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SUMMARY

This report provides an overview of potential sensors and sensor-bonding techniques to enable the online
acoustic interrogation of microreactor components and enhance structural health monitoring capabilities.
The report focuses primarily on optical fiber–based acoustic sensors and describes initial experimental
progress toward the deployment of these sensors for microreactor applications. The general approach is to
monitor the resonant frequencies of microreactor components and search for evidence of structural defects
that could indicate imminent failure. If properly identified, then the components could be repaired during
the next reactor outage to prevent costly unplanned shutdowns. The ability to monitor the structural health
of components could also reduce the need for time-consuming visual inspections and reduce staffing to
improve microreactor economic viability. Increased sensor density is also one of the first steps to moving
toward eventual semiautonomous operation. The expected microreactor conditions in which acoustic
sensors must survive are characterized, including temperatures, neutron fluences, thermomechanical
strains, and vibrational frequencies. Optical fiber–based acoustic sensors are identified as an attractive
candidate for acoustic monitoring because of their high accuracy, immunity to electromagnetic
interference, and resiliency in high-temperature, high-radiation environments. Optical fiber–based intrinsic
sensors, such as type-II fiber-Bragg gratings and Fabry-Pérot Cavities (FPCs), are particularly attractive for
a microreactor environment because of their high temperature stability, and FPCs also enable higher
frequency interrogation with a lower sensitivity to radiation-induced drift. This report describes multiple
interrogation systems, but the best interrogation system for a given situation will depend on the specific
microreactor application, including the desired acoustic vibrational amplitudes, modes, and resonant
frequencies.

Initial experiments included fabricating three FPCs, tack-welding these FPCs to stainless-steel pipes or
rods, and performing room-temperature acoustic sensing tests to capture the vibrational frequency content.
Peaks were identified in the measured frequency spectra and compared with the theoretical fundamental
frequencies obtained from Euler-Bernoulli beam theory. Two of the three FPCs measured vibrational
frequencies that generally matched those obtained from theory. Future work will include similar testing on
pipes or other microreactor components with intentional flaws to evaluate the ability to determine changes
in resonant frequencies. Finally, these tests will be repeated at high temperatures, potentially with an
applied thermomechanical stress, to include environmental conditions similar to those for a microreactor
application.

1 INTRODUCTION

The US Department of Energy’s Office of Nuclear Energy Microreactor Program (MRP) is focused on
developing, maturing, and demonstrating technologies that will provide key support for future microreactor
deployment. The MRP involves the joint efforts of multiple national laboratories and universities to
conduct the fundamental and applied research required to meet the programmatic goals. Microreactors
present the opportunity to tap into unconventional nuclear markets, such as remote communities, mining
sites, military bases, and disaster relief programs [1]. The primary differences between microreactors and
light-water reactors or small modular reactors are that microreactors (1) may be fully assembled in a
factory and shipped to a desired location, (2) can be transported with multimodule transportation, and (3)
may be controlled remotely and semiautonomously [2]. The MRP is primarily focused on developing heat
pipe–cooled reactors [3, 4], gas-cooled reactors [5], and liquid metal–cooled reactors. The MRP is



developing two nonnuclear systems to serve as experimental test beds to evaluate the thermal-hydraulic and
thermomechanical behavior of microreactor components. The Single Primary Heat Extraction and
Removal Emulator (SPHERE) [6] facility is being used to evaluate heat rejection from single heat pipes,
and the MAGNET ( Microreactor AGile Non-nuclear Experimental Testbed) facility [7] is being used to
evaluate larger heat exchangers and the integral thermal hydraulic performance of larger microreactor
components, such as an array of heat pipes with electrical heaters to simulate nuclear heating.

One enabling technology for microreactors is the ability to perform in situ structural health monitoring to
identify the need for preventative maintenance, prevent unplanned reactor shutdowns, and reduce operation
and maintenance costs via reduced staffing that would otherwise be needed to perform time-consuming
visual examinations. Because of the small size of these microreactors, large temperature gradients are
expected throughout the reactor core, which could induce differential thermal strains in the reactor core
components. The small core size also lends itself to higher neutron leakage and larger neutron flux
gradients, which could result in spatial variations in radiation-induced swelling or other dimensional
changes that would also cause concern for the structural health of in-core components. Ideally, these strains
could be monitored in real time to ensure the structural health of the core components. To this end, the
MRP is pursuing sensor technologies that can detect structural defects and characterize, for example, the
number, size, location, and orientation of any cracks or other defects that may form. These
health-monitoring technologies could have applications during nonnuclear experimental testing, irradiation
testing in materials test reactors, intermittent measurements during outages, or in situ measurements during
microreactor operations. In the latter case, online health-monitoring capabilities could be integrated into
automated or semiautonomous control systems that combine a wealth of information from sensors and
digital twins to inform the control system’s response [8]. The ability to reduce operation and maintenance
costs through enhanced monitoring technologies and reduced staffing is also crucial for making these
low-power reactor designs economically viable.

One common method for detecting the formation of cracks and other structural defects in structural
components is to monitor the structure’s vibrational modes or resonant frequencies. With appropriate
spatial and frequency resolution, acoustic- or vibration-based damage detection offers the advantage of
determining both the location and size of damage [9]. Identifying the fundamental frequencies, or
eigenfrequencies, and determining how shifts in these frequencies correspond to damage scenarios is a
popular acoustic-based method [10]. Other methods involving changes to modal properties exist, including
methods based on changes in mode shape and mode shape curvature [11]. Unlike some of these more
traditional methods, recent work has investigated the use of machine learning or deep learning for
structural health monitoring [12].

Regardless of the method chosen for structural health monitoring in microreactors, sensors used to obtain
frequency-dependent strain data must (1) provide a sufficiently wide bandwidth to capture the fundamental
frequency information associated with the microreactor component geometry, (2) be embedded or
otherwise integrated into the component’s structure without being too intrusive, and (3) provide accurate
data for an extended duration in a high-temperature, high-neutron/gamma radiation environment.
Additionally, having acoustic sensors that can be spatially distributed throughout the component for
improved damage localization and magnitude determination would be ideal. Finally, it would also be ideal
if these sensors could resolve particularly small frequency changes that may correspond to small defects,
such as microcracks. This report investigates potential acoustic sensors for microreactor vibration
measurements with a focus on optical fiber–based sensors. Initial experimental studies and plans using one
example of an optical fiber–based sensor are also reported.



2 INVESTIGATION OF CANDIDATE VIBRATION SENSORS

2.1 Microreactor Sensing Requirements

Generally, microreactor environments are extremely harsh for sensors, especially acoustic sensors that
must be mechanically coupled to structural components. Acoustic sensors for microreactors must survive
high temperatures, high neutron flux/fluences, and large thermomechanical strains, all while providing the
required spatial, temporal, and strain resolution. Although the specific requirements may vary from one
microreactor design to another and publicly available information for specific microreactor concepts is
limited, this report aims to identify and quantify realistic requirements for acoustic sensors in microreactor
applications.

Numerous thermal modeling efforts regarding microreactor operating temperatures have been conducted to
calculate representative temperatures for microreactor core components. These thermal modeling efforts
have been largely focused on heat pipe–cooled microreactor designs. Mathews et al. modeled a Los
Alamos National Laboratory-developed heat pipe–cooled microreactor operating at 2 MWth whose
maximum monolith and heat pipe surface temperatures were 853 and 815◦C, respectively [3]. Fei et al.
modeled a molten metal–fueled, heat pipe–cooled microreactor using a full-core analysis that resulted in a
maximum heat pipe wall temperatures slightly exceeding 855◦C for some transient conditions [13].
Sterbentz et al. analyzed three different 5 MWth heat pipe–cooled designs and reported maximum
heat-pipe wall temperatures of 712.5, 677, and 712.5◦C for each of these designs [14, 15]. Therefore, for
heat pipe–based microreactors that integrate heat pipes within monolithic metal structures, acoustic sensors
would be required to survive temperatures up to 800–900◦C to provide data regarding the structural health
of the monolithic core block.

Publicly available data for the expected neutron flux or fluence to which microreactor components would
be exposed are more limited. Sterbentz et al. reports a fast flux at the core midplane of 5.5 × 1013 n/cm2/s
for a heat pipe–cooled microreactor [14]. For constant operation times of 1, 5, and 20 years, this would
correspond to fast neutron fluences of 1.73 × 1021, 8.67 × 1021, and 3.47 × 1022 n/cm2, respectively.
Depending on the desired component lifetime and its location in the core, acoustic sensors could be
required to survive fast neutron fluences as high as 1022 n/cm2, assuming that periodic sensor replacement
is infeasible because of the required bonding between the sensors and the monolith or heat pipe walls. The
radiological hazards associated with sensor replacement would likely require remote welding/bonding
operations that would be particularly challenging, especially when bonding fragile sensors. These
time-consuming operations would likely mitigate any cost benefits associated with the enhanced
health-monitoring capabilities gained by using the acoustic sensors.

Like neutron flux, little information is available regarding thermally induced strain. Petrie et al. determined
stresses and strains at a location where an embedded sensor would exist within a heat pipe–cooled
monolithic block with cartridge heaters to simulate microreactor heating in Idaho National Laboratory’s
SPHERE facility [16]. With a relatively small test article and a relatively low thermal power of ∼1,900 W
(250.2 kW/m2 heat flux to the heat pipe), the thermal strain on the outer surface of the test article ranged
from 40 µm/m with BN paste filling the gap between the cartridge heater and test article to as high as
74 µm/m with a He-filled gap. The maximum y-axis and z-axis stresses occurred on the inner surface of the
test article with the lowest temperatures. These stresses were 198 and 224 MPa, respectively, when using a



He-filled gap. Significantly higher stresses and strains may be expected in an actual microreactor operating
with thermal powers on the order of approximately megawatts thermal and potentially having much larger
thermal temperature gradients.

Bonded acoustic sensors would also be subject to differential thermal stresses due to the difference in the
thermal expansion coefficient between the optical fiber and the test article. These stresses will depend on
the test article thermal expansion coefficient, test article temperature when the sensor-test article bond
occurs, and length of the bonded region. For example, these differential stresses can be reduced by using a
smaller bonded length for an Fabry-Pérot Cavity (FPC) vs. bonding a long length of fiber that contains
multiple fiber Bragg gratings (FBGs) to provide spatially distributed measurements. Without taking
advantage of shorter embedded lengths, embedded fiber-optic sensors can survive differential stresses up to
500◦C in Al [17] and ∼450◦C in stainless steel [18, 19] before the fiber breaks or de-bonds from the test
article. Future work under this activity will focus on identifying appropriate sensors and bonding
techniques, including the length of the embedded region, to survive the expected operating temperatures for
various microreactor applications.

Finally, it is important to consider the range of frequencies that may contain pertinent information for
structural health monitoring in a nuclear microreactor. Low fundamental modes on the order of hertz to
tens of hertz associated with the vibration of the entire structure of a large power reactor are expected,
based on the theoretical works in Luz et al. [20] and the computational methods performed in Verma et al.
[21]. Higher resonant frequencies are expected for reactor system components, such as pipes or individual
fuel assemblies, and these frequencies could be in the range of hundreds of hertz to tens of kilohertz
[22, 23]. Smith and Agarwal observed significant contributions to the frequency spectrum in the range of 1
to 10 kHz from acoustic receivers mounted to the pressure vessel wall of the Advanced Test Reactor [24].
Finally, even higher frequencies could be monitored in the range of 50 to 300 kHz, which is associated with
acoustic emission frequencies of various reactor components [25]. Considering that vibrational frequencies
could vary over several orders of magnitude, acoustic sensors should be chosen based on specific
application-based requirements. For the purposes of this work, interrogation techniques that can measure
resonant frequencies on the order of hundreds of kilohertz were evaluated to extract as much vibrational
information as possible for structural health-monitoring purposes.

2.2 Candidate Sensors

Many types of vibration sensors exist, but few are capable of in situ deployment in the aforementioned
microreactor environment. Noncontact sensors are not being considered in this report because of the
difficulties in optically accessing the component and aligning laser beams, especially if access requires
penetrating a pressure boundary. Opaque coolants such as liquid metals and some liquid salts would also
be incompatible with noncontact optical measurements of in-core components. Noncontact methods could
be considered for some ex-core components.

The three major types of contact sensors for acoustic monitoring include resistive strain gauges,
piezoelectric accelerometers, and fiber-optic sensors. Resistive strain gauges can provide reliable
measurements of static and dynamic (on the order of tens of hertz) strain during irradiation testing to
moderate fast neutron fluences up to ∼1020 n/cm2 in air or under pressurized water conditions (300◦C or
less) [26, 27]. Resistive strain gauges are also relatively large, are generally limited to temperatures below
400–500◦C, and have lower sensitivity, which makes them better suited for monitoring large static strains



than smaller dynamic strains.

Piezoelectric sensors such as Bi4Ti3O12, LiNbO3, BaTiO3, Pb[ZrxTi1−x]O3 (0 ≤ x ≤ 1), and ZnO generally
have shown significant degradation during neutron irradiation [28, 29]. Aluminum nitride piezoelectric
sensors have survived fast neutron fluences up to 6 × 1020 n/cm2, although some pulse echoes could no
longer be observed and other amplitudes decreased by ∼57% [28]. Measurements of the AlN sensor could
only be resolved after reactor shutdown, not during reactor operation. Magnetostrictive transducers were
found to be more tolerant of fast neutron irradiation up to 6 × 1020 n/cm2 and could be considered for
measuring vibrational frequencies on the order of hundreds of kilohertz or lower [28]. Resistive and
piezoelectric sensors also suffer from electromagnetic interference.

Bulk amorphous fused silica, which is the primary choice for optical fiber material, has reasonable optical
transmission in the near infrared wavelength region that is commonly used for sensing, even at fast neutron
fluences of 2.4 × 1021 n/cm2 [30]. Work is currently being conducted to test optical fibers in higher
fluences. For example, ongoing tests in the High Flux Isotope Reactor have now achieved a maximum fast
neutron fluence of ∼1021 n/cm2 and plan to reach a maximum fast neutron fluence as high as
~3 × 1021 n/cm2 [31]. Those tests show minimal signal attenuation in optical fibers with pure silica core
and F-doped silica cladding. Other tests have shown a very manageable signal attenuation of ∼6 dB in
optical fiber–based sensors with an irradiated length of ∼40 cm that was exposed to a fast neutron fluence
on the order of ~3 × 1020 n/cm2.

Aside from the knowledge of survivability at higher fluences, optical fibers also offer several other
advantages over electrical-based sensors, such as being extremely small (~100 µm diameter), having
immunity to electromagnetic interference, and having distributed sensing—or at least quasidistributed
sensing capabilities, depending on the application. The extremely small size of optical fibers is especially
useful in microreactor applications because the sensor does not have significant volume and does not
require significant geometric changes to the component to accommodate the sensor (e.g., thinning of
structural walls). Because of these advantages, the remainder of this document focuses on optical
fiber–based acoustic sensors.

2.3 Fiber-Optic Sensors

Various intrinsic or extrinsic optical fiber–based sensors could be considered for acoustic sensing in
microreactor applications. These sensors must be robust under the temperatures and fluences described in
Section 2.1. Unmodified optical fibers can be used to perform distributed strain sensing using optical
frequency domain reflectometry (OFDR) or optical time domain reflectometry (OTDR) by analyzing light
that is reflected along the length of the fiber from Rayleigh or Brilloiun scattering [32]. OFDR-based
measurements are limited in the maximum vibrational frequency that can be resolved due to the time
required to scan a tunable laser. For example, the highest scan rate for state-of-the-art OFDR-based sensing
systems provided by Luna Innovations Inc. is 250 Hz.

Unmodified optical fibers are commonly interrogated using OTDR to perform distributed acoustic sensing
[33]. The challenge with OTDR-based techniques is that short laser pulse (< 10 ns) widths are required to
achieve even meter spatial resolution—too large for microreactor components—at frequencies on the order
of kilohertz. Higher frequency vibrations can be resolved at the cost of shorter sensing lengths. Short pulse
widths also translate to weaker signals that limit the total sensing length due to intrinsic fiber attenuation,
reduce the strain sensitivity, and are more susceptible to radiation-induced attenuation of the light signal.



FBGs can be inscribed into optical fibers to enhance the reflectivity over a very narrow wavelength range.
A depiction of an FBG is shown in Figure 1 (b). An FBG is a modulation of the refractive index along the
core of an optical fiber, which is typically achieved by inscription with a high-powered laser through a
phase mask or a point-by-point technique. When light is transmitted down the fiber and impinges upon the
grating, the reflected spectrum of light contains one peak, often with side lobes, as a consequence of
constructive interference of the various light contributions from each modulation along the grating at
slightly different phases. Type-II FBGs are inscribed with a femtosecond-laser and are inscribed above the
damage threshold of glass, which results in an FBG with survivability up to 1,000◦C [34]. Zaghloul et al.
demonstrates that type-II FBGs in random air-line fibers showed a less than 5 dB reduction in FBG peak
strength after > 1 × 1020 n/cm2 [35]. The survivability of type-II FBGs at higher fluences is unclear but is
being studied, according to Petrie et al. [31]. FBGs could be suitable candidates for microreactor health
monitoring, depending on the method of interrogation, as discussed in Section 3.2. However, there may be
challenges in identifying a suitable technique for bonding long lengths of fiber containing multiple FBGs to
microreactor components and ensuring that the fiber survives at high temperatures due to the large
difference in thermal expansion coefficients of most metals and the optical fibers. Additional work is
needed to evaluate temperature limitations for various bonding techniques.

FPCs are often used for single-point static or dynamic strain monitoring. These cavities comprise an air
gap between either two optical fibers (i.e., an intrinsic FPC) or an optical fiber and an external reflective
surface (i.e., an extrinsic FPC). A depiction of an FPC is shown in Figure 1(a). Similar to distributed
measurements, FPCs can be interrogated using time domain or frequency domain interferometry. Light is
partially reflected at the first fiber-air interface and transmitted to the second interface between air and a
second fiber or other material where an additional reflection occurs. The two reflected light beams combine
to form an interference pattern in the time or frequency domain. In the frequency domain, this manifests as
a series of peaks. Because FPCs can include highly reflective surfaces and can be interrogated using
intense laser-based light sources, these sensors can withstand significant radiation-induced signal
attenuation. Depending on the interrogation technique, as discussed in Section 3.2, FPCs are capable of
measuring strains on the order of micrometers per meter or lower at frequencies on the order of megahertz.
One disadvantage of using FPCs is that they can typically only provide one spatial measurement, although
efforts have been made to demonstrate cascaded FPCs within one optical fiber [36]. Alternatively, the
Spallation Neutron Source at Oak Ridge National Laboratory currently deploys >20 FPC-based vibration
sensors using a multichannel data acquisition (DAQ) system [37]. Therefore, there is precedent in
deploying an array of FPC-based vibration sensors in a very high radiation environment. FPC sensors can
also provide a stable response at temperatures up to 1,100◦C [38].

For these reasons, the authors chose to focus initially on experimental work under this program, primarily
on the development of FPC-based sensors for in situ acoustic monitoring of microreactor components.
FBGs could be bonded to microreactor components over much shorter lengths than longer lengths of fibers
with multiple inscribed FBGs. This could enable higher temperature operation by reducing the thermal
strain on the fiber and the FPC. However, type-II FBGs may be a viable option for some applications that
require fine spatial resolution at frequencies on the order of kilohertz or lower. Section 3.2 discusses
techniques for interrogating FPCs, some of which could also be applied to FBGs.



Figure 1. (a) Depiction of an FPC; (b) depiction of an FBG.

3 METHODS

3.1 Theoretical Calculations

Theoretical calculations are performed to provide a reference against which the experimentally measured
vibrational frequencies can be compared. For the experimental work considered herein, the test articles
used for vibrational measurements were either metal pipes or rods. Their free vibration is described by
Bernoulli-Euler beam theory. The test articles are freely hanging and can be considered beams in a
free-free configuration.

The natural angular frequencies that satisfy the governing free vibration equation for a beam are defined as

ωn = βn
2
√

EI/ρL, (1)

where ωn is the angular frequency of the nth mode, βn is the wavenumber of the nth mode, E is the Young’s
modulus, I is the area moment of inertia, and ρL is the linear density.

The eigenvalues associated with the solution are given as βnL, where L is the length of the beam. For the
boundary conditions associated with a free-free configuration, the eigenvalues that satisfy the governing
differential equation are defined as

cosh(βnL) cos(βnL) − 1 = 0. (2)

Disregarding βnL = 0, the first four roots of Eq. (2) result in the following fundamental frequencies
( f1 through f4) for a free-free beam after inserting these roots into Eq. (1) and converting to ordinary



frequency:

f1 =
22.373
2πL2

√
EI
ρL
, (3)

f2 = 2.757 f1, (4)

f3 = 5.404 f1, (5)

f4 = 8.402 f1. (6)

Silva, Nascimento, and dos Santos [39] provide a complete derivation that leads to these fundamental
frequencies. In Eq. (3), I can be determined by:

I =
π

64
(d4

o − d4
i ), (7)

where do and di are the outer and inner diameter of the test article, respectively (di = 0 for a rod). ρL can be
determined by:

ρL =
π

4
(d2

o − d2
i )ρ, (8)

where ρ is the volumetric density of the test article.

3.2 Interrogation Systems for Optically Based Sensors

3.2.1 Spectrometery System

FPCs can be interrogated using several inexpensive components—such as an optical circulator, broadband
light source, and line-scan camera or spectrometer—while achieving suitable performance to monitor
vibrations in a test article, as shown in Figure 2(a). In such a configuration, the light source, such as a
superluminescent diode, injects light into an FPC through the optical circulator. The light reflected from
the two interfaces within the FPC is coupled back into the optical fiber and produces a spectral interference
pattern at the spectrometer after traveling back through the circulator. The interference pattern is read out
through a DAQ interface. The optical intensity of the spectrum (IR) returned to the spectrometer is given by

IR(λ) = I0

[ (√
R1 −

√
R2
)2
+ 4
√

R1R2 sin2(ϕ/2)(
1 −
√

R1R2
)2
+ 4
√

R1R2 sin2(ϕ/2)

]
, (9)

where R1 and R2 are the reflectivites of the fiber-cavity and cavity-fiber interfaces, respectively; I0 is the
intensity of the incident light; and λ is the photon wavelength.

The optical phase difference between the two reflections, ϕ, is given by

ϕ =
4πngl
λ
, (10)



where ng is the group index of the fiber, and l is the length of the FPC cavity. The component strain can be
determined from the change in the FPC length, ∆l(t) = l(t) − l0, relative to the initial FPC length, l0, after
dividing by l0.

Using a phase tracking approach, the strain, ε(t), as a function of time, t, can be determined by tracking the
relative change in any peaks in the interference pattern:

ε =
∆l(t)

l0
=
∆λ(t)
λ0
, (11)

where λ0 = λ(t0). Recording λ(t) over the time interval [t, t + T ] produces a series of strain measurements
that can be used to calculate the power spectral density S T (t) of the strain over interval T to characterize
the vibrational modes of the test article. Namely,

S T (t) =
1
T
F
{
ε∗(−t) ⊗ ε(t)

}
, (12)

where F {·} indicates the Fourier transform, and ∗ indicates the complex conjugate.

Using a broadband source and spectrometer to monitor acoustic strains offers several benefits, including a
relatively simple optical setup and the potential to interrogate FPCs or an array of FBGs through
wavelength division multiplexing. Sampling rates on the order of ∼10 kHz are possible, depending on the
specific spectrometer used [40]. However, this requires a strong light source and minimal signal attenuation
to allow for short integration times. Moreover, the wavelength resolution of most spectrometers is typically
far less than the wavelength accuracy of tunable lasers, which results in much lower strain resolution when
using broadband light and a spectrometer vs. a tunable laser-based interrogation system. Signal processing
using curve fitting methods to identify peak maxima in an optical spectrum can improve measurement
resolution but still requires a sufficiently large number of samples and measurement stability to be useful
[41]. For these reasons, the combination of a broadband source and spectrometer could be suitable for
some microreactor applications, depending on the specific strain, spatial, and temporal requirements and
the expected radiation-induced attenuation of the light signal.

3.2.2 Swept Wavelength-Based System

One alternative to using a broadband light source for interrogating an FPC is to use a tunable laser-based
interferometry system, as shown in Figure 2(b). One such system is the Hyperion series of instruments
(Luna Innovations Inc., Blacksburg, Virginia). These instruments rely on a tunable laser source that is
swept over a wavelength range on the order of 10 to 100 nm. The transmitted light is compared with a
known reference wavelength to produce an interference pattern, which is recorded with a photodetector
(PD1) to track the instantaneous wavelength of the tunable laser source. Light that is reflected from the
FPC is returned to a second photodetector (PD2) that measures the reflected intensities as the wavelength
of the tunable laser is varied. This produces a spectral interference pattern that is the same as that in
Eq. (9). The strain calculation and the subsequent PSD operation proceed in a manner similar to the
spectrometer-based setup.

Swept wavelength-based interferometrs (SWIs) benefit from higher wavelength resolutions—and
associated strain resolution—of 0.1 pm and light intensities compared with what can be achieved using a
broadband light source and spectrometer. However, this comes at the cost of a slower DAQ rate on the



Figure 2. Optical interrogator toplogies considered for vibration measurements, including (a) a
two-photodetector, swept wavelength spectral interrogator, (b) a spectrometer-based FPC

interrogator, and (c) a low-coherence interferometry (LCI) system.



order of kilohertz. Therefore, SWI-based measurement systems are a suitable choice for interrogating
FPCs or FBGs for applications that require high signal intensities—or large radiation-induced light
attenuation—to monitor components with resonant frequencies in the hertz to kilohertz range. Advanced
signal processing and demodulation strategies were developed to extend the accuracy of phase-tracking
techniques with SWI measurements to a wider range of displacements [42, 43].

3.2.3 Low-Coherence Interferometry System

An all-fiber LCI system can be used to interrogate FPC sensors with nanometer displacement precision at
extremely high sampling rates. For example, previous works have demonstrated DAQ at frequencies of
> 100 kHz [44, 45], and higher frequencies could be resolved using the same optical interferometer with a
faster DAQ system. The LCI system used in the present work comprised a broadband, low-coherence light
source coupled into an FPC through an optical circulator before returning through the circulator and
entering a Mach-Zehnder interferometer (MZI). The MZI comprises a local interferometer in which the
two arms of the MZI are offset by a constant phase z0 ∈ [−π, π] and are collocated in a benign environment
to mitigate unsymmetrical polarization changes between each leg. The light entering each leg passes
through a delay line and a phase shifter before being reflected by a Faraday mirror and recombining in a
3 × 3 coupler. After recombination, the interferring light enters two photodetectors, and the change in FPC
length can be demodulated from the interference patterns measured by the two photodetectors.

As described previously [44, 45], the time-dependent FPC length in the sensor can be determined based on
the normalized ratio R(t) = A1(t)/A2(t) of the measured signals from PD1 (A1) and PD2 (A2). This assumes
that the light source has a sufficiently large coherence length l2c ≫ λ|x(t)|, where lc is the coherence length
of the light source, and x(t) is the optical path length difference between the local and sensing
interferometers. In practice, the delay lines in the local interferometer are adjusted until the path length
differences in the local interferometer match the FPC length in the sensor to within lc. When the
assumption regarding lc is satisfied, the length of the FPC can be demodulated from one of two estimates of
the change in cavity length, ∆l1(t) = l(t) − l0 and ∆l2(t) = l(t) − l0, relative to an initial length l0 = l(t0):

∆l1(t) =
λ

4π

[
arctan

( 1
tan(z0)

− 1
R(t) sin(z0)

)]
, (13)

∆l2(t) =
λ

4π

[
arctan

( R(t)
sin(z0)

− 1
R(t) tan(z0)

)
− z0

]
. (14)

These two estimates produce similar values for ∆l(t), except near R = ±1 or when the normalized signals
from PD1 and PD2 are equal in magnitude. The change in FPC length can be demodulated without error if
the sampling frequency is high enough to avoid phase ambiguity. In order to produce valid measurements,
the sampling frequency fs must satisfy

fs ≥
32π f0∆x

λ(1 − |1 − 2z0/π|)
, (15)

where f0 is the frequency of the deflection ∆x [45]. The change in FPC length over time through the
continuous summation of discrete samples at time ti is

∆l(ti) = ∆l(ti−1) +

∆l1(ti) − ∆l1(ti−1), if |4π∆l2(ti) + z0λ| > |4π∆l1(ti)|,
∆l2(ti) − ∆l2(ti−1), otherwise

. (16)



Table 1. Comparison of optical interrogation systems.

Method Acquisition rate (kHz) Signal-to-noise ratio Displacement resolution (nm) Reference

Spectrometry ∼10 Low <5
SWI ∼1 High ∼2 [42, 43]
LCI >100 Low ∼2 [45, 44]

Figure 3. Schematic of an FPC sensor, including the temporary epoxy used to hold the fibers inside
the capillary tube before fusing the capillary tube to the fibers with a laser.

The specifics of this and several other related phase demodulation strategies have been developed and are
implementable in hardware to achieve sampling rates >1 MHz [45, 44].

4 EXPERIMENTAL PLANS AND INITIAL RESULTS

4.1 Fabry-Pérot Cavity Fabrication

Extrinsic FPCs were fabricated by locally melting a commercially available Ni capillary tube at both ends
that contains metal-coated optical fibers inserted from both ends (Figure 3). This minimizes the mechanical
strain to which the fiber is exposed at high temperatures because the metal test articles expand more than
the fused silica optical fibers. Using a Ni capillary tube also makes it easier to join the FPC to the test
article via standard welding/joining techniques. The selection of commercially available metal-coated
optical fibers is limited to Al, Au, or Cu coatings. Nickel coatings are commercially available in short
lengths on the order of centimeters, which is long enough to fabricate an FPC but not long enough to route
the Ni-coated portion of the fibers outside a high-temperature experiment. Conventional polymer-coated
fibers can survive temperatures up to ∼1,000◦C, but they are very fragile after the polymer coatings burn
off. Copper-coated fibers were chosen because of the high melting point of Cu, its flexibility for ease in
handling, and its compatibility with the Ni capillary tubing. The Cu-coated fibers (IVG Fiber) had a
Ge-doped 9 µm fused silica core, a 125 µm pure fused silica cladding, and a coating diameter of 165 µm.

An FPC was formed by inserting two sections of the the Cu-coated fiber into a Ni capillary (Vici Valco)
with a 178 µm inner diameter and a 355 µm outer diameter. The ends of the two fibers were first cleaved to
produce a flat surface and then inserted into a ∼25 mm section of the Ni capillary. One fiber was
temporarily epoxied at the point at which it enters the capillary tubing so that it terminated near the tubing
center. The second fiber was manually manipulated while measuring the FPC length using a tunable



Figure 4. Optical spectra of the FPCs attached to specimens 1, 2, and 3 acquired using a Hyperion
si155 instrument.

laser-based interrogation system, as described in Section 3.2. Once the proper cavity length was achieved
(generally 100–400 µm), the second optical fiber was epoxied at the point at which it enters the capillary
tubing. Next, a Renishaw AM400 laser powder bed fusion system was employed to locally fuse the Ni
capillary tube to each fiber. The sensors to be fused were laid flat on a stainless-steel hearth in the focus of
the scanning laser. A 5 mm section, distanced ∼5 mm from the ends of the two fibers, was scanned using a
laser power of 200 W and raster speed of ∼600 mm/s. The laser scanned perpendicular to the axial
direction of the sensor with a distance between consecutive scans set to 400 µm. The resulting optical
interference spectra obtained from the FPCs used with each specimen are shown in Figure 4.

4.2 Demonstration of Optical Interrogation System

Initial experiments are being performed to demonstrate the capability to detect the fundamental vibrational
frequencies in metal pipe or rod specimens. These experiments will be repeated after introducing a defect
or changing boundary conditions to determine whether the interrogation system can detect any changes in
resonant frequencies. If successful, similar experiments will be performed at relevant microreactor
temperatures to determine whether the FPCs are well suited for high-temperature applications or if other
sensors should be investigated. Table 2 summarizes the three specimens that are being tested, which
include pipes with varying dimensions and a solid rod. All specimens were fabricated of 304 stainless steel.

A diagram of the experimental setup for eventual high-temperature testing is shown in Figure 5. The
specimen will be suspended in the furnace via a string or wire, which will be fed through 1.6 mm (1/16 in.)
diameter holes located near the top of each specimen. FPCs will be bonded to the specimens by placing
stainless-steel strips over the FPCs and tack-welding the strips to the specimen on either side of the FPC.
This configuration will enable the FPC to be tested at high temperatures with a reference piezoelectric
accelerometer located outside the high-temperature region for comparison. The FPC may be monitored
with the LCI system, as indicated by Figure 5, or the Hyperion (SWI) system. The accelerometer will be
monitored with an off-the-shelf DAQ system from National Instruments.



Table 2. Experimental test matrix for measuring vibrational frequencies with high-temperature
FPCs.

Specimen Outer diameter (cm) Inner diameter (cm) f1 (Hz) f2 (Hz) f3 (Hz) f4 (Hz)

1 1.27 1.17 90 249 488 759
2 1.905 1.73 135 371 727 1131
3 1.27 N/A 66 183 359 558

Figure 5. Planned experimental setup to measure the vibrational frequencies of various specimens at
high temperatures using an FPC and at low temperatures using an accelerometer.



Figure 6. (a) The three specimens described in Table 2; (b) Close-up view of the FPCs bonded to each
specimen by tack welds.

4.3 Initial Experimental Results

Figure 6 shows photographs of FPCs that have been bonded to each of the three specimens described in
Table 2. The expected fundamental frequencies for each specimen were calculated per Eqs. (3)–(8) and are
summarized in Table 2.

Initial measurements of each specimen were made at room temperature by suspending the specimen with
metal wire. The FPCs were interrogated using the LCI system to obtain dynamic deflections with a
sampling rate of 100 kHz. Impulse responses were observed by striking the samples with a metal rod.
Figures 7, 8, and 9 show the vibrational amplitudes as a function of time and frequency for specimens 1, 2,
and 3, respectively. The frequency content was obtained by performing a fast Fourier transform of the
time-dependent displacement data over 0.5 s intervals. The Fourier transforms were performed in Python
version 3.9.7 using the numpy.fft.fft function in NumPy version 1.21.2. Theoretical frequencies from
Table 2 are shown as black dashed lines in the plots. These data are also visualized in 2D plots for each
specimen at the 0.5 s time interval after striking the specimens in Figure 10. The signal amplitude is
normalized to each respective maximum amplitude in Figure 10.

The measured vibrational frequencies generally matched the theoretical values, and better agreement was
observed in specimens 2 and 3. The lowest resonant frequency measured from the FPC that was bonded to
specimen 1 matched theoretical values. Some evidence suggests experimental peaks near the second and



Figure 7. Measured frequency content obtained from specimen 1 (blue lines) compared with
theoretical fundamental frequencies (black dashed lines).



Figure 8. Measured frequency content obtained from specimen 2 (blue lines) compared with
theoretical fundamental frequencies (black dashed lines).



Figure 9. Measured frequency content obtained from specimen 3 (blue lines) compared with
theoretical fundamental frequencies (black dashed lines).



Figure 10. Theoretical fundamental frequencies and measured frequency content over 0.5 s intervals
after striking (a) specimen 1, (b) specimen 2, and (c) specimen 3.



third theoretical frequencies, but the agreement between measured vs. theoretical frequencies is generally
not as strong in specimen 1 as in specimens 2 and 3. These discrepancies could be related to the relatively
weak signal observed from the FPC, as indicated in the optical spectra in Figure 4). This weak signal likely
contributed to the lower signal-to-noise ratio in Figure 10 for specimen 1. Alternatively, the bonding
between the sensor and the specimen may have affected mechanical strain coupling from the specimen to
the sensor. Finally, it is important to note that general discrepancies between theoretical fundamental
frequencies and measured peaks could be due to the specimens not perfectly representing a free-free
EulerBernoulli beam. All sensors and specimens will be tested to ensure good agreement between
measured and theoretical resonant frequencies before introducing structural defects, changing structural
boundary conditions, or testing at high temperatures.

5 CONCLUSION

This report summarizes potential sensors, interrogation systems, and bonding techniques for making
acoustic measurements of microreactor components for structural health-monitoring purposes. After
evaluating the different types of acoustic sensors and the expected constraints of microreactor applications,
optical fiber–based sensors were identified as a suitable candidate for in situ acoustic sensing. Sensors such
as type-II FBGs and FPCs are two particular optical fiber–based sensors that may be well suited to survive
in the extreme environment of a microreactor, which includes high temperatures, neutron fluence, and
significant thermomechanical strain. FPC sensors were selected for initial evaluations because of their
expected radiation hardness and their compatibility with high-frequency interrogation systems. Preliminary
experimental work was conducted to fabricate three FPCs and bond them to pipe and rod specimens to
eventually measure vibrational frequencies during high-temperature testing with and without structural
defects or changing boundary conditions. Initial room-temperature tests showed that the peaks in the
measured frequency spectra obtained experimentally with an LCI interrogation system show good
agreement with theoretical fundamental frequencies for two of the three sensors. Future work will perform
similar tests at high temperatures to determine whether the FPCs can operate at temperatures relevant to
microreactor applications.
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