rate increased by 25%. This enabled a broader spectrum to be monitored. Calculations indicated
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that structural deflections during acoustic qualification testing could result in strains of + 2500 pe, which limited the
number sensors per array to 8 to avoid coincidence or crossing of the FBG peaks. To achieve the broad input spectrum
required for monitoring 8 sensors each with a + 2500 pe range, the outputs of a pair of diode light sources with
relatively narrow spectral widths were combined through a fiber coupler. A fiber optic switch, which was used to select
the 8-element array for interrogation, was required to acquire data from all 40 sensors. The system, shown schematically
in Figure 3, allowed simultaneous interrogation of all 8§ FBGs in one of the 5 sub-arrays at a data rate of 285 Hz. (C++
code was written to acquire the data at 2 kHz, but a hard disk failure required the use of a much slower acquisition
program written in QuickBasic.) Sub-ppm (ue) sensitivity was obtained using an NRL-patented algorithm’ that
achieved sub-pixel resolution of the peaks of the FBGs.

FBG's placed at 40 high-load points
of graphite/epoxy framework

FBG's at all four
corners of strut

_—
N

(b)

Figure 1. Schematic of the flight reflector structure showing the 5 locations where 8 FBG strain sensors were attached (ovals). The
insets show the details of the attachment (a) in cross section and (b) from perspective.
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Figure 2. Picture showing the size of the composite strut and cross section showing dimensions.
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Figure 3. Schematic of the CCD spectrometer system for interrogating the 8-element FBG arrays attached to the antenna reflector
flight article. The switching time of the fiber optic switch was ~0.1 s.

The positions of the sensors on the flight article are shown in Figure 4, and data collected from one 8-element FBG
sensor array during the 146 dB acoustic loading test are shown in Figure 5. The signals provide high fidelity strain
records for all eight sensors. The data from sensor groups (5-8), (3-4), and (1-2) are well correlated. To examine the
data in detail, the right-most 50 milliseconds of data have been expanded. It is apparent that FBGs (5-6) are anti-
correlated with (3-4). This can be interpreted as a bending of strut H perpendicular to the membrane (see Figure 5). The
different behaviors of FBGs (1-2) and (3-4) indicate a more complex bending, perhaps due to the greater distance of
strut I from the support ring clip or perhaps delamination between the core and the top composite skin, on which sensors
(1-2) are mounted. Additional structural analysis is necessary to fully interpret these data.

Sensor positions on struts
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Figure 4. Schematic diagram of sensor positions on struts.
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Figure 5. Detail of temporal strain data acquired during the acoustic test at 146 dB showing the good correlation between sensor sets
5-8 and 3-4. Possible reasons for the lack of correlation with sensors 1-2 are discussed in the text. Offsets have been added for
clarity.

In addition to high fidelity dynamic strain information, the nature of the FBG sensor system employed for this test
enables the comparison of absolute strain before and after the test and over the life of the structure. The initial spectra of
the FBGs may be recorded along with a reference argon gas discharge spectrum (obtained from a penlight-sized
source). The argon spectrum is constant over time and permits absolute calibration of the sensor signals. In this way,
the strain state of the flight article can be tracked through subsequent assembly and testing stages, accompanied by a
detailed map of structural changes on the ppm level. This is in sharp contrast to electronic strain sensors, which have
significant drift over minutes or hours. Alignment tests that are performed after acoustic loading to evaluate
deformation could easily be augmented by detailed strain mapping to identify and localize points of structural relaxation
or damage.

In summary, we obtained high quality strain data during the acoustic test of the flight article. These data included
measurements of the noise floor of the sensors, which was < 1pe, measurements during the acoustic tests at 146 dB, and
measurements of the pre- and post-test strain state (data not shown), which indicated damage to the strut.

2.2. Dynamic strain measurements of a spacecraft latch test fixture

A subsequent test supported the study of a spacecraft latch to establish its stiffness characteristics at low amplitude
dynamic loads using the fixture shown in Figure 6(a). The vertical post was actuated by a shaker with various test loads,
including random, burst random, sine decay, and low-level dither. The latch was mounted between the adapter bracket
and the large bracket to the right of the drawing, which served as mechanical ground. Calculations indicated typical
peak loads of ~0.5 - 2.5 kg at the latch. This load would induce strains of ~0.01 — 2.2 pe in the adapter bracket where
the FBG strain sensors were to be mounted. As shown in Figure 6(b), the adapter bracket had 4 legs between the vertical
member and the latch mounting plate. Both bending (in two dimensions) and torsion had to be measured on each of the
4 legs. Two FBG strain rosettes were attached to the vertical post, and 2 additional FBGs were packaged as temperature
sensors and attached to legs of the adapter plate. Figure 6(b) shows the position and orientation of the FBG sensors. The
strain sensitivity required for the test was <l pe with simultaneous measurement (e.g. no time skew) of strain and
temperature from all 24 FBGs at a 2 kHz sample rate. Additionally, because the test spanned several months, the
interrogation system was left on-site and operated by personnel who were not experts in FBG strain sensing or the CCD
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spectrometer measurement system. Thus, it was necessary to develop a GUI interface for data acquisition based in
LabView. However, to achieve the required 2 kHz data rate, the data processing to extract strain from the FBG spectra
was accomplished with a C++ DLL in the LabView VI. This system, which provided real-time display of the grating
array spectra or strain and the option to store both spectra and strain, was successfully operated by the test engineers for
5 months. Figure 7 shows the front panel of the post-processing VI, which is similar to that of the data acquisition VI.
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Figure 6. (a) Drawing of the spacecraft latch test fixture showing the adapter bracket where the FBG strain sensor array was mounted
and (b) drawing of the adapter bracket with the latch mounting plate removed for clarity, showing the positions of the FBG strain and
temperature sensors.

The FBGs used for this test were also made by exposing the fiber to a single pulse exposure of a UV excimer laser
during fiber drawing.” A number of arrays consisting of 25-30 FBGs with different Bragg wavelengths were written
during a single draw; the array chosen for this test consisted of 28 gratings spaced by 40 cm. Note that the Bragg
wavelength of a grating is determined by the angle of the intersecting UV beams that write the grating and is set by
computer-controlled turning mirrors in the writing interferometer. The lineal grating spacing is arbitrary, and the KrF
UV writing laser is triggered by computer. Prior to installation, the strain and temperature responses of the grating
sensors were measured using a cantilevered beam. The FBGs were attached to the adapter bracket with cyanoacrylic
glue, which cured in a few seconds so that fixturing to hold the FBGs was not required. Unfortunately, there were
several fiber breaks during installation; however, 21 FBG strain sensors and 2 packaged temperature sensors were
successfully installed.

Figure 7. Front panel screen of the LabView post processing VI
used for analysis of stored spectral data. The screen shows the
spectrum of the installed FBG array. Both the data acquisition
and post processing VIs can display either the array spectrum
plotted vs. pixel number or wavelength, or strain as a function of
time.
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A massive amount of data was acquired over the 5 months of the test; two examples of sine decay are shown in Figure 8. Note the
low system noise +0.5 pe evident in the traces prior to ~30 s of excitation. The ~125 s of strain data shown here were derived from
250,000 spectra of the FBG array; strain (or temperature) data were obtained for all 23 gratings of the array by real-time analysis of
the spectra. Figure 8(a) shows decay after excitation of the vertical member in the x direction, i.e., along the horizontal axis of the
adapter bracket, and the slow time constant indicates satisfactory stiffness in the latch. Figure 8(b) shows decay following torsional
excitation, and the more rapid decay is indicative of less stiffness in torsion. Note from Figure 8(c) the slight temperature rise during
excitation which is reported by the FBG temperature sensor packages.
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Figure 8. Strain (a,b) and temperature (c) data acquired during sine decay tests of the spacecraft latch.

The successful operation of the FBG distributed strain and temperature sensor system during its 5 months of data
acquisition established the stiffness properties of the spacecraft latch under a wide range of loading conditions. The
system demonstrated superior sensitivity and data quality and lower noise compared to electrical sensors, and the large
amount of data was processed in a form that could be readily used for exhaustive mechanical analysis and modeling. Of
particular note was the fact that the data were acquired at a high rate simultaneously from all sensors so that there was
no time skew. The strain data measured by the FBG system were synched to the actuation and electrical sensor
recordings such that precise comparisons of strain and acceleration could be made. The results of this test further
confirm utility of FBG distributed strain sensors for spacecraft applications. Although this was a ground test, all
components of the system either have been or could be space qualified for in-flight deployment.
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3. INTERFEROMETRIC FIBER OPTIC GYROSCOPES

IFOGs are rotation sensors that can be used to measure spacecraft pointing and attitude; the performance of navigation-
grade IFOGs in a benign environment is approaching the most stringent specifications for spacecraft. Figure 9 contains
a simplified drawing of an IFOG. Based on a Sagnac interferometer, light of wavelength A, travels in opposite
directions in a coil of optical fiber of length L and diameter D®. The Sagnac equation relates the optical phase shift ¢, of
the two counter-propagating beams to the rotation rate Q,

24LD
10 cO

4, =GQ Q, )

where c, is the speed of light in vacuum. An IFOG achieves high rotation sensitivity by maximizing the LD product.
Although the coil diameter is obviously limited by the available space for the IFOG, the length of fiber can be
maximized; high performance gyros may have as much as 5-7 km of fiber in their sensor coil. To eliminate noise
associated with polarization fading, these gyros use polarization-maintaining (PM) fiber. A number of performance
issues, such as angle random walk (ARW), angle white noise (AWN), bias stability, and rate random walk (RRW),
depend directly on the optical power on the detector, so it is advantageous to increase the light source power. However,
the relative intensity noise (RIN) is inversely proportional to the bandwidth of the light. An elegant solution is to use an
Er-doped fiber (EDF) light source’, which can be configured as a two stage seed-amplifier to provide >100 mW output
with an effective bandwidth in excess of 35 nm. In this case, A, in Eq. (1) is replaced by the interferometric or centroid

wavelength A..
Gyro Coil

/7
> Coupler > /
V/O\

Integrated Optic
Coupler/Modulator

Figure 9. Simplified schematic drawing of an interferometric fiber optic gyroscope

Fiber optic data links have been shown to be extremely reliable in the space radiation environment, as described above,
but IFOGs have radiation vulnerabilities that will have to be addressed before they can be used in low earth orbit (LEO)
or mid earth orbit (MEO) where the flux of electrons and protons from the Van Allen belts is high. There are two
principal effects of radiation on an IFOG'’: 1) Radiation-induced absorption in the fiber components, which causes
decreased optical power on the detector, resulting in decreased bias stability and increased ARW, AWN and RRW; and
2) Apparent shift in the wavelength of the broadband light, which causes a change in the scale factor relating optical
phase shift to rotation rate. The former effect is exacerbated by the long length of fiber in the gyro coil and, to a lesser
extent, the radiation sensitivity of the EDF in the fiber light source (FLS). The latter is due to radiation-induced changes
in the FLS output spectrum and the filtering effect by the wavelength-dependent radiation-induced attenuation in the
gyro coil.

3.1. Radiation induced loss in the PM gyro coil

Because of the long fiber length in the gyro coil, it is essential to minimize the radiation-induced attenuation to maintain
gyro performance over the spacecraft lifetime. Conventional PM fibers, which have unacceptable radiation sensitivity as
will be discussed below, consist of a Ge-doped silica core with a pure or doped silica optical cladding, similar to the
structure of conventional telecom single mode fiber. However, PM fibers also have stress members in their structure,
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which induce birefringence in the core, breaking the degeneracy between the propagation constants for the two
polarization states of light in the core. Thus, light launched into the fiber in one polarization state is inhibited from
coupling into the other.
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Figure 10. Growth of the radiation-induced attenuation during exposure to ®°°Co y-rays at various dose rates in (a) PM fibers at 1300
nm, (b) Corning SMF-28 Ge-doped silica core fiber at 1510 nm, and (c) Sumitomo Z1.5 pure silica core fiber measured in-situ at
50 C. The data in (a) and (b) were obtained using LED light sources; that in (c) was obtained with a broadband Er-doped FLS.

In general, the radiation sensitivity of Ge-doped silica core PM fibers is similar to that of single mode (SM) fibers'' with
the same core and cladding compositions. Figure 10 shows the growths of the radiation-induced losses in 3 Ge-doped
silica core fibers: two PM fibers circa early 1990’s and Corning SMF-28, which is a standard SM telecom fiber. Several
observations can be made about these data: First, the induced loss is a very weak function of dose rate. A decrease in
dose rate by a factor of ~2000 from 1,000 to ~0.6 rad/min results in only a factor of ~2 decrease in induced loss in the
3M and Corning SMF-28 fibers. An additional factor of ~10 decrease in dose rate in SMF-28 (data not shown) to ~0.05
rad/min results in only an additional 25% decrease in induced loss. (The dose rate dependence of fibers such as SMF-28
has been successfully modeled, allowing extrapolation to lower dose rates'>'>'*!* ) Second, the radiation-induced losses
in these fibers are unacceptable for a lifetime, on-orbit dose of 10° rad. Using the 0.6 rad/min data as a worst case
approximation of the 0.02 rad/min nominal on-orbit dose rate due to an exposure of 10° rad over 10 years, the
incremental losses in the Corning PRSM, 3M PM, and SMF-28 fibers are 7.2, 4.3, and 4.5 dB/km, respectively. (Note
that the PM fiber data were measured at 1300 nm vs. 1510 nm for SMF-28. The Er-doped FLS will spectrum spans a
wavelength range of ~1520 — 1580 nm.) In a 5 km gyro coil, the worst-case end-of-life attenuation in the gyro coils
would be ~20-35 dB, which would render the gyro inoperable. Clearly, the radiation response of these Ge-doped silica
core fibers is unacceptable for this application. Third, processing and composition have a significant effect on the
radiation damage. In Figure 10(a) the induced losses of the PRSM fiber at the two dose rates converge with increasing
dose, but this effect is not evident in the other fibers.
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It is well known that the radiation response of pure silica core fibers is significantly less than that in doped core fibers'®
and is sensitive to processing and impurities'’. The relatively large concentration of core dopant provides a reservoir of
traps for the radiolytic electrons and holes, whereas the traps in pure silica, which is intrinsically radiation hard, are
largely due to vacancies and interstitials or impurities. Pure silica core fibers are used wherever possible in high
radiation environments'® such as nuclear reactors', or fusion reactors.”’ The Sumitomo Z fiber is probably the most
radiation resistant pure silica core single mode fiber, and Figure 10(c) shows the growth of the radiation-induced losses
in this fiber for several dose rates. The data are quite unusual—whereas there is a very slight dose rate dependence for
doses <10’ rad, the induced loss appears to be dose rate independent at higher doses. To the authors’ knowledge, this
behavior has not been previously reported, and current models of radiation damage cannot be used for prediction of
induced loss at lower doses in this fiber. The implication of this dose rate independence, which needs to be verified at
lower dose rates and with other radiation-hard pure silica core fibers, is that testing at laboratory dose rates is equivalent
to on-orbit behavior and that the incremental loss will not be less at the lower dose rates.

The induced loss at 10° rad in the Sumitomo Z fiber is only ~1.3 dB/km, resulting in ~6-7 dB loss in a 5 km gyro coil,
which could be compensated by increasing the light source fiber. The radiation response of the Sumitomo Z fiber is the
Rosetta stone for other fibers’ performance. Thus, the goal is to develop a pure silica core PM fiber possessing the good
radiation hardness of the Z fiber together with intrinsic properties optimized for gyro coil. These include small fiber
diameter to minimize the size of the gyro coil, low microbend loss to minimize the effect of fiber crossovers in the coil,
and high birefringence to minimize polarization cross coupling. High birefringence implies close proximity of the stress
members to the core, but they must be sufficiently distant to prevent interaction of the optical field with the highly
radiation sensitive glass in the stress members. Further, the refractive index of the stress members must be less than that
of the cladding to prevent secondary waveguiding. Low microbend loss dictates significant down doping of the
cladding, in excess of that in the Z fiber, to more tightly confine the optical mode to the core (An > 0.01), but the
achievable index difference is constrained by the limited concentration of fluorine that can be incorporated into silica.
Obtaining these properties in an 80-pum fiber, which is beneficial for maintaining reasonable coil size, is a significant
challenge for fiber design, and fabrication and will involve a number of trade-offs.

3.2. Radiation effects on the fiber light source

As described above, FLS optical power output of at least ~100 mW is necessary to minimize ARW, RRW and AWN
and maximize bias stability. Additional requirements include broad bandwidth to minimize RIN and centroid
wavelength stability to maintain a constant scale factor. A critical point is that these requirements must be met both at
the beginning and end of the life of the spacecraft IFOG. It is also desirable to have an intrinsically polarized FLS
output for efficient coupling to the integrated optic coupler/modulator (Figure 9), which inherently supports only one
polarization. In terms of overall power consumption, which is critical on spacecraft, the best approach is to polarize the
light after the oscillator stage in the FLS and then amplify the polarized light using PM EDF.

Figure 11 shows the degradation in optical power and the centroid wavelength shift for a FLS during irradiation. The
induced loss is slightly dose rate dependent, which has been modeled by Williams et al.>' using an exponential trap
model. It should be noted that this source was pumped at 1488 nm; the induced loss would be significantly greater were
it pumped at 980 nm due to the greater radiation-induced absorption in the EDF at the shorter pump wavelength. The
power degradation follows a power law of dose, and even at this relatively high dose rate, there is only a 3 dB decrease
after a dose of 150 krad. A more significant effect is seen in Figure 11(b), where a very large, unacceptable centroid
shift is evident. This is due to change in the FLS spectrum, shown as the inset in Figure 11(b), which consists of at least
3 bands with differing radiation responses. The loss in optical power can be attributed primarily to color center
absorption in the EDF due to radiation-sensitive dopants that are incorporated to optimize the intrinsic properties of the
fiber for light source and amplifier applications®, while the centroid wavelength shift is due to the differing radiation
responses of the Er emission bands. It should be noted that HG-980, the fiber in this FLS, is a commercial product that
is not optimized for radiation hardness.
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Figure 11. Radiation-induced power loss (a) and centroid wavelength shift (b) during a 35 rad/min ®Co radiation exposure of a single
stage superluminescent light source made with standard Lucent HG-980 erbium-doped fiber. The inset in (b) contains the measured
(lines) and calculated (points) output spectra before and after radiation exposure.

4. CHALLENGES

There are several challenges that must be overcome before optical fiber sensors will find wide application onboard
spacecraft. In the case of FBG strain sensing, the interrogation instrumentation must be made rugged, miniaturized, and
space-qualified, and although there do not appear to be any show-stoppers, this will require a significant engineering
effort. A more difficult task is for the spacecraft community to achieve sufficient experience and level of comfort with
this technology to eliminate reluctance to deploy it. At the present time, the most significant driver for choosing fiber
optic sensing is a critical measurement requirement that cannot be met by conventional, electrical strain gages, either
because of technical or cost limitations. It is in these cases that fiber optic sensors have demonstrated their advantages.

In the case of the IFOG, the principal challenges are technical—both the sensor coil and EDF must be hardened against
the space radiation environment. Two improvements are needed for the coil fiber: 1) Development of a pure silica core
PM fiber with radiation hardness equivalent to that of the Sumitomo Z single mode fiber; and 2) Addressing the tradeoff
between birefringence and mode confinement in an 80 pum fiber. The FLS presents the dual challenge of radiation
hardening the EDF through composition and processing changes and developing schemes for compensating the output
power loss and centroid wavelength shift over the on-orbit life of the spacecratft.
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