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Abstract Acoustic sensor and photoacoustic cell are key components of laser-based photoacoustic spectroscopy. In
this paper, we proposed an air-backed mandrel fiber optic microphone with a resonant photoacoustic tube,
combining the technologies of fiber Michelson interferometer, phase generated carrier demodulation, and
longitudinal resonant photoacoustic cell. In the microphone, we fabricated a sensing arm by wrapping a 10-meter
ultra-thin single-mode fiber on a copper capillary tube that was also utilized as the resonant tube of the photoacoustic
cell. Besides, a 5-cm reference arm has been isolated from sound and vibration. Furthermore, the resonant
frequency of the microphone was designed to be slightly lower than the first-order longitudinal resonant frequency of
the photoacoustic cell to achieve quasi-double resonance as the resonant frequency of the microphone was stable. The
experimental results show that the minimum resolution is 0.69 pPa/+/Hz at the resonant frequency of 1443 Hz,
and the linearity of acoustic pressure and voltage response is 99.98% (5 mPa— 3 Pa) with a dynamic range of
112.52 dB at 1 kHz. In conclusion, the microphone can be applied for trace gas detection in high-temperature,

explosive, or high-electromagnetic-interference environments.
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Fig. 1 Schematic of the sensor. (a) Schematic of the fiber optic microphone; (b) design of the photoacoustic cell
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Fig. 2 Simulated results of the photoacoustic cell at 101. 325 kPa and 15 “C. (a) Longitudinal resonant frequency of the

photoacoustic cell versus its length and inner radius; (b) longitudinal resonant frequency versus temperature when

the length is 100 mm and inner radius is 1.8 mm
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Fig. 6 Experimental setup of the fiber optic microphone integrated with a photoacoustic cell
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Fig. 7 Output voltage response of the fiber optic microphone under the acoustic pressure of 0.1 Pa (100-5100 Hz).

(a) 14™ June, 2020; (b) 15" June, 2020
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Fig. 8 Noise factor of the fiber optic microphone in a quiet condition
1000 o 1000 1000 1000
—— sensitivity (b) —— sensitivity
—— resolution —— resolution
T 100 H 1100 T 100 H 1100
& j & £ W At g
g 10} 110 § g 10} ! '( 10 §
< A 2 < W i =
> = > Y & =
S = s )
g 1p il g E=| Ly 178 11 3
g a z s a
7} 7}
[47] »n
0.1 . . . . e 0.1 0.1 . . . . . 0.1
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

Frequency /Hz

Frequency /Hz

P9 Suaf 22 v KU A5 Y H R S BORE L7 A3 BRI IR OE &R . (@) 2020 4E 6 3 14 H3(b) 20204 6 A 15 H
Fig. 9 Measured voltage sensitivity and acoustic pressure resolution of the fiber optic microphone versus the frequency.

(a) 14" June, 2020; (b) 15" June, 2020
AT BDGEF 4 vw KUY HL R SR 0B R g /)N AT Az I 7 G5 LR 7 vl UGS R TR PR AR A Y H R R R Ry
JEL i 9 Frias . B 9Ca) /& 2020 4F 6 H 14 H B9 312 mV/Pa, 5 /N AT K W 75 FE 9 0. 69 pPa/+/Hz.

0206001-7



EA1E F28/2021 £1 B/RFEFR

K 9(h)2020 4FJ& 6 H 15 H BRSSO 4 2 7 X
Gh R IR AR Ak 1) L TR R AU 283 mV/ Pa, /i)
K75 o~ 0,76 pPa/+/Hz, YG4F 4 5 KB BEIE HL
JE 7R R fe 0 v DN A R R 3,44 mV/Pa
62.5 pPa/~/Hz - K I U A5 1 56 £F 22 5 IR EE 45 4
FLHRAT AL 1Y Q H 435k 90. 57 A1 82. 23, X JEH
FIREE IR S R AR, 51 LR 19— B 9k 3t
PRINFI 1603 Hz 254N 1643 Hz, FHOLL £ 7%
DR A R A1 38 Ak 7 R S A B AT

TEB RN A5 TR K 1 kHz B, 80728 3806 75 1 1
R/, G 2F % 50 KUAE 1 kHz &b %y g 15 g (5
Kl 10 /s, 7E5 mPa~3 Pa 7 [ 3l [l Y , H i 4
i) 7 S 4R L R EE Sl 99. 98,

ST INRE£F 2 S R S A E L B & K
PULSE Labshop# {1 i) 18 9% 2 B (THD) Il &2 D) g

kLK 1 kHz B A IRAE 2 10. 4 Pa, BEAF 2
SBBEAE E R 0.999% . N 11 fin. BLE A 5
KAE 1 kHz 4b B o R R AE S — 7. 48 dB, A KM 75
—120 dB, RIS 2h &9 112,52 dB(1 Y% THD),
140

5 120

100+

= output voltage
I —linear fitting

m

<

>
S O
T T

y=0.2035+0.0408»
R=0.99982

Output voltage
>
(=)

[\
(=]
T

S

500 1000 1500 2000 2500 3000
Acoustic pressure /mPa

10 SBEF22 v MUy A T AT 75 T (@1 kH2) 8 B 56 5

Fig. 10 Output voltage of the fiber optic microphone

0

versus the amplitude of acoustic pressure at 1 kHz

W Timeteeh - Input SIE= - ==~
" et T T Kok oyt o -
5 PP [t Moizae v
o L Ll o ES
0 n 3n 4 ?:i 6m T 8m Sm  10m F-3 * . & S &
ilimeﬁeﬁ)-lnpvt o || @[] | [l Autospectrum(Test) - Input ol@=
™M Time(Test) - Input Cursor Valw @8/1.00V) Agospectum(Test) ot~ |Cursor Values
Working : Input : Input : FFT Anayzer Y=-330mV Working : Input : nput : FFT Analyzer | Ya-748d871.00v
1 X=6287ms 0 } t t t t X=1.000 He
FATAT T e/l i “ l ] : } : } s
NAVAVAVAVAVAY RVAVAVE] -~ | - | [ [Maninmn ol
M 12 \MM Harmonic Distortio
| | | Tan o7 e o0V
B wl | | | ! | | | T Do <75t
0 L. n m 4 ?!VI! &m m 8m Sm  10m Tk F-3 x l & S &
For Help, press F1 =
Bl 11 e E MM sh B (@1 kHz)
Fig. 11 Dynamic range of the fiber optic microphone at 1 kHz
5 4 18 5 % X W
B — G 7 s B0 Tl B s S e TR OB AT 3 [1] Bell A G. On the production and reproduction of
TR, e T RCR LA 0 7 HAN T 3L S sound by light [J]. American Journal of Science,
N > — = N > 3 AV 1880, 20 305’324
SO IR AR A SR B I B AR -
BT 7 b ok £ b I U R R R S [2] Ma F, Zeng Y, Du C W, et al. Soil variability
P . . . A~y . description using Fourier transform mid-infrared
21 22 5 R 2 R LRI A 7 1 — B AL i A B photoacoustic  spectroscopy coupling with RGB
IR 5B 1483 Hz 11651 Ha DL B AERIE method[J]. Catena, 2017, 152: 190-197.
Y. SCER gl R 12 22 50 KUY 45 M JL R 0 R Aa R [3] Cheng G, Chen J J, Cao Y N, et al. Influence of
ST Y 45 e 2 3R 45 R O 1443 Haz, /N A K I 75 & cylindrical ~ photoacoustic ~ cell  structure  and
4 0.69 wPa//Hz. 15 1 kHz &b, 75 FE H JE 0 i 28 environmental factors on acoustic eigenfrequency[J].
. jii Z o Z ’ S S Z
Acta Photonica Sinica, 2020, 49(2): 0230001.
PR K 99. 98% (5mPa ~ 3 Pa), 3 & 0 H N . - i s
- o et g BRI, DR G, WA, . DAETE O g b 5
112,52 dB (176 THD) , 2GR A 4 S R 75 A AR OB (] OB T2 4, 2020,
SR SR T I SRR AR R & 49(2): 0230001.
SRR ISR T B T AL [4] Cao Y, Xie Y C, Wang R F, et al. Recent advances

0206001-8



EA1E F28/2021 £1 B/RFEFR

(5]

[6] Chen K, Yuan S,

L7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

of photoacoustic spectroscopy techniques for gases
sensing[J]. Journal of Applied Optics, 2019, 40(6):
1152-1159.

BN, PR, g, % OLR OB KL EREAR
WEFEBERE LT . BG4, 2019, 40(6): 1152-1159.
Chen Y, Gao G Z, Cai T D. Detection technique of
ethylene based on photoacoustic spectroscopy [ J].
Chinese Journal of Lasers, 2017, 44(5): 0511001.
PRAL, w6, BRIEHR. FE T LR 00 M BRI B
AT, HEBOE, 2017, 44¢5): 0511001.
Gong Z F, et al. Ultra-high
sensitive photoacoustic spectrometer for trace gas
detection based on fiber-optic acoustic sensors [J].
Acta Optica Sinica, 2018, 38(3): 0328015.

PR, 20, BRI, 55 6 TOLET % Bl
FAGE G OGRS [T O6aEsE i, 2018,
38(3): 0328015.

Ma F X, Tian Y, Chen K, et al. Technique for
detection of dissolved gas in oil based on miniature
photoacoustic sensor [J]. Acta Optica Sinica, 2020,
40(7): 0730003.

DR, B, BRET, 5. JETROBDG A AL S Y T
R R R [T 6224l 2020, 40(7):
0730003.

Dewey C F, Jr, Kamm R D, Hackett C E. Acoustic
amplifier for detection of atmospheric pollutants[]J].
Applied Physics Letters, 1973, 23(11): 633-635.
Kosterev A A, Bakhirkin Y A, Curl R F,

Quartz-enhanced photoacoustic

et al.
spectroscopy [ J].
Optics Letters, 2002, 27(21): 1902-1904.

Leslie D H, Trusty G L, Dandridge A, et al. Fibre-
optic spectrophone[J]. Electronics Letters, 1981, 17
(17): 581-582.

Breguet J, Pellaux ] P, Gisin N. Photoacoustic
detection of trace gases with an optical microphone
[J]. Sensors and Actuators A: Physical, 1995, 48
(1): 29-35.
Wilcken K,

microphone for

Kauppinen J. Optimization of a
spectroscopy [ J].
Applied Spectroscopy, 2003, 57(9): 1087-1092.

Chen K, Yu Z, Yu Q,

white-light interferometry-based fiber-optic Fabry-

photoacoustic

et al. Fast demodulated

Perot cantilever microphone [J]. Optics Letters,
2018, 43(14): 3417-3420.

Chen K, Deng H, Guo M, et al. Tube-cantilever
double resonance enhanced fiber-optic photoacoustic

spectrometer[J]. Optics & Laser Technology, 2020,

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

0206001-9

123: 105894.

Rao Q M, Zhang Q, Xin X J, et al. Fiber acoustic
sensor resisting temperature interference [J]. Acta
Optica Sinica, 2020, 40(13): 1306002.

G, sk, T4, SF. BURE T HOLE AL R
ar[J]. LA, 2020, 40(13): 1306002,
Peng B J, Liao M, Liao Y B, et al.
measuring sensitivity of fiber-optic hydrophone [J].
Acta Photonica Sinica, 2005, 34(11): 1633-1638.
PG, B, BIER, S GEF KT8 R K
WFFE[)]. ST 240, 2005, 34(11): 1633-1638.
Murray M ], Davis A, Redding B. Fiber-wrapped

mandrel

Study on

microphone  for  low-noise  acoustic
measurements[J]. Journal of Lightwave Technology,
2018, 36(16): 3205-3210.

Pechstedt R D, Jackson D A. Design of a compliant-
cylinder-type fiber-optic accelerometer: Theory and
experiment [ J|. Applied Optics, 1995, 34 (16):
3009-3017.

Dandridge A, Tveten A, Giallorenzi T. Homodyne
demodulation scheme for fiber optic sensors using
carrier [ J]. IEEE Journal of
Quantum Electronics, 1982, 18(10): 1647-1653.

Miklés A, Hess P, Bozoki Z. Application of acoustic

phase generated

resonators in photoacoustic trace gas analysis and
metrology [J]. Review of Scientific Instruments,
2001, 72(¢4): 1937-1955.

Yun Z Q, Luo H, Hu Z L,
hydrophone used for thin line towed array[J]. Acta
Optica Sinica, 2012, 32(12): 1206004.

EWE, DUk, WNER, . T T S A0 2 B O
LKW A% A 5T [T, St % M, 2012, 32 (12):
1206004 .

Yang Z Y, LuR J, Wang S C. Measurement method

et al. Fiber optic

of resonance frequency for longitudinal resonant
photoacoustic cells[J]. Laser Technology, 2019, 43
(3): 387-391.

BEm, FoRE, EAR. — R ROt i i
B T L] WOBEOR, 2019, 43(3): 387-
391.

YuB L, Qian J R, Luo J T,
frequency fiber ring laser with linewidth less than
0.5 kHz[J]. Chinese Journal of Quantum Electronics,
2001, 18(4): 345-348.

AL, B, PRE, F. LN T 0.5 kHz £
SMEF A I EWOL S [J]. # 7 iF¥R,
2001, 18(4): 345-348.

et al. Stable single-



