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We proposed and demonstrated a method to fabricate ultrashort all-fiber Fabry—Perot interferometers by splicing
a standard single-mode fiber and another single-mode fiber with a concave surface constructed by a CO, laser
pulse. The geometric parameters of the concave surface could be controlled flexibly by adjusting the laser pulse
and the relative position between the laser beam and the optical fiber. In our experiments, the minimum depth of
the concave surfaces is 0.12 um, which offers a means of fabricating an all-fiber Fabry—Perot interferometer with
submicrometer cavity length. Moreover, the ultralow-roughness concave surface fabricated by a CO, laser pulse
is beneficial to improve the fringe visibility of the interferometer. These advantages make it attractive for practical

applications. © 2020 Optical Society of America

https://doi.org/10.1364/A0.402999

1. INTRODUCTION

Fiber-optic Fabry—Perot (FP) interferometers have been utilized
in various exciting applications [1-6] owing to the prominent
advantages of miniature size, resistance to harsh environments,
low fabricating cost, and immunity to electromagnetic inter-
ference. Compared with FP interferometers based on hybrid
materials, all-fiber FP interferometers are more suitable for the
smart structures integrated with the main structure, sensors,
and controllers. To construct all-fiber FP interferometers, many
artful fabricating techniques have been proposed, e.g., fusion
spliced [7—13], focused ion beam milling [14—19], chemical
etching [20,21], and laser micromachining [22-24]. Ultrashort
all-fiber FP interferometers are promising devices for some
applications due to the merits of high sensitivity, large free spec-
tral range, low temperature cross sensitivity, and compact size.
For example, when an all-fiber FP interferometer is embedded
into smart structures to monitor their strain, the sensitivity of
the FP interferometer sensor is inversely proportional to the
cavity length of the FP interferometer. For all reported all-fiber
FP interferometers [7-28], to the best of our knowledge, the
minimum cavity length is about 4 pm. Therefore, it is meaning-
ful to explore new techniques for fabricating FP interferometers
with shorter cavity lengths.

In this work, we proved and demonstrated a novel strat-
egy to construct an ultrashort all-fiber FP interferometer by
splicing a standard single-mode fiber (SMF) to another SMF
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with a concave surface on the end face. The concave surface is
fabricated by focusing a CO; laser pulse on the end face of the
SME The geometric parameters of the concave surface could
be tailored flexibly by adjusting the parameters of the laser pulse
and the relative position between the laser beam and end face
of the optical fiber. According to the measurement results via
atomic force microscopy (AFM), the minimum concave surface
depth was 0.12 pm for our experimental setup. Therefore, this
method can be utilized to fabricate an all-fiber FP interferometer
with submicrometer cavity length. Meanwhile, the roughness
of the concave surface fabricated by a CO, laser pulse is far
lower than that fabricated by a femtosecond laser or focused-ion
beam, which is beneficial to improve the fringe visibility of the
FP interferometer. Moreover, the cost of the machining system
based on a CO; laser is far less than that based on a femtosec-
ond laser or focused-ion beam. Owing to these advantages, the
proposed method has great prospects in practical applications.

2. FABRICATION AND PRINCIPLE
A. Fabrication of the Concave Surface

The most important work for the proposed FP interferometer
is to fabricate a suitable coaxial concave surface on the end face
of the optical fiber. A CO; laser is an efficient tool for polishing
surfaces of silica devices because of strong absorption at 10.6 pm
for fused silica [29-31]. By moderating the light intensity,
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Fig. 1.  Experimental system for fabricating the concave on the
optical fiber’s end face, including an optical shutter (OS), extender lens
(EL), focusing lens (FL), optical reflector (OR), glass substrate (GS),
optical microscope, and an XY Z stage.

the melt layer on the surface of fused-silica devices could be
controlled efficiently. As the intensity increases further, the
surface silica on the devices could be evaporated [30,32]. The
evaporation technique is promising for constructing concave
surfaces on the end face of optical fibers. Therefore, we utilize
a CO;, laser pulse to fabricate grooves on optical fibers in our
experiments. The schematic of the machining setup for the
concave surface is shown in Fig. 1. The processing setup includes
a laser focusing system and an alignment system for precisely
locating the optical fiber’s position. The CO; laser focusing part
includes a CO; laser (L4S, Access laser), optical shutter, exten-
der lens, and focusing lens; further, the optical fiber alignment
part consists of an optical microscope, translation stage (M-562-
XYZ, Newport), and optical reflector. Some parameters play
key roles in the fabrication of the concave surface, such as laser
intensity, number and duration time of the laser pulse, and the
distance between the laser beam waist and the end face of the
optical fibers. In our experiments, the maximum laser power was
900 mW, and the pulse duration time was from 25 to 50 ms. The
distance between the laser beam waist and the end face of the
SMF was from 0 to 200 pm.

To fabricate a coaxial concave surface on the end face of the
SME, a glass substrate is used as a positioning reference in our
experiments. The fabrication procedure for the concave surface
is shown in Fig. 2. First, a glass substrate and an SMF are fixed
on the XY Z translation stage, where the surface of the glass
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Fig. 2.  Fabrication procedure for fabricating the concave on the

optical fiber’s end face.
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substrate and end face of the SMF are coplanar. Second, a groove
is fabricated on the glass substrate by adjusting the parameters of
the laser pulse and the position of the glass substrate. Third, an
optical reflector is inserted between the focusing lens and XY Z
translation stage to observe the position of the groove with an
optical microscope. The contour of the groove can be marked
in the microscope’s software to locate the laser beam’s position.
Then, we align the optical fiber with the groove’s reference
contour in the optical microscope software to obtain a coaxial
groove on the optical fiber’s end face. Finally, we could fabri-
cate a suitable concave surface on the end face of the SMF after
removing the optical reflector. Here, the geometric parameters
of the concave surface could be tailored flexibly by adjusting
the laser intensity, duration time and number of the laser pulse,
and the relative position between the laser beam and the optical
fiber’s end face.

In our experiments, we have fabricated a lot of optical fibers
with concave surfaces and measured the concave surface profiles
with an AFM and optical microscope. Figure 3 provides images
of several representative optical fibers with concave surfaces by
an AFM and optical microscope. Figures 3(a) and 3(b) show
the surface profile and sectional line through the center of the
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Fig.3. (a)and (c) Surface profiles of the grooves by an AFM. (b) and
(d) Corresponding section lines through the centers of the grooves. (¢)—
(g) Side views (left) and end faces (right) of the grooves with depths of
2.5,15,and 50 um.
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groove with 0.12 pm depth and 16 pm width. The depth of the
groove could be decreased further by reducing the intensity dur-
ing time of the laser pulse and increasing the distance between
the beam waist and the optical fiber’s end face. Therefore, the
proposed method paves the way to fabricate an all-fiber FP
interferometer with submicrometer cavity length. The AFM
images of the groove with 2.5 pm depth and 80 pum width are
shown in Figs. 3(c) and 3(d); the corresponding image from an
optical microscope is shown in Fig. 3(e). According to the AFM
images, the roughness of the concave surface is far lower than
that machined by a femtosecond laser or focused-ion beam. The
ultralow roughness should owe to the surface tension of the melt
layer on the surface of the end face. It has been proved that it is
an efficient way to smooth the surface of fused silica usinga CO,
laser [29,30]. A smooth reflector is essential for improving the
fringe visibility of the FP interferometer. Figures 3(f) and 3(g)
show side views and end faces of the grooves with depths of 15
and 50 pm.

B. Construction of the FP Interferometer

After fabrication of the concave surface on the end face of the
optical fiber, it needs to be spliced with a standard SMF to con-
struct an FP interferometer. The arc offset splicing technique
is used to ensure the FP interferometer’s mechanical strength
and reduce deformation of the concave surface morphology
according to our previous methods [33]. First, the optimized
splicing parameters are obtained by observing the change of
grooves with different geometric parameters when an arc is
applied to the SMF with a concave surface. Second, an unde-
formed low-strength splicing joint is formed between the SMF
with a concave surface and another standard SME Then, the
splicing joint is further strengthened by additional small arc
discharges. This splicing technique can effectively eliminate
the deformation of the concave surface and uncertainty of the
cavity length. In the splicing process, an offset of 200 um is used,

————————————————— ———————————

Fig. 4. Images of the FP interferometers with different-depth
grooves of (a) 2.9, (b) 5.1, (c) 10.5,and (d) 15.1 pm.
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and the current and duration time of the arc discharge are 500
and 20 ms, respectively. Figure 4 shows the side views of four
representative FP interferometers fabricated by this method,
where the depths of grooves on the end faces of the optical fibers
are2.9 (a), 5.1 (b), 10.5 (c), and 15.1 (d) pm, respectively.

C. Principle of the FP Interferometer

Figure 5 shows a schematic of the FP interferometer. The theo-
retical model of the proposed FP interferometer is two-beam
interference, and the normalized reflective spectrum of the FP
interferometer with a cavity length L is

Ip=R+(1—a))* (1 —a) (1—6)*(1— R)*R
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where R, A, n, and ngpe are the reflection coefficient, wave-
length of input light, refractive indexes of the air and optical
fiber; 21 and a, are the losses at the end faces of the two optical
fibers (e.g., roughness); # is a constant; and 4 is the loss resulting
from the mode mismatch between the end face of the input
optical fiber (left) and reflected light from the other optical fiber
(right). According to Eq. (1), rough surfaces of the optical fibers
not only result in reduction of fringe visibility but also affect
the reflective intensity of the FP interferometers. Therefore,
the ultralow roughness of the concave surface fabricated by this
method is beneficial to obtain FP interferometers with high
visibility and intensity. Meanwhile, the mode-mismatch loss
b could be effectively reduced by decreasing the cavity length
according to Eq. (3), and the fringe visibility will increase as the
cavity length decreases. It should be noted that the cavity length
calculated by the common relationship between the free spec-
trum range and the cavity length is not accurate for ultrashort FP
interferometers. According to Eq. (1), the 7th dip wavelength
Adip and tip wavelength A, of the interference reflective spectra
of the FP interferometers is

2n
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<

— <)

4

Fig.5. Schematicof the FP interferometer.
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According to Eqs. (4) and (5), the cavity length of the ultra-
short FP interferometer could be calculated by measuring the
reflective spectrum of the device.

3. EXPERIMENTAL RESULTS AND DISCUSSION

To corroborate the proposed FP interferometers, we fabricated
a series of FP interferometers with different cavity lengths and
measured the corresponding reflective spectra in our experi-
ments. Figure 6 shows the whole experimental setup for the FP
interferometers. The experimental setup consists of a broad-
band optical source (BBS), an optical circulator (OC), and an
optical spectrum analyzer (OSA). Light from the optical source
was injected into the FP interferometer through the optical cir-
culator, and the reflected spectrum from the FP interferometer
was monitored by the optical spectrum analyzer.

Using the above method, a series of FP interferometers with
different cavity lengths is measured. Figure 7 shows the repre-
sentative reflective spectra of the FP interferometers. According
to the theoretical model of the two-beam interference, we can
obrtain that the cavity lengths of the FP interferometers in Fig. 7
are 7.57, 3.50, 2.91, and 1.18 um, respectively. Cavity lengths
of 7.57, 3.50, and 2.91 pwm were calculated from the reflective
spectra and Egs. (4) and (5), but the cavity length of 1.18 pm
was obtained by fitting the reflective spectrum according to the
Eq. (1) with R =0.04, 2; =4, =0.05, and 4 =0.11 because
the bandwidth of the optical source is smaller than the free
spectrum range. It is possible for the proposed method to fab-
ricate FP interferometers with submicrometer cavity lengths,
although the submicrometer FP interferometer has not been
shown limited by the small bandwidth of the optical source in
our experiments. Owing to the smooth concave surfaces fab-
ricated by the CO, laser, the fringe visibilities for the reflective
spectra with cavity lengths of 7.57, 3.50, and 2.91 um were
more than 15 dBm, which is larger than most of those fabricated
by a femtosecond laser or focused-ion beam. In addition, the
cost of the CO, laser is far lower than that of a femtosecond laser
or focused-ion beam.

The proposed ultrashort all-fiber FP interferometers could
be used as a high-sensitivity strain sensor by embedding the FP
interferometer into the smart structures to monitor the strain of
the smart structures because the sensitivity of the strain sensor
based on FP interferometer is inversely proportional to the
cavity length. In addition, the proposed FP interferometer could
also be used as an excellent filter for the large free spectral range.
Therefore, the proposed method has great prospects in practical
applications.
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Fig.6. Experimental setup for the FP interferometer.
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Fig. 7.  Reflection spectra of the FP interferometers with different

cavity lengths.

4. CONCLUSIONS

In conclusion, we have proposed and demonstrated experi-
mentally a novel method to fabricate an ultrashort all-fiber
Fabry—Perot interferometer. The proposed FP interferometer
was constructed by splicing a standard SMF and another SMF
with a concave surface, which was fabricated by focusing a CO,
laser pulse on the end face of the SME By adjusting the param-
eters of the laser pulse and the relative position between the
beam waist and the end face of the SME, the parameters of the
concave surface could be tailored flexibly. Experimental results
showed that a series of grooves with the depth of 0.12-50 pum
could be fabricated in our experimental setup. The proposed
method provides a novel approach for ultrashort all-fiber FP
interferometers. Moreover, the surface fabricated by the CO,
laser was smooth, and the cost of the CO, laser is lower than that
of a femtosecond laser or focused-ion beam. All these advan-
tages indicate that the proposed FP interferometer has an ideal
prospect in practical applications.
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