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Abstract

Subject of study. An ultra sensitive gas pressure sensor based on a cascaded Fabry—Perot
interferometer is proposed. Purpose of the work. In the proposed sensor, we greatly improve the
gas pressure sensitivity of the sensor by using the optical Vernier effect method. Method. During
the fabrication of the sensor, one Fabry—Perot interferometer is used as the sensing interferometer
and the other Fabry—Perot interferometer is used as the reference interferometer. Both Fabry—
Perot interferometers are fabricated by two sections of single-mode fibers spliced at both ends of
a section of quartz capillary. Then, a micro hole is drilled in the capillary wall of the sensing Fabry—
Perot interferometer by using femtosecond laser micro-processing technology for gas pressure
measurement. When the free spectral ranges of two Fabry—Perot interferometers are similar, the
optical Vernier effect will be generated by cascading them. By precisely controlling the cavity length
difference between two Fabry—Perot interferometers, a very high sensitivity magnification factor
can be obtained. Main Results. The experimental results show that the sensitivity of the Vernier
effect sensor is 133.2 nm/MPa in the pressure measurement range of 0—0.8 Mpa, which is 33.3 times
higher than that of the single sensor Fabry—Perot interferometer. In addition, the temperature cross-
sensitivity of the sensor is relatively small, only 0.93 kPa/°C. The sensor is flexible in design, easy
to manufacture and operate. Practical significance. The proposed sensor has extremely high gas
pressure sensitivity, and it can be used in the fields of chemical production, pharmaceutical, oil and
gas storage, environmental protection for high sensitivity gas pressure measurement.

Keywords: optical fiber sensor, Fabry—Perot interferometer, femtosecond laser micro-machining,
quartz capillary, gas pressure
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AnHOTAan NI

IIpenmet uccaemoBanua. CeHCOD A1 M3MEPEHU AAaBJIEHUS ra3a ¢ YBEJWUYEHHON YYBCTBUTEJIHHO-
CTHIO HA OCHOBe KacKagHoro naHrephepomerpa @adpu—Ilepo. Ileanr padorsi. S3HAUUTEIHLHOE YBEJIUUCHNIE
3a CUeT MCII0Jb30BAHUA METOZa HAa OCHOBE OITUYECKOTO a(pderTa BepHbe (OIITHUECKOT0 HOHIYCA) UYB-
CTBUTEJLHOCTH K JaBJEHUIO rasa B IpejyaraeMoM ceHcope. Merox. B mpenio:keHHOU cxeMe ceHcopa
onuH nnTepdepomerp Pabpu—Ilepo ucmoab3yeTcss B KauecTBe N3MEPUTEIHLHOTO nHTepdhepomMeTpa, B TO
BpeMs KaK Bropoi uatephepomerp Pabpu—Ilepo aBasgercsa stanoHHbIM. Vcnosrb3yeMbie nHTEPdEpPOMe-
TPBI U3TOTOBJIEHBI I3 IBYX CEI{I_II/Iﬁ OOJHOMOJOBBIX BOJIOKOH, CDAIll€HHbIX Ha O6OI/IX KOHIIaX BBUOE eﬂI/IHOfI
CeKIIMU KBapIeBOr0 Kanmasapa. [Ipu aToM B CTeHKe KaIlWJIJspa YyBCTBUTEJILHOTO MHTEepPdepoMeTpa
dabpu—Ilepo a1 n3MepeHns JaBJIeHUS ra3da UMeeTCsI MIKPOOTBEePCTHe, IIOJYUeHHOEe C UCII0JIb30BaHN-
eM (heMTOCEeKyHIHOTO Jiasepa. B mosyueHHOM KacKaje U3 IBYX NHTeP(EepPOMETPOB BLITIOTHAIOTCI U3Me-
peHusd ¢c uCIoJIb3oBaHUeM onTruueckoro sddexta Bepabe. IIpu TouHOM aIpropHOM U3MepPeHUU PA3HOCTHU
IUINHBI PEe30HATOPOB ABYX mHTepdepomerpoB Padbpu—Ilepo mpakTUyecKu peannusyeTcs 3HAUUTEIbHOe
yBeJnUeHNe YyBCTBUTEJIbLHOCTY U3MepeHUs ceHcopa. OCHOBHBIE Pe3ybTaThl. JKCIIePUMEHTATbHBIE Pe-
3yJIbTaThHI IOKA3LIBAIOT, UTO UyBCTBUTEJIBHOCTh CEHCOPA C UCIToJIb3oBanmeM adderTa BepHbe cocTaBia-
et He meuee 133,2 um/MIla B nuanasone usmepenus gasiaeraus 0—0,8 MIIa, uro B 33,3 pasa BbIllle, ueM
Yy ©3BECTHOT'O CeHCOpa Ha 0OCHOBe oguHOouHOro nHTephepomerpa @adbpu—Ilepo. Kpome Toro, mapasurHas
IIepeKpecTHasaA YyBCTBUTEJIIBHOCTh CEHCOPA K M3MEHEHUNI0 TeMIlepaTypPhbl OTHOCUTEJIbHO HeBeJIUKa U He
mpesoimiaet 0,93 klla/°C. CeHcop oTanvaeTcsa THOKOCTHI0 KOHCTPYKIIUY, UMEeT MAJYIO TPYA0EeMKOCTh
M3TOTOBJIEHUA U IIPOCT B dKcIIyaTamuu. [IpakTuuecKkas 3HAUYNMOCTD. IIpeagaraemMblii ceHcop UMeeT
BBICOKYIO UYBCTBUTEJIbHOCTD IIPU U3MEPEHUY TaBJIeHUS rasda U MOKeT ObITh UCII0JIb30BaH AJs KOHTPO-
JIST TEXHOJIOTUYECKUX IIPOIECCOB B XMMUUYECKOM M (hapMalleBTUYEeCKOM IPOM3BOJCTBAX, YCTPOMCTBAX
KOHTPOJISI eMKOCTeH XpaHeHus He(DTH 1 ra3a, CUCTeMaX MOHUTOPUHTA COCTOSIHUA OKPY KaOIel Cpeabl.

KaroueBrie cjioBa: BOTOKOHHO-ONITUYECKUN JaTUMK, nHTepdepomerp Pabpu—Ilepo, pemTocekyHA-
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INTRODUCTION

In special fields such as oil and gas field explo-
ration, biomedical engineering, chemical pro-
duction and aerospace industry, the demand for
gas pressure sensors with very high sensitivi-
ty and very low exploration limit has increased.
Based on different sensing mechanisms, a va-
riety of optical fiber gas pressure sensors have
been developed, such as fiber grating [1, 2], an-
ti-resonant reflection waveguide [3] and opti-
cal fiber interferometer [4—6]. As a common op-
tical fiber interferometer, the gas pressure sen-
sor based on Fabry—Perot interferometer (FPI)
has attracted extensive attention in recent years.
There are two main types of FPI gas pressure
sensors. One is the diaphragm based FPI sensor,
which can provide high sensitivity by reducing
the diaphragm thickness [7—11]. However, the
diaphragm is fragile and easy to be damaged un-
der high pressure, and the gas pressure mea-
surement range of the structure is small. Anoth-
er structure is an open cavity FPI using capil-
lary, hollow core fiber or hollow photonic crystal
fiber [12-19]. Open cavity FPI usually requires
a channel for gas circulation between the ex-
ternal environment and Fabry—-Perot (F-P)
cavity. These channels can be directly com-
posed of capillary or hollow core fibers [12-16],
or drilled on them using laser micromachining
technology [17-19]. Compared with diaphragm
FPI sensor, open cavity FPI sensor has smaller
temperature cross sensitivity, robustness and
larger measurement range. However, its gas
pressure sensitivity is low.

The Vernier effect is an effective method
to improve gas pressure sensitivity. The opti-
cal Vernier effect gas pressure sensors can be
generated by two FPI cascades with different
free spectral ranges (FSR) [20—24]. The maxi-
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mum pressure sensitivity obtained in Ref. [20]
can reach 303.65 nm/MPa, while the minimum
pressure sensitivity obtained in Ref. [22] can
also reach —30.1 nm/MPa. These Vernier effect
sensors greatly improve the measurement sen-
sitivity, but the structure is relatively complex
and difficult to repeat. In addition, the cascaded
FPI Vernier effect sensor has great uncertainty
in the production process. Sometimes it is im-
possible to guarantee whether the Vernier effect
can be generated and whether the sensitivity can
be amplified.

In this paper, a simple FPI cascade structure
for gas pressure measurement is reported. Both
FPIs are extrinsic F-P cavities composed of cap-
illary and single-mode fiber. However, the length
of capillary in the two FPIs is slightly different.
Among them, FPI with micro-channel allows gas
to enter and exit the F-P cavity and is sensitive
to the change of gas pressure, which is used as
a sensing cavity. The FPI without micro-channel
is insensitive to the change of gas pressure and
is used as a reference cavity. In our scheme, the
two FPIs can be manufactured independently, so
as to accurately control the cavity length of the
two FPIs and ensure that they have close FSR
to form Vernier effect, so as to improve the sen-
sitivity. The experimental results show that in
the range of 0—0.8 MPa, the pressure sensitiv-
ity of our sensor reaches 133.2 nm/MPa, while
the temperature cross-sensitivity of the sensor
is very small, only 0.93 kPa/°C.

SENSOR DESIGN AND PRINCIPLE

Figure 1 shows the structure of the proposed
cascade FPIs device, which consists of a sens-
ing FPI (namely FPI,) and a reference FPI (na-
mely FPI,). Both FPI; and FPI, are formed by

Gas hole
M, M, M, M,
— = Capillary = ==  Capillary =
SMF SMF SMF
) L, o d o L, l

Fig.1. Schematic diagram of the sensor structure and optical path diagram. M, M,, M3, and M, are four
reflecting surfaces

Puc. 1. I[IpurnunuatbHaa cxeMa CTPYKTYPHL CEHCOPa 1 CXeMa ONTuYecKoro myTtu. My, My, Mg u My — dueTsIpe
OoTpaskalolye IOBePXHOCTHI
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splicing capillary and single-mode fiber (SMF),
but their capillary lengths are different. The cap-
illary of FPI; has a small hole, which allows gas
to enter and exit F-P cavity. Interferometer FPI;
is sensitive to gas pressure, which is called sens-
ing unit. Interferometer FPI, without micro-hole
is insensitive to gas pressure and is called a refe-
rence unit. Two FPIs are fused together, and
the spacing must be greater than the coherence
length of the light source to ensure that two FPIs
work independently. The end face of the tail SMF
is inclined to avoid possible parasitic reflection.

According to the research conclusions in Ref.
[25, 26], when the sensor selects a smaller inner
diameter capillary, the light beam may trans-
mits to the capillary wall, increasing the com-
plexity of the sensor. When the sensor adopts
quartz capillary with large inner diameter and
short length, it can ensure that most of the light
beam is transmitted in the capillary cavity, and
there is no light beam transmission in the capil-
lary wall, which is relatively simple to analyze
and the light beam is well controlled. Moreover,
when the light is transmitted in free space,
the light produces the diffusion phenomenon.
Therefore, to simplify the difficulty of the sen-
sor design, we chose the quartz capillary with a
larger inner diameter and minimize the length
of the quartz capillary for reducing the loss and
increasing the intensity of the reflected light to
obtain a reflection spectrum with greater con-
trast. In Fig. 1, the SMF used is SMF-28, and its
core/coating diameter is 8/125 um. The inner
diameter of the quartz capillary used is 50 ym
produced by Polymicro technology, the model
is TSP050150. In the optical path diagram of
Fig. 1, the sensor structure forms four reflect-
ing surfaces: M;, M5, Mg, and M,. Among them,
M, and M, form FPI;, and M3 and M, form FPI,.
The FSR of two FPIs reflection spectra and the
capillary length in two FPIs are expressed by
the following formula:

2 2
A , FSRy = A .
nly 2nLy

FSR; = (1)

Here, L; and Ly are the cavity lengths of FPI; and
FPI, respectively, n is the refractive index of the
air in FPI; and FPI,, A is the light wavelength in
free space.

Since two FPIs are greatly separated and
avoided mutual effect, the output spectrum of
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the cascade FPIs normalized ac signal intensity
I, . can be expressed as [20]

2nm(Ly + Ly) cos 2nm(Ly — Ly)
A

z - (2)

Iac(L1’L2) = C0S

It can be found that the output interference
fringe pattern of the sensor is a product of a
fast varying oscillation (cos2nn(L; + Ly)/A) and
a slowly changing envelope (cos2nn(L; — Ls)/A).
The FSR of the slowly varying envelope can be
expressed as [20, 21]

FSRFSR, A2

= . @
|[FSR; —FSRy| 2n|L; — Ly )

FSRenvelope =

Therefore, a small shift of FPI; wavelength
caused by the change of ambient gas pressure
will lead to a large shift of sensor envelope wave-
length, and the magnification factor is [22, 23]

_ FSRenvelope _ L]
FSR, |y — Ly

Equation (4) shows that when the FSR of the
envelope is given, the smaller the FSR of FPI;,
the larger the magnification factor. However,
when the FSR of FPI; is small, the corres-
ponding cavity length is large, which will reduce
the fringe contrast of FPI; reflection spectrum.
In fact, when the capillary is too long (e.g. more
than 500 pm), a large amount of light will
enter the capillary wall and transmit, forming
anti-resonant reflection waveguide interference
[25, 26]. Therefore, in order to avoid anti-reso-
nant reflection waveguide interference, we need
to control the length of the capillary to ensure
that the light is completely transmitted in the
hollow-core of capillary. From Eq. (4), it is also
observed that the M depends on the cavity length
of two FPIs. Thus, in device manufacturing,
precise control of the F—P cavity length ensures
that the magnification factor reaches the design
value. However, if the cavity length difference
of two FPIs is too small, the envelope FSR be-
comes very large, which may lead to an envelope
drift beyond the BBS! wavelength range, mak-
ing the measurement difficult to achieve.

In order to produce the Vernier effect, the
sensor parameters are calculated and designed:

4)

1 BBS — broadband source.
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Gas hole d = 23.6 pm

———
SMF 465.3 pm
Capillary tube

\ 1156.7 pm

451.2 pm 256.5 pm

Capillary tube = SMF
L)
100 pm

Fig. 2. Micrograph of two FPIs cascaded for the sensor

Puc. 2. Mukpodororpadus 1Byx Kackagubix uuTephepomerpos @adpu—Ilepo B cencope

the cavity length of FPI,; is 465 pnm, the cavity
length of FPI, is 450 nm; the spacing between
two FPIs is near 1 mm, the length of the tail
SMF is 250 um, and the total length of the sen-
sor head less than 2.5 mm. The magnification
factor (M) of the sensor design is about 31.
Figure 2 shows the micrograph of the prepared
sensor structure. From Fig. 2, it can be seen that
the cavity length of FPI, is 465.3 pum, the cavity
length of FPI, is 451.2 pm, the spacing between
two cavities is 1156.7 pm, the diameter of the
micro-hole is 23.6 num, and the length of the tail
SMF is about 256.5 pm.

Figure 3 shows the reflection spectrum of the
cascaded FPIs (curve 1), which has a periodicity.
From Fig. 3, it can be found that these are many
high frequency resonant peaks in the reflection
spectrum, and these small resonant peaks again
form a relatively larger envelope, and the upper
envelope (line 2) is obtained by connecting the
extreme points of the high-frequency resonance
peak. The envelope peak near 1478 nm is used
as the tracing wavelength in the subsequent
sensing tests. The spatial frequency spectrum
obtained by using fast Fourier transform is dis-
played in Fig. 4, where the dominant frequency
peaks are located at 0.3731 and 0.4064 nm™!
respectively. Since the spatial frequency is the
reciprocal of the FSR, for the FPI; with the
cavity length of 465.3 ym, the FSR can be cal-
culated as 2.582 nm, and the corresponding
frequency is 0.83868 nm™1, which is close to the
frequency peak at 0.4064 nm™, and the small
deviation is due to a micro-error in the cavity
length measurements. Similarly, the FPI, with
the cavity length of 451.2 pym has a FSR value
of 2.662 nm, corresponding to the spatial fre-
quency of 0.3756 nm™1, which is close to the
peak at 0.83731 nm™1. There are also some high-
order harmonics in the spatial spectrum, but
their contribution to the spectrum of the sensor

FSR 29nm :

1nllIlllu|ﬂ|||||m,|u||u ||,|1l|||1[|u|Illluumnlul|||||l”| ||||ui]

j‘ "“||I||l|||||l|+"""”||[|l|||m||||[|1y||l||1li|||1m|||||| I |\|||l|'1'l

-5
1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600
Wavelength, nm

| |
N l—‘

Reflection, dB

Fig. 3. Reflection spectrum of the (1) proposed sensor
and the (2) upper envelope
Puc. 3. CnekTp oTpaskeHUs IpejiaraeMoro ceHcopa
(1) u ero BepxHAa orubaromiad (2)

0.5

5 04 0. 3731

3 o 4064

= 0.3F

= 0.4164

n

£02 \(

= | 0.0399

M e
0.0 - e

0.1
Frequency, 1/nm

Fig. 4. Spatial frequency spectrum of the proposed
sensor, obtained using the fast Fourier transform
Puc. 4. IIpocTpaHCTBEHHO-YACTOTHBIN CIIEKTP

mmpeaiaraeMoro cemncopa, MOy YeHHBIH c
HCII0JIb30BaHMEM OBICTPOTO IpeobpasoBanusa Pypbe

is small and can be ignored. The spatial spec-
trum shows that the sensor output spectrum
is mainly composed of the superposition of the
output spectra of two FPIs. The FSR of the sen-
sor spectral envelope corresponding frequency
is 0.0345 nm™1, which is close to the peak at
0.0399 nm! of Fig. 4.
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Step 3

Gas hole 1

=

Capillary i

Step 5
Gas hole

I-—i

i

i Capillary

i

Capillary }

Capillary Capillary
Fig. 5. Schematic diagram of the fabrication process of the sensor. Step 1, an end-cleaved SMF and capillary
were spliced together to form an unclosed cavity structure. Step 2, a micro-hole on top of the capillary is
processing using femtosecond laser. The micro-hole was cleaned with an ultrasonic washer. Step 3, the
capillary with micro-hole was cleaved into the appropriate length, which was spliced with another section of
end-cleaved SMF. Step 4, the SMF was cleaved into the appropriate length, which was spliced with another
section of capillary. Step 5, the capillary was cleaved into the appropriate length, which was spliced with
a section of tail SMF

Puc. 5. IlpunnunmnanbHas cxXeMa I[Ipollecca M3rOTOBJEeHUsS ceHcopa. Illar 1, 0oZHOMOZOBOE BOJIOKHO
C pas3mesieHHBIM KOHIIOM W KAOWJIJISAP COEAUHSIOTCS BMeCTe M/ (pOPMUPOBAHUA CTPYKTYPHI C HE3aMKHYTOI
mosiocThio. [1lar 2, MUK POOTBEPCTIIE BBePX HEeHT UaCTH KaTuJIapaodpadaTbiBaeTcA U3IydeHeM (DeMTOCEKYHIHOTO
Jlazepa M OUHIITAeTCsA ITOCPEICTBOM YIbTPa3ByKoBoM Motiku. [lar 3, Kanuiasap ¢ MUKPOOTBEPCTUEM PACAEIIAETCA
HA COOTBETCTBYIOIIYIO IJHHY, KOHEI KOTOPOrO COeNUHSIETCS C APYTUM YYacTKOM OJHOMOIOBOIO BOJIOKHA
c pasgesneHHbIM KoHIloM. IIlar 4, oZHOMOZOBOE BOJIOKHO PasesisgeTcsi Ha COOTBETCTBYIOIIYIO IJUHY, KOHEIL
KOTOPOT'O COEIUHSETCS C APYTUM ydacTKoM Kanuyasapa. [llar 5, kanuiasap pasmeisercss Ha COOTBETCTBYIOIIYIO
IUINHY, KOHEIl, KOTOPOI'0 COeINHSIETCA C YYaCTKOM KOHIIa OJJHOMO/JOBOT'O BOJIOKHA

EXPERIMENTAL RESULTS
AND DISCUSSION

Sensor fabrication
The manufacturing processes of FPI; and FPI,
are schematically presented in Fig. 5. The manu-
facturing process of FPI; and FPI, includes
five basic steps, with the aid of precision
displacement platforms and optical microscopy.
The femtosecond laser used in the manufacturing
process (Coherent Corp. Libra HE USP) was
operated at a central wavelength of 800 nm with
a pulse width of 35 fs and a repetition frequency
of 1 kHz.

Finally, the end face of tail SMF was cut into
a slope by femtosecond laser micromachining,
which the effects of the end-surface reflections
were excluded. In the fabrication processes, the
fiber cleaver used is FC-6S (Sumitomo, Japan),
and the fiber fusion splicer used is FSM-100+
(Fujikura, Japan). Once the desired interference
fringes with Vernier effect is gotten by optical
spectrum analyzer, indicating that the sensor
structure was successfully fabricated.

Gas-pressure meter

Circulator

Senser head

Gas in ‘;HE]

Gas chamber

OSA | " Gasout

Gas pump

Fig. 6. Experimental setup of gas pressure
measurement

Puc. 6. OxcnepumenrajibHas YCTAHOBKA [Jisd

n3MepPpeHundA JaBJICHUA ra3a

Gas pressure measurement

The experimental setup of gas pressure
measurement is illustrated in Fig. 6. The sensing
head was put in the gas chamber and the other
end was connected to a broadband source (BBS,
FL-ASE, Beijing China) and an optical spectrum
analyzer (OSA, AQ6370D, Yokogawa, Japan)
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through a circulator. The lightwave length
range of emitted from BBS is 1250-1650 nm,
and the OSA has a resolution of 0.05 nm and a
scan range of 600-1700 nm. The signal light
emitted from BBS was sent into the sensor,
then reflected back and received by OSA. Gas
pressure is generated by the gas pump (Y-039,
Xi’an China). A high-precision pressure meter
(YB-150B, Xi’an China) was used to record
the gas pressure. The gas pump can produce

(2)

-0.5
-10
~15
-0.5
~10 }
15k

—

a maximum pressure of 1.6 MPa, and the
precision of the pressure meter is of 0.001 MPa.

To research the gas pressure response of the
proposed sensor, the sensor was sealed in the gas
chamber. The pressure of gas chamber was va-
ried from O to 0.8 MPa with a step of 0.2 MPa,
and maintained for 10 min at each step. Figu-
re 7a shows the drifts of the upper envelope of
the sensor reflection spectrum with the gas
pressure increasing, and Fig. 7b presents the
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drifts of the upper envelope with the gas pres-
sure decreasing. It can be found that the enve-
lope dip (1478 nm) has a large shift towards lon-
ger wavelengths (about 107 nm) as the gas pres-
sure increases, and a large shift towards short
wavelengths (about 107.4 nm) as the gas pres-
sure decreases. Figure 8 shows the fitting be-
tween the upper envelope dip wavelength drifts
and gas pressure variation. It can be seen that
when the gas pressure increases or decreases,
their linearity is particularly good of 99.99%
and the gas pressure sensitivity is 133.2 and
133.3 nm/MPa respectively. The gas pressure
sensitivity is basically the same when the gas
pressure increases or decreases, which indicates
that the sensor has a good repeatability and
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a small hysteresis error. In addition, based on
the wavelength resolution (0.05 nm) of OSA and
the gas pressure sensitivity (133.2 nm/MPa), the
gas pressure measurement limit (AP) of the sen-
sor is approximately estimated to be 0.38 kPa
(0.05/133.2 = 0.00038 MPa = 0.38 kPa).

Figure 9 shows the drifts of the interference
fringe dip (1525 nm) of the sensor reflection
spectrum with gas pressure increasing or de-
creasing. It can be found that the dip in the re-
flectance spectrum of the sensor (1525 nm) has
a slight shift towards the long wavelength re-
gion (about 3.2 nm) with increasing gas pressure
and a small shift towards the short wavelength
region (about 3.2 nm) with decreasing gas pres-
sure.
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Fig. 9. Drifts of high frequency interference fringe dip (1525 nm) with gas pressure (a) increasing and
(b) decreasing. The pressure is indicated in megapascals (MPa) on the graphs
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Figure 10 shows the fitting between the dip
wavelength drifts and gas pressure variation.
It can be seen that when the gas pressure in-
creases or decreases, their linearity is particu-
larly good of 100% and their gas pressure sensi-
tivities are 4 nm/MPa. The results show that the
sensor has good reversibility.

The gas pressure sensitivity measured using
the spectral envelope dip is 133.2 nm/MPa, and
the gas pressure sensitivity measured using the
interference fringe is 4 nm/MPa. Therefore, the
sensitivity of using spectral envelope to measure
gaspressureis 33.3(133.2/4 = 33.3) times higher
than that of using interference fringe measure-
ment. Since FPI, is insensitive to gas pressure,
the gas pressure sensitivity obtained using the
interference fringe of the sensor should be the
same as the gas pressure sensitivity obtained
using FPI; alone. Therefore, the magnifica-
tion factor of gas pressure sensitivity measured
in the experiment can be compared with the
magnification factor calculated theoretically
(M = Ly/(L; — Ly|) = 33). It is found that they
are very similar, which verifies the correctness
of the theoretical analysis.

Table shows the comparison results of simi-
lar Vernier effect gas pressure sensors formed
by two FPIs cascading. It can be seen from Table
that the sensitivity of our sensor is higher than
that in Ref. [21-24], only lower than that in Ref.
[20]. If we further optimize the length diffe-
rence between two capillaries, our sensor sensi-
tivity can continue to improve. In addition, the

Research Article

gas pressure measurement range of our sensor
is the highest, and the temperature cross-
sensitivity is lower than that in Ref. [21-24],
only a little higher than that in literature [20].
Moreover, compared with these sensors, our
sensor structure and manufacturing process are
relatively simple, which is easier to manufacture
and form Vernier effect.

Temperature cross-sensitivity

Figure 11 shows the temperature experimental
setup of the sensor. The sensor is placed in the
high temperature furnace with temperature
accuracy of +1 °C. The temperature response
of the sensor was tested when the temperature
increased from 30 to 120 °C with a step
of 10 °C. FPI; and FPI, are the air cavity with

Sinsing head

Circulator

High temperature
furnace

Fig. 11. Experimental setup of temperature
measurement
Puc. 11. OxcnepumenTanbHas YCTAHOBKA IJIs

U3MepeHUs TeMIePaTypPhl

Comparison of gas pressure sensors based on the Vernier effect and two cascade FPls

CpaBHeHne gaTqMKOB OaBieHns ras3a Ha OcHoee addekTa BepHbe
1 OByX KackagHblx nHtepgepometpos Gabpur-lepo

Detection rang,

Gas pressure sensitivity,

Temperature

Sensor structure MPa pm/kPa cross-sensitivity, kPa/°C Ref.
two FPIs cascading 0.02-0.2 303.65 0.124 [20]
two FPIs cascading 0.0-0.03 80.3 -1.33 [21]
two FPIs cascading 0.01-0.1 -30.1 3.25 [22]
two FPIs cascading 0.001-0.1 80.8 2.22 [23]
two FPIs cascading 0-0.6 86.64 5.18 [24]
two FPIs cascading 0-0.8 133.2 0.92 this study
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Puc. 12. TemneparypHbIi apeiid) IJIUHBI BOJHEI (), Ha YCJIOBHBIX 0003HAUEHUSIX — TeMIIepaTypa B I'pamycax

Ilenbcusa, caBur mnpoBasia UHTepPepeHIIMOHHOU mojsockl (1550 HM) mpu pasaWYHBIX TeMIlepaTypax,

aAMIIPOKCUMAIINA 3aBUCUMOCTH CABUTA JJINHLI BOJHEI OT TEMIIEPATYPhI, TOUKU — SKCIePUMEeHTAJIbHEIE JaHHbIe,
JIVHUA — JUHeWHada anupokcuManud, y = 0,003742x + 1550, R2=0,9860 (6)

a silicon glass wall, thus with a same tempera-
ture sensitivity. When the temperature changes,
the temperature sensitivity of FPI; or FPI, is as
follows:

S, =S, :?_}n:xm(al +E&1)- (5)
Here, 0, is the thermal expansion coefficient of
silica glass (5.5x1077/°C), &; is the thermos-opti-
cal coefficient of the air medium in FPI; or FPI,
(-5.6x1077/°C).

Assuming A, = 1550 nm, the temperature
sensitivity is estimated 0.0155 pm/°C, which is
rather small. Since both FPI; and FP, change
with temperature wvariation, the theoretical
equation for the envelope sensitivity magnifi-
cation factor no longer applies to temperature.
Here the temperature sensitivity of the sen-
sor is tested by tracking the drifts of interfer-
ence fringes in the sensor reflection spectrum,
and Fig. 12 shows the temperature-induced
wavelength drifts. By the linear fitting, the
temperature sensitivity is 3.7 pm/°C with a
linearity of 98.6%. Furthermore, the gas pres-
sure sensitivity of the interference fringes is
4 nm/MPa, thus the temperature cross-sensi-
tivity of the sensor is calculated as 0.93 kPa/°C
(0.0037/4 = 0.00093 MPa/°C = 0.93 kPa/°C),
which is smaller than that of in these Ref.
[21-24].

CONCLUSIONS

An ultra-high sensitivity gas pressure sensor
based on the cascaded FPIs and the Vernier effect
wasdesigned and demonstrated. Thetwo cascaded
FPIs have similar structures with different
capillary lengths. By accurately controlling the
length difference of capillary between two FPIs,
a large controllable magnification factor can
be obtained by using the Vernier effect, which
greatly improves the measurement sensitivity of
the sensor. The experimental results show that
the gas pressure sensitivity of the Vernier effect
sensor is 133.2 nm/MPa, and the corresponding
sensitivity magnification factor is 33.3. Mo-
reover, the sensor temperature experiment shows
that the temperature cross-sensitivity is low as
0.93 kPa/°C. Compared with other sensors with
similar structures, the main advantages of our
proposed sensor are as follows:

(1) the sensor is composed of capillary and
single-mode optical fiber, which is simple in
structure and easy to be manufactured, and
the total length of the sensor head is less than
2.5 mm, so the structure is particularly compact;

(2) the temperature sensitivity of our sensor
is low, and the temperature cross-sensitivity is
small when measuring gas pressure;

(3) the gas pressure sensitivity of our sensor
is very high, which is especially suitable for the
measurement of small pressure changes.
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