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SPECIAL TOPIC — Nanophotonics

Ultrasonic sensitivity-improved fiber-optic Fabry–Perot
interferometer using a beam collimator and its application for

ultrasonic imaging of seismic physical models∗

Zhi-Hua Shao(邵志华), Xue-Guang Qiao(乔学光), Feng-Yi Chen(陈凤仪), and Qiang-Zhou Rong(荣强周)†
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An ultrasonic sensitivity-improved fiber-optic Fabry–Perot interferometer (FPI) is proposed and employed for ultra-
sonic imaging of seismic physical models (SPMs). The FPI comprises a flexible ultra-thin gold film and the end face of a
graded-index multimode fiber (MMF), both of which are enclosed in a ceramic tube. The MMF in a specified length can
collimate the diverged light beam and compensate for the light loss inside the air cavity, leading to an increased spectral
fringe visibility and thus a steeper spectral slope. By using the spectral sideband filtering technique, the collimated FPI
shows an improved ultrasonic response. Moreover, two-dimensional images of two SPMs are achieved in air by recon-
structing the pulse-echo signals through using the time-of-flight approach. The proposed sensor with easy fabrication and
compact size can be a good candidate for high-sensitivity and high-precision nondestructive testing of SPMs.

Keywords: fiber-optic sensor, Fabry–Perot interferometer, seismic physical model
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1. Introduction
Ultrasonic imaging of seismic physical models (SPMs)

can provide us with the structural information and mechanical
characteristics of specific objects and fields.[1–4] The SPMs
are laboratorial miniature simulation structures according to
the proportion of geologic composition and site. As one
of the most important techniques for nondestructive detec-
tion of SPMs, ultrasonic imaging of SPMs bridges the gap
between theories and field-scale experiments, thereby allow-
ing us to study the changes of acoustic response in a nearly
ideal setting without a rock matrix. The traditional detec-
tion approach usually employs the piezoelectric transducers
(PZTs).[5–7] However, there are some inherent drawbacks in
these current-driven transducers: the large diameter or length
in the millimeter range limits the imaging resolution and the
detection sensitivity decreases as the size reduces; the reso-
nant detection mechanism only offers a narrow bandwidth of
detection frequency; the ferroelectric component materials are
highly sensitive to electromagnetic disturbances, resulting in
large systematic noise and signal distortion; the ultrasonic cou-
plant (such as water and water-soluble polymer gel) is essen-
tial to enhance the acoustic coupling and improve response
sensitivity. One alternative is to search for a different and su-
perior detection mechanism from PZT. As an optical mean for
ultrasonic detection, fiber-optic sensors have attracted signif-
icant attention due to their distinct advantages, such as com-
pact size, easy fabrication, high precision, multi-functionality,
multiplexing, good stability, and immunity to electromagnetic

fields.[8–10] These ultrasonic sensors possess high response
sensitivities with controllable cross-sensitivity. Both the flex-
ible waveguide structure and stabilized ultrasonic transmis-
sion contribute to the single-point ultrasonic detection in elec-
tromagnetic circumstances which are difficult to access. For
decades, various types of fiber-optic ultrasonic sensors, based
on fiber gratings,[11] fiber interferometers,[12] fiber lasers,[13]

tapers,[14] and couplers,[15] have been proposed and widely
applied to ultrasonic detection.

Fiber-optic Fabry–Perot interferometers (FPIs) have in-
creasing applications in ultrasonic imaging of SPMs due
to their unique advantages of micro size, easy fabrication,
high precision, and good stability (immune to lowfrequency
disturbances).[16–18] In the mainstream, the diaphragm-based
FPIs are preferred for their considerable sensitivity and high-
frequency response in pressure and acoustic wave measure-
ments. With the ultrasonic waves (UWs) loaded on the di-
aphragm, the diaphragm vibration causes the length change
of the Fabry–Perot (FP) cavity and finally leads the inter-
ference spectrum to shift. Most importantly, high sensitiv-
ities are always favored in ultrasonic detection, which are
largely determined by the material and structure of the de-
signed FP cavity. A variety of optical thin films with low
Young’s modulus have been developed as the FP reflections,
such as graphene,[19] silica,[20] parylene-C polymer,[21] and
gold[22] or silver diaphragm.[23] These optical films need to
be thin enough (on a nanometer scale or smaller) to achieve
significant sensitivities according to the diaphragm deflection
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model,[24–26] and most of these approaches require a water-
proof packaging technique so that they can work underwater
to realize effective ultrasonic coupling and ensure response
sensitivity. Zhang et al. proposed an FPI ultrasonic sensor
by coating a section of hollow core fiber with a 353ND di-
aphragm. A signal-to-noise ratio (SNR) of 31.22 dB was
obtained and interface information could be distinguished in
SPM imaging.[27] To enhance the ultrasonic response, Rong et
al. employed an ultra-thin gold film to sense the weak UWs
in air and two-dimensional (2D) SPM images were success-
fully reconstructed without a water tank.[22] However, these
diaphragm-based FPI sensors have their own unavoidable sen-
sitivity limitations in ultrasonic detection because of their as-
sembled fabrications and multilayer structures. On the other
hand, a larger ultrasonic response can be expected via the
improvement on ultrasonic signal interrogation. Generally,
the spectral sideband filtering technique is utilized for high-
frequency ultrasonic detection, in which the laser wavelength
is held at the linear slope of the interference spectrum to per-
form intensity-referenced demodulation. Thus, a lager spec-
tral slope contributes to a higher response sensitivity.[28,29] In
the fabrication of fiber-optic FPIs, a longer cavity length leads
to a smaller free spectral range (FSR) and thus a larger spec-
tral slope. However, the reducing FSR also narrows the effec-
tive spectral filtering range, which may bring signal distortion.
Meanwhile, owing to the increased light propagation loss, the
fringe visibility of the interference pattern is largely reduced,
resulting in a poor ultrasonic response. Fortunately, the re-
ported beam collimation in a graded index fiber can be used
to effectively reduce the optical loss inside the FP cavity and
largely enhance the fringe visibility by reducing the optical
divergence angle,[30,31] which contributes to a much steeper
spectral slope for highly sensitive sideband filtering. Thus,
a fringe visibility-improved FPI using beam collimation may
open a new road to the improvement of the ultrasonic sensitiv-
ity in SPM imaging.

In this paper, an ultrasonic sensitivity-improved fiber-
optic FPI is designed and experimentally demonstrated for ul-
trasonic imaging of SPMs. The FP cavity comprises a flexible
ultra-thin gold film and the end face of a graded-index multi-
mode fiber (MMF), which are enclosed in a ceramic tube. The
MMF in a specific length has the capability to collimate the di-
verged light beam and compensate for the light loss inside the
FP cavity. Thus, the fringe visibility of the interference spec-
trum is significantly enhanced, leading to an increased spec-
tral slope. By using spectral sideband filtering, the sensing
structure shows an improved response sensitivity to UWs. Fi-
nally, 2D images of SPMs are achieved in air by reconstructing
pulse-echo signals using the time-of-flight approach.

2. Sensor fabrication and sensing mechanism
2.1. Sensor fabrication

Figure 1(a) presents a schematic diagram of the fiber-
optic FPI sensor. A ceramic ferrule with a 135 µm inner

diameter and a 2.5 mm outer diameter is used as a housing
tube. One end-face of the ceramic ferrule is firstly coated
with a 130-nm-thick gold film. The commercial ultra-thin
gold film possesses high optical reflectivity and also deforms
significantly under UWs, which is a good candidate for the
fabrication of functioned diaphragm-based ultrasonic sensors.
Before the coating, the end-face of the ceramic ferrule needs
to keep contaminant-free so that it can absorb the gold film
by van der Waals force. Although the intermolecular forces
are weak, it is strong enough to bond the gold film firmly be-
cause of the ultra-thin thickness. Afterwards, a 260-µm-long
graded-index MMF with flat cleaved end-faces is spliced to a
leading-in standard single mode fiber (SMF) as a beam col-
limator and then inserted into the center hole of the ceramic
ferrule. Thus, an air gap is formed by the fiber end (R1) and
gold film (R2), which can be adjusted as needed by chang-
ing the insertion depth of the SMF–MMF structure. Finally,
the fiber pigtail is bonded to the ceramic ferrule by an epoxy
resin adhesive to ensure the structural stability. When the sen-
sor probe is illuminated with a laser source, the input light
is partially reflected by R1 and R2, respectively. Due to the
phase difference between the two reflections from the air gap,
a well-defined FPI probe is achieved for ultrasonic detection
as shown in Fig. 1(b). The fibers are all fusion spliced by a
Fujikura arc fusion splicer (FMS-60 S), of which the arc dis-
charge condition can be quantitatively controlled. The SMF-
MMF structure is spliced under the arc discharge condition of
I = 10.4 mA and t = 1.5 s.

As shown in Fig. 2, the graded-index MMF has a core di-
ameter of 62.5 µm and a cladding diameter of 125 µm. The
effective refractive index (RI) of the graded-index fiber con-
tinuously decreases with increasing radial distance from the
optical axis of the fiber, thus forming a nearly parabolic RI
profile. Because part of the fiber core closer to the fiber axis
has a higher RI than the part near the fiber cladding, the light
beams follow sinusoidal paths down the fiber core, resulting in
the continual refocusing of the light beams. The period of the
sinusoidal path is defined as the pitch of the MMF. If the fiber
length is n/4 (n is an odd number) of the pitch, the divergence
angle of the light beams from the MMF is the smallest and the
output light beams are collimated to be approximately paral-
lel as can be seen from the light propagation in Fig. 1(a). In
our previous work, it has been demonstrated theoretically and
experimentally that the minimum divergence angle is about
2.55◦ and the first quarter pitch of the MMF is 260 µm.[30]

Since light beams in a step-index fiber experience larger diver-
gence angles and thus higher propagation loss, the 260-µm-
long graded-index MMF in Fig. 1(a) can be used as a beam
collimator or a quarter-pitch collimator to compensate for the
light loss inside the FP cavity and enhance the fringe visibility.
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Fig. 1. (color online) Sensor fabrication: (a) schematic diagram of the FPI sensor, (b) photograph of the sensor probe.
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Fig. 2. (color online) Principle of beam collimation in graded-index MMF.

The key of the sensor fabrication is the precise cleaving
of the MMF, which can ensure that the output beams are well-
collimated. Figure 3 shows a home-built platform for precise
fiber cleaving, including a refitted fiber cleaver (Fujikura, CT-
32), two 3-axis stages (Thorlabs, MAX313D), and a micro-
scope (Olympus, SZX16). The spliced SMF-MMF structure
is mounted on the two stages by fiber holders and meanwhile
the middle splicing section is placed on the fiber cleaver with
its blade perpendicular to the fiber axis. The two stages en-
able nanometric positioning on three orthogonal axes to con-
trol the fiber length. Moreover, the relative position between
the blade and fiber is monitored and aligned by the upper mi-
croscope. In the cleaving operation, the splicing point of the
SMF–MMF structure is firstly adjusted to coincide with the
blade. Then the fiber is pulled with a length of 260 µm along
the fiber axis and finally the blade is activated to finish the pre-
cise cleaving of the MMF. Besides, the platform in Fig. 3 can
also be used for adjusting the length of the FP air cavity. Com-
bining real-time monitoring of the reflection spectrum with a
swept laser based optical spectrum analyzer (Micron Optics,
SM125-700), we can obtain a desired interference spectrum
for spectral sideband filtering.

SMF MMF

bladestage stage

microscope

Fig. 3. (color online) Schematic diagram of the platform for precise
cleaving and FP cavity adjustment.

The interference spectrum of the proposed sensor is ob-
tained with a cavity length of 233 µm in Fig. 4(a) (the red

curve with MMF), which shows an FSR of 5.12 nm, a spec-
trum loss of −19.65 dB, and an extinction ratio of 28.24 dB.
In order to verify the beam collimation inside the MMF, an-
other FPI using one single SMF as the R1 is also fabricated
with the same cavity length. The corresponding interference
spectrum is profiled with an FSR of 5.34 nm, a spectrum loss
of −25.52 dB, and an extinction ratio of 17.11 dB (the blue
curve without MMF). By comparison, the two FPIs have ap-
proximately the same FSR, but the one with MMF has lower
loss and a larger extinction ratio. Furthermore, the fringe visi-
bility is given in terms of the observed intensity maximum Imax

and minimum Imin in the interference pattern by

VFP =
Imax− Imin

Imax + Imin
. (1)

Actually, the FPI with MMF has an improved fringe visibility
of 0.997 compared with the value 0.961 without MMF. There-
fore, by adding a short section of graded-index MMF into the
FP cavity, the beam collimation can significantly reduce the
light loss and improve the fringe visibility of the interference
pattern. Consequently, owing to the close FSRs and different
extinction ratios in Fig. 4(a), the interference spectrum with
MMF has a larger spectral slope of about 11.2 dB/nm com-
pared to 6.4 dB/nm of that without MMF.

In order to further demonstrate the interference pattern of
the collimated FPI, the corresponding spatial frequency spec-
trum by Fourier transform is presented in Fig. 4(b). When the
light beam is injected into the MMF, multiple light modes in
different orders are excited due to the MMF’s fairly large core
diameter.[32,33] As can be seen in Fig. 4(b), the mode interfer-
ence is mainly attributed to the fundamental mode. The other
weak high-order modes participate in modifying the main in-
terference pattern, resulting in the slightly inhomogeneous in-
terference spectrum in Fig. 4(a). Furthermore, another four

094218-3



Chin. Phys. B Vol. 27, No. 9 (2018) 094218

probes with different cavity lengths are also fabricated by in-
serting the cleaved SMF-MMF structure into the ceramic fer-
rule at different depths. The corresponding FSRs are obtained
using the optical spectrum analyzer and plotted versus cavity
lengths in Fig. 4(c). The experimental data agree well with the
theoretical results (solid line), which are calculated and fitted
by employing the typical FSR equation for an FPI[34]

FSR =
λ1λ2

2nairL
, (2)

where λ1 and λ2 are the two detected adjacent wavelengths,
nair is the effective RI of the air cavity, and L is the length of
the air cavity. Therefore, the gold film-based sensor is a well-
designed FPI with easy fabrication and reproduction.
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Fig. 4. (color online) (a) Interference spectra with and without MMF,
(b) spatial frequency spectrum of collimated FPI sensor, and (c) theo-
retical and experimental results for FSR versus cavity length L.

2.2. Sensing mechanism

The ultrasonic response of the sensor can be characterized
theoretically by analyzing the interaction between the optical
interference and UWs. In the detection, the PZT source mainly
emits longitudinal waves. Since the UW wavelength (typi-
cally 1.13 mm in air for 300 kHz UWs) is much longer than
the sensing region of the nano-sized gold film, the UW can
be regarded as a plane wave and series of homogeneous ultra-
sonic expansions and compressions. When the UW is applied
to the sensor in air, most of the ultrasonic power is reflected
at the air-to-film interface due to the large acoustic impedance
difference between the gold film (62.5× 106 kg/(m2·s)) and
air (0.0004× 106 kg/(m2·s)). The interaction force period-
ically deforms the gold film in the form of axial tension or
compression, resulting in the length variation of the FP cavity.
Since the flat gold film has a uniform thickness, its center de-
formation ∆L under the applied acoustic pressure ∆P can be
expressed as

∆L =
3(1−µ2)r4

16Eh3 ∆P, (3)

where µ and E are the Poisson’s ratio and Young’s modulus,
and h and r are the thickness and effective radius of the gold
film, respectively.[35] The deformation in Eq. (3) significantly
determines the length change of the FP cavity, which leads the
interference spectrum to shift accordingly. Because the low
reflectivity of the fiber end-face (R1), the FPI can be simpli-
fied as a dual-beam interferometer. As shown in Fig. 1(a), the
optical intensity can be expressed as

I = I1 + I2 +2
√

I1I2 cosϕ, (4)

where I1 and I2 are the intensities of the two reflected beams,
respectively. ϕ = 4πnairL/λ is the phase difference induced
by the FP cavity. The phase difference satisfies the resonance
condition ϕ = (2m + 1)π (m is an integer). For the cavity
length change ∆L, the wavelength shift of the FPI can be ex-
pressed as

∆λ =
4nair

2m+1
∆L. (5)

By combing Eqs. (3) and (5), the wavelength-referenced
acoustic pressure sensitivity of the sensor can be derived to
be

∆λ

∆P
=

3nairr4(1−µ2)

4Eh3(2m+1)
. (6)

For optimal sensitivity and linearity by spectral sideband fil-
tering, the sensor works at the quadrature phase bias point
where ϕ = (2m + 1)π/2 by tuning the wavelength of the
laser source.[36] The UW-modulated wavelength shift is trans-
formed into the variation of the output optical intensity, which
is finally amplified and converted into voltage signals. Thus,
the change of the output optical intensity ∆I can be expressed
as

∆I
∆λ

= k(ϕ), (7)

094218-4



Chin. Phys. B Vol. 27, No. 9 (2018) 094218

where k(ϕ) is the spectral filtering slope at the optimum phase
bias point.[21] Eventually, the ultrasonic sensitivity, i.e., the re-
flected optical intensity modulation per unit acoustic pressure,
is given by

∆I
∆P

=
∆λ

∆P
· ∆I

∆λ
=

3nairr4(1−µ2)

4Eh3(2m+1)
k(ϕ). (8)

Equation (8) clearly reveals that the sensor sensitivity depends
on both the structural parameters and the spectral filtering
slope of the FPI. The gold film-based sensor has an excellent
ultrasonic sensitivity due to the ultra-thin film thickness, and
thus it can detect the weak UWs in air, which has been demon-
strated experimentally in our previous work.[22] According to
Eq. (8), the two FPIs for comparison in Fig. 4(a) have the
same wavelength-referenced acoustic pressure sensitivity be-
cause of the given gold film. Moreover, the ultrasonic sensitiv-
ity of the gold film-based sensor can be further promoted with
an increased spectral filtering slope.

Based on the properties of the gold film, the natural fre-
quency can be calculated as follows:[20]

f0 =
10.21h
4πr2

√
E

3ρ(1−µ2)
. (9)

For the given gold film with thickness h = 130 nm, radius
r = 67.5 µm, Young’s modulus E = 78 GPa, mass density
ρ = 19.3 g/cm3, and Poisson’s ratio µ = 0.44, the resonance
frequency can be calculated to be about 30 kHz. In the ul-
trasonic imaging of SPMs, the working frequency of the sen-
sor should be close to the resonant frequency to obtain a large
ultrasonic response. Therefore, a fixed acoustic emission at
300 kHz, one of the common ultrasonic frequencies in SPM
imaging, is used as the ultrasonic source in the following ex-
periments.

3. Sensor response and SPM imaging
The schematic configuration of the fiber-optic sensing

system is shown in Fig. 5. A tunable laser beam (Santec, TSL-
710) with a 100 kHz linewidth as a light source irradiates on
the sensor through an optical circulator, and the reflected light
power is converted into an electrical signal by a photodetector
(PD) (New Focus, Model 2117) with a bandwidth of 10 MHz
and finally recorded by an oscilloscope (RIGOL, DS2302 A).
To characterize the sensor in air, the sensor is held on a mov-
ing stage, and the PZT source, which is driven by a function
generator to emit 300 kHz UWs, is held on a fixed stage. The
central axes of the sensor and PZT are kept in the same line
parallel to the experiment platform. The distance between the
sensor and PZT can be precisely controlled through the mov-
ing stage. For SPM imaging, Plexiglas blocks are placed at the
bottom of an air tank as the physical models. Meanwhile, the
sensor and PZT are separately fixed on a 2D motorized stage
over the SPMs to perform point-to-point scanning imaging.

UW generator

PZT sensor
circulator

fiber
tunable laser

oscilloscopePD

2D motorized stage

scanning imaging

electric 
cable

Fig. 5. (color online) Schematic configuration of the experiment setup
for ultrasonic detection.

3.1. Ultrasonic response of the sensor

The time-domain response of the collimated FPI to a
300 kHz sinusoidal UW is presented in Fig. 6(a) (the red
curve), where the horizontal distance between the sensor and
PZT is fixed at 10 cm. This real-time response presents a
quasi-sinusoidal profile with a peak-to-peak voltage of 4.02 V.
By comparison, the FPI without MMF shows a low ultrasonic
response of 1.65 V (the blue curve). To characterize the fre-
quency of the ultrasonic signal, the time-domain curve in red
is converted into the frequency domain by taking the Fourier
transform as shown in Fig. 6(b). It clearly reveals a single ul-
trasonic frequency of 300 kHz, which is coincident with the
emission frequency of the PZT source.
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Fig. 6. (color online) Response to a 300 kHz sinusoidal UW: (a) com-
parison between FPIs with and without MMF in the time domain, and
(b) the frequency-domain spectrum with MMF.

The PZT source is further driven by a 300 kHz square-
wave pulse. Figure 7(a) shows the time-domain response dif-
ference between the two FPIs. The FPI with MMF presents
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a higher peak-to-peak voltage of 3.1 V (the red curve) than
the value 1.24 V of the FPI without MMF (the blue curve).
Because the sensors are characterized in the same experiment
setup, here the SNR is proposed to characterize the ultrasonic
response. The SNR highly depends on the initial noise of the
experimental setups, especially induced by the power fluctu-
ation of the laser source, transmission lines, and sensor sta-
bility. Given the noise voltage of 2 mV and the signal peak-
to-peak voltages in Fig. 7(a), the SNRs of the two FPIs are
calculated to be 63.8 dB (with MMF) and 55.84 dB (without
MMF), respectively. Thus, the collimated FPI with a higher
SNR is more sensitive to UWs. Furthermore, the time-domain
spectrum with MMF in Fig. 7(a) is transformed into the fre-
quency domain as shown in Fig. 7(b). It is seen that the main
frequency of the ultrasonic signal is 300 kHz, which agrees
well with the emission frequency of the PZT. The low com-
ponents around the main frequency result from the sensor re-
sponse to the extra resonant components of the PZT source,
which should be filtered out in the image reconstruction of
SPMs. The frequency-domain performance also presents that
the sensor has a wide frequency band response to UWs.
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Fig. 7. (color online) Response to a 300 kHz pulsed UW: (a) compari-
son between two FPIs in the time domain, and (b) the frequency-domain
spectrum with MMF.

As the driving voltage of the function generator increases
continuously from 50 V to 225 V at 300 kHz, the peak-to-peak
voltage of the time-domain signal also increases linearly as
shown in Fig. 8(a). The output optical intensity of the sensor,
which is converted into an electrical voltage, is proportional to
the ultrasonic strain field, which is directly determined by the

driving voltage at a fixed frequency. The slight fluctuation of
the experimental data may result from the nonlinear increase
in acoustic pressure. Furthermore, the detection aperture (the
angular range of ultrasonic reception determined by the sen-
sor size) is another key factor. As illustrated in the inset of
Fig. 8(b), the sensor displacement varies from −5 cm to 5 cm
in steps of 1 cm and the direction angle θ correspondingly
changes from−26.5◦ to 26.5◦ . The signal voltage presents an
orientation-dependent response in Fig. 8(b). The maximum
response at 0◦ is generally adopted in the ultrasonic detec-
tion, i.e., the PZT and sensor are face to face in the same line.
The data asymmetry may be from the slight asymmetry of the
whole displacement process.
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Fig. 8. (color online) (a) Signal voltage versus driving voltage at
300 kHz, and (b) orientation-dependent response from−26.5◦ to 26.5◦.

To demonstrate the sensor stability, a time-domain se-
quence in response to pulsed UWs is acquired at room temper-
ature as shown in Fig. 9(a). The peak voltages of the response
sequence are extracted and distributed in Fig. 9(b) to present
their fluctuations. The maximum fluctuation of the peak volt-
age is only 0.0322 V. Compared with the output voltage of
about 1.6 V, this fluctuation can be neglected. Thus, the uni-
form pulse array confirms the sensor stability. The good sta-
bility is mainly attributed to the tunable laser source TSL-710,
which has a built-in wavelength monitoring with a high wave-
length stability of ±1 pm and power stability of ±0.01 dB.
Thus, the output wavelength of the TSL-710 can be well lo-
cated at the optimum bias point of the interference spectrum
for highly sensitive ultrasonic detection.
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Fig. 9. (color online) Sensor stability: (a) response sequence to a
300 kHz pulsed UW, and (b) fluctuation of output voltage at room tem-
perature.

To characterize the long-term stability, the output volt-
ages are continuously monitored at room temperature. The
raw response data per 3 hours in 27 hours are extracted, and the
fluctuation of the peak-to-peak voltages versus time is shown
in Fig. 10. Compared with the signal peak-to-peak voltage
(about 3.2 V), the maximum fluctuation in 27 hours is only
about 0.14 V. Thus, our sensor presents a good stability at
room temperature and can be used for long-term detection.
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Fig. 10. (color online) Fluctuation of the output peak-to-peak voltage
in 27 hours.

3.2. Ultrasonic imaging of SPMs

To perform the SPM imaging, the sensor and PZT are
held on the motorized stage with a fixed horizontal separa-
tion of 3 cm inbetween, as illustrated in Fig. 5. The SPMs in

the tank lie vertically below the two components. Two types
of Plexiglas blocks in different shapes are used as the physical
models (see Fig. 11). The model in Fig. 11(a) is a tilted rectan-
gular bulk with a thickness of 5 cm and a width of 50 cm. The
other in Fig. 11(b) is a solid half-cylinder with a radius of 5 cm.
The titled rectangular bulk is used to simulate the geological
multilevel stratum, in which the reflected signals by each inter-
face are acquired to reconstruct the layer information. And the
solid half-cylinder is machined to simulate the geological up-
lift, such as the cove and hog, of which the arc surface can be
clearly distinguished by scanning imaging. The vertical dis-
tance between the sensor and the highest point of the SPMs is
about 6 cm. During the scanning operation, the stage is pro-
grammed to enable horizontal displacement in steps of 1 mm,
and thus the PZT and sensor move quasi-continuously to per-
form point-to-point scanning. The whole scanning process is
implemented in air. The PZT emits pulsed UWs to the SPMs
and the sensor detects the pulse-echoes from the SPMs. The
UWs are mainly reflected by interfaces between air and the
SPMs (upper and bottom surfaces). Partial UWs propagate
through the SPMs and reflect due to structural discontinuities
inside the SPMs. Given the ultrasonic transmission velocity
in air (340 m/s) and Plexiglas (2730 m/s), the values of time-
of-flight of the reflected UWs are determined, corresponding
to the interface information of SPMs. After signal filtering
and amplification, 2D images of the two SPMs can be recon-
structed, which indicate the shapes, sizes, and inner structures
of the physical models.

(a) 1 cm (b) 1 cm

Fig. 11. (color online) Photographs of two SPMs: (a) tilted rectangular
bulk, (b) solid half-cylinder.

Figure 12 shows the ultrasonic images of the two SPMs
by the time-of-flight approach. For the rectangular model in
Fig. 12(a), the upper and bottom surfaces and the tilted an-
gle are clearly imaged, which accord well with the actual
model in Fig. 11(a). The image in Fig. 12(b) also gives a
clear profile of the solid half-cylinder in Fig. 11(b), includ-
ing the upper arc surface and the bottom surface. Meanwhile,
two distortions are notable: the incomplete bottom surface
due to the half-cylinder’s focusing effect and the radius ex-
tension due to the angular reflection by the upper arc sur-
face. Owing to the large impedance difference between the air
(0.0004×106 kg/(m2·s)) and Plexiglas (3.1×106 kg/(m2·s)),
the acoustic reflection coefficient can reach up to 99.97% in
a certain depth, leading to the much stronger reflection sig-
nal of the upper surface in the two images. It is also noted
that there are small surfaces appearing between the two main
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surfaces. We can consider this phenomenon as a form of re-
verberation. In the presence of two reflective interfaces, the
echoes generated from the main beam may be repeatedly re-
flected, in repeated trips before going back to the sensor, where
they may be detected. Each echo is received erroneously and
transcribed as a band located at a greater depth, so we may see
multiple parallel lines with different intensities which are are
equidistant from each other.
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Fig. 12. (color online) Images of SPMs by a time-of-flight approach,
showing (a) tilted rectangular bulk, and (b) solid half-cylinder.

Furthermore, the spatial resolution of the sensor R can be
estimated from the following two equations:

R = 0.61
λUW

NFPI
, (10)

NFPI = nair sinθ , (11)

where λUW is the ultrasonic wavelength in air, and NFPI is the
sensor detection aperture.[37] Given the ultrasonic frequency
used in the experiments (300 kHz) and the sensor direction
angle θ in air (−26.5◦ to 26.5◦), the spatial resolution of the
sensor can be calculated to be 1.53 mm. Thus, the proposed
collimated FPI can enable high-resolution ultrasonic imaging
of SPMs.

4. Discussion
In our work, a micro fiber-optic interferometer is devel-

oped for ultrasonic imaging of seismic physical models. The
laser source (Santec, TSL-710) has a wide tunable wavelength
range from 1480 nm to 1640 nm. As illustrated in Fig. 1,
the input light (∼ 1550 nm) is partially reflected and forms
a well-defined FPI. In the sensor structure, the attached gold

film has a nanometer-scale thickness of about 130 nm, which
contributes to a large ultrasonic-induced deformation and thus
a high ultrasonic sensitivity. Thus, when an acoustic pressure
is applied to the FPI, its light behavior is modulated by de-
forming the ultra-thin gold film. When the driving voltage of
the function generator reaches its maximum value of 400 V,
the sensor still works well and no film damage occurs in the
long-run. In this sense, our work can suit the topic content of
nanophotonics, which is the study of the behavior of light on
a nanometer scale, and of the interaction of nanometer-scale
objects with light.[38–41]

The gold film-based fiber-optic FPI was first reported for
SPM imaging in our previous work.[22] Afterwards, we pro-
posed the approach to acoustic focusing to improve its ultra-
sonic sensitivity in a separate report,[18] in which a plano-
concave acoustic focusing lens was located behind the gold
film and effectively focused UWs onto it. This improved ap-
proach showed an increased ultrasonic sensitivity with an SNR
of 64.24 dB. Currently, just by adding a short section of MMF
into the FP cavity as a beam collimator, the fringe visibility
of the interference spectrum is enhanced with a larger spec-
tral slope, leading to highly sensitive spectral sideband filter-
ing and thus an increased ultrasonic sensitivity with an SNR
of 63.8 dB. Although the two approaches have comparable re-
sponse sensitivities, the one using beam collimation benefits
the sensor with easier fabrication and a more compact size,
which has no influence on the sensor dimension. However,
an additional plastic ferrule was needed to fix the acoustic fo-
cus lens in Ref. [18], both of which enlarged the sensor size
and reduced the spatial resolution. Recently, another similar
diaphragm-based FPI using beam collimation was reported for
SPM imaging.[42] Although the acoustic performance was im-
proved, the ultrasonic sensitivity was not high enough and the
whole ultrasonic imaging process needed to be implemented
in water due to the large acoustic attenuation loss in air. Ac-
cording to Eq. (6), the ultra-thin gold film with a thickness of
130 nm contributes to a higher wavelength-referenced acoustic
pressure sensitivity than that with the 30-µm-thick diaphragm
used in Ref. [42] . Therefore, despite that the approach to im-
proving the spectral fringe visibility is similar, our sensor has
a significantly higher ultrasonic sensitivity and enables the de-
tection of weak UWs in air, which largely simplifies the SPM
imaging system.

Furthermore, the SNR of the proposed FPI is much larger
than that of our other approaches (27.96 dB for a fiber Bragg
grating FP probe,[43] 45.2 dB for a 353ND diaphragm-based
FPI,[27] 24.08 dB for a micro-bubble FPI,[44] and 34.8 dB for
a Michelson interferometer fixed in a titled tube[12]). The re-
sults clearly reveal that the proposed FPI has a considerable
response to ultrasonic fields.

Eventually, the structural interfaces of two SPMs are im-
aged clearly in air by reconstructing the time-of-flight differ-
ence of the reflected UWs. The high-precision imaging of
SPMs is mainly determined by several factors in the experi-
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ments. The key factor is the MMF, as a beam collimator to
improve the spectral fringe visibility, which ensures that the
sensor has a high ultrasonic sensitivity. Second, the compact
size and detection aperture of the sensor provide a fine spatial
resolution, particularly for the detection of small defects in
SPMs. The final factor is the noise removal. A bandpass filter
ranging from 100 kHz to 1 MHz is used to shield noise from
the surrounding electromagnetic interference and the PZT res-
onance harmonics. Besides, the digital filtering is employed
for denoising, including extra noise from the mode conversion
in SPMs (such as the nonuniformity induced refraction and
acoustic velocity change) and additional surface reflections of
the surrounding objects (such as the tank walls). Finally, based
on the imaging results of two SPMs, the sensor provides a
fine spatial resolution of about 1.53 mm. The structural inter-
faces and small defects in SPMs can be distinguished clearly.
Thus, the proposed sensor can be a good candidate to replace
PZTs and previous fiber-optic sensors for high-sensitivity and
high-precision SPM imaging with easy fabrication and com-
pact size.

5. Conclusion and perspectives
In this paper, a sensitivity-improved fiber-optic FPI is pro-

posed and used for ultrasonic imaging of SPMs in air. By
adding a graded-index MMF into the FP cavity for beam colli-
mation, the fringe visibility of the interference spectrum is sig-
nificantly improved, leading to an increased spectral slope for
highly sensitive sideband filtering interrogation. The acoustic
performances of the collimated FPI to 300 kHz UWs are ex-
perimentally demonstrated and 2D images of two SPMs are
reconstructed with a spatial resolution of 1.53 mm. Com-
pared with previous similar approaches, the proposed sensor
responds sensitively to UWs and enables high-precision SPM
imaging with easy fabrication and compact size.
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