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Abstract This review focuses on discussing the latest progress in Quartz-enhanced photoacoustic spectroscopy
(QEPAS) based trace gas sensing and the trend in the next few years. Fundamentals of QEPAS are described in the
beginning and the different QEPAS configurations employing a standard 32.7 kHz quartz tuning fork (QTF) are
introduced. Variant methods aiming to improve detection sensitivity and suppress sensor noise level are reported.
Moreover, a review regarding developments of customized QTFs for trace gas sensing is present. Novel
spectrophone configurations, with which the detection sensitivity is improved by two orders of magnitude, are
reviewed. The customized QTFs operating in overtone modes significantly decrease the length of acoustic micro-
resonators and realize dual gas simultaneous detection. Finally, the development direction of the QEPAS technique
is discussed.
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Table 1 Parameters of standard and 6 customized tuning forks

Parameter QTF standard QTF#1 QTF#2 QTF#3 QTF#4 QTF#5 QTF#6
L,/mm 3.0 3.5 10.0 10.0 11.0 17.0 16.8
W /mm 0.34 0.25 0.25 0.50 0.25 0.25 0.8
T /mm 0.35 0.2 1.0 0.5 1.0 1.4
Prong space /mm 0.3 0.4 0.5 0.6 0.7 1.0
fo(vac) /Hz 32743.61 13746.59 7577.81 8419.79 3479.25 2913.42 4176.48
foCexp) /Hz 32762.84 14049.20 7230.27 8439.51 3456.69 2869.07 4250.01
Qo 88719 10862 36564 47020 23282 34800 50130
Quim 13690 3980 8400 13150 3880 5210 17850
R /kQ 94.6 1913.3 301.7 455.6 990.2 810.1 194.1

3.2 ETEHEXHES LA K E L E T
P ) R S ORI 7S 28 i B i
Je e % 1 T B2 A 0 0 S Bl A B R RO 7RO
WE 2 FrRs . 3 ERE R &K QTF £ 2, 3
AR ANy 7.5 kHz, RoF oA S X K2 4.6 5,
FE LA B b SRS S R s el A 2 A, S
6 0% B 40 ) e A AR K 4 B oA 1.3 mm Al
23 mm, RIS HR I 1 B K 208 46 mm'™ . ik

A S A O 5 I 7S 28 R T A HL S AR I R
AR 1 s BUPIEINIAE] 8.90 X107, i THRE 1]
B AR K, JE AR RE S i I 7 aE A, DR K AR e R R
WAL, Allan 77 2% BRTE 1000 s B E] N 155 1R
LR M 5 R USSR IFAE 1000 s Y
s [v) FRUBE PN A7 S 23000 T AT R AR SRR RS
3.3 BREHMARMEERENRE

A B SO i SR T AR M SR R LA R

0911004-7



h =] 7 it
=B (@ P (b) P
13
e L L !
19 AR<l+l,<A AM2<l<A
i i E Pl 13 Ca) i 47 5 0 14 0745 1 43 7
il AR | & (b /NI B 5 45 i 4 3 78 T 21
| i Fig. 13 Pressure distributions in acoustic resonator with
u 3 [ Em (a) a large and (b) a small gaps in the middle!®"
m L\‘ i ‘ _ “ l— ( ..0

Q‘Q'%Q‘@\Q‘@%Q‘@% Q‘@b‘&@b &@%

B 12 ()& IR KB (L) 50 (W) BB (T E X
() i B UL o 52 i SR R /N H )
Fig. 12 (a) Definition of length (L,), width (W),

and thickness (T) of tuning fork arm; (b) size comparison

of the standard and the 6 customized quartz tuning forks™”

1 R T I YR T B R AR R B O R S
Tt AR R L Aar ROl e 4 4 % T B L 5 3
I YA AR TR R R AR R e R AR K 7E 3.2
B SO R K A B 46 mm, X TR
25 OB, A K IR IR IR IR T il UK
I 0] B R 10 o BB

1% 45 11 U Jh E v, TR R R R R AR
4 A0 AR AR — A R A IR e B, 7R Dk A
AR M v T B B AR 4 T A B K N %
FAEERN— 2, HEF XA TEH T A
WA SR s v A R S B AR A0 A I R A K
T A/2 FAx ZIE AR BRI 3 4
MR 13 Ca) BT el /IN 5 20 8 22 T [ B A B
TR /NG I L R T S SR, An & 13 (b) i
N H AR A0 AE R RE 58 KT, A5 I BHLJE RN
W 5 ) S A Bl S AR AR 1 d R BE B Ol 25 ~
50 pm, QR A — R 4 JE 4 A% R 15 G0 Y AR
21| K= L B NN A N - 1T D - K
WA TF— X ZNFL L 7 i T O ok DL HE 2 i R
B, BT bR S PR R BR LA 300 pm, B
AN BB AT FH 3 i o A5 2 A (E S T SR R A (R] BR
JUAE T 4w 5 S0, AT DR AT 308 19 BE 3T, 13X Fl O 3
75 28 3 T B AR BRLAE S Al A 9 B A8 O S R (SO-
QEPAS) . 4 14 iR,

LRSSl A B R O R O S I S ik T A SOk
C62]H , i FHJR B [B] Bl 800 pm () QTF # 2 /A
FEOE R RE A . SCI A 1 R L A R R R I AR
650 pm, K EEH 38 mm, X HAE S A XU F

14 B Tyl 7 B I 7 I 3 ) 7
Fig. 14 Schematic of single-tube on-beam
QEPAS spectrophone®

A7 BRSO O T B R, B R R T R R K
) —2F 24 mm,1fi 3.2 FHhREKE R 46 mm, H
P A PP 48 mm, 1% LU C B B L LR
TR T 130 %, SR AR G AU SR B B Y 40 £5
TR TE A0 ) B U I 5T AT S SOk (63 ]
34 EFzHRIEANAELMARLEXS

g

M SR AR /N T 10 kHz BF, Ho 95 3
PR A BE 24 20 JULJE K, o 21 20 R Kk 2% (TH2) 6 I8
(e LB IR E . QTF # 6 8 A T3t THz <k
LR LI IR R 4.2 kHz, AL S K
HJ 8 em, XFF 7.2 kHz Y QTF # 2., ¥45 K JE g1
WNE 2 3.8 em A ER HE 32 kHz 5 1fE T X AU
KEK 415,

F T SR — IR 2 AR 3h 4% HE SRR Bl 2
6.2 i o 4 AE 7E — R 2 MR Bl 001 6 Ab AN AR % 4
AR A BE i B AE B Al MR R S L iR BE AR
B SN QMY . CHR[64 JHHE T 5 F iz M4k 5h
R Y PR Al O 0 S AL Al 15 TR . iR B
QTF#5 fE N/ e ds, Wi L,/T M
HFRFEAR /N, L — R Z A Q i L BT 1 Q
fHwE 2 A5 DA 1.37 pm M504 Ui 20 (DFB) HOG 4
YERBORCIR K ZESAE R bR SAR . 3R 0 e il
PR B K E N 14.5 mm, K T 2R A A I K
9.5 mm , {HIE /N F FEA PR sh A5 0T 1 B K 38 mm,
AT AT 5 R (E Eb LA 30 04 B A 5 1 (3 i
T #5380 5.

0911004-8



i ot

I Ll

P15 Tz S 4 sl A =X i) A4 3 A A B o
R
Fig. 15 Single-tube on-beam QEPAS spectrophone

operating in overtone resonant mode "

3.5 ESUZIEKAIRIA A RILIE L A LG

ZSRAEL MM E IR 8 BT Tl Al AR
AT AR R H EHE RN . A A SRS B
SCTCTE PN BRI B /Y 7 ok A T IR 52 0 1
PR A% G2 1 A7 S 48 01 P O J0 k58 B IR 5 AU
I, B — SO A K BE 0% AL o T A B AR UK
WO A WA TFASTE P Rb A 2Z ) R AT PR T 46 L Al
PRI AFTESE B, A7 ST 3 B IR i i 43 52 ] O v
FEAEIX —[R) L,

HY T i B SRR T A, — iz L B 2
Wee AR 21 55 K 2 B0 73 7 it B3 3 R T TRE #7448 LI
A LA AN S ) K 0 06 2 & TR) 28 380 & B 00 AN
ZWUR S AL, — Pl IR S A AR I — R R, 923X
AR DRI, e SCHERL65 T4 GE 13X Bl g 37 78
SO 53 52 FH B BE it | i) i A5032 AUHK  4iR 3 7
HEPMEH QTF =5 fE A HHnede . A WA
I B BEOG AR L b — OO PSR AR A IR 3 Y
WAL S o5 — O 9 IR B e — YOz iR 3 1Y T %
JEAL o DLV SR ) 26 380 A 0 RNz 4 s S =X, A
BORH R i 0 ol e ) S B R RS S . |
76 PRI AOBOG IR IR 1 B K 28 Y ] — Il £k
0 T T A AN (] A5 46 8 P00 3 T 2 ) A A8 TR
RO A WA U4 B K L Rl £k 1 T2 A5 R
2o oW R 8 o ko9 12 X
100" ecm 'eWeHz V21 1.51X10 "em 'eWeHz V2,
PRI 7 508 1Y 22 53 U5 AR — U 02 A0 ) I ) AN
) o USSR FRI J5 32 ] LA ] 18 5t 34 38 4y 1 ik
FR I, R B SR b R Sy T AR T IR A
SXUS K BTN A B 5 st TR A8 A2 R L AN [m] vk B 1Y)
5t T4 A R X A 5 A 4 TR BE AN R IR )
P 8 47 L I 88 Ok A E AR 5 MR L G I 0 A0 Y — S R
HUBTIRTE R WA AR

4 ZEHRE

F BT A e 5RO R AR IR R 1 S o
HE R A5 T T SO A AR DG I 2% s
FUA 3G 5O A OB ik . TR SR A e o
JEAE I HOAR , B AT C 2 BT R AR 5k AR
A PSR FEOGIE L 2 ORI 2 R R A B R O
FHOGTE | N A 0 3 5RO 7 O T RO £ A% D A
HasE G OGS . H R AR A Ok 32 ROk R DOt
VR BT kA5 2 I A B g O R O % 1 R ) R
TP AT S 1 5 O P OGS B8 52 B S M HE I ] ik — 2P
P v D B TR s 22 ORI 22 7 2 i A S 1 8 O 7R O
T DA R PN s A 38 8 O 7R O P R R R R
BRCRE 5 ' 468 3 U A 0 G 5 O S O S R T G £F X
S M PR AL 5 e BG5S AR
B A7 B BG SR O FE O % 5 A5 A L L E Y E SR B
TGP PERE ), A LR B Y QTF = 2 MRS
S5 A5 W WAL R BB A G L A T 1Y) 70 Y6 5 T LR [
PR G (27 e B R TR S A7, s il iy R R
B XAV A SR SR OIS R B THz 4. 73
TE T Hz i B 18 5t B 238 TP feff A 38 5801 75 D6 3% 1
I . R SRR 20 45 6 i /N A3t 1 e ] —
Uz AR S XA AL 2, i D S 48 AR A5 T Y
7 R L T[] D RN AR, 3 T ik R
TC 5 1% 8 1 R R HE Bl 1 A o 1 50 75 G 1 R Y 58
FHAL BT T BRI 2% B %) 52 0 A0 AT SR DN TR
R BRS A, HAT, AR ORISR R T
2 F 3B W (Cco, CO,, NO, CH,, H,CO,
C,HF;.N,0,NO,), Tk (HCIl, CH, , C, H; » H, S,
SF, . C,Hy) &k (C,H, - CH, , N, O) FilIFE I 43 #7
(NO,CO,NH,,C,H;.H,S, HCN), KK JL4E. %
AU BIF 5 I — T T R AR P A BT RO R R
DR 5 il LG b o — A TP AR
DT G2 0 1 — 2547 J& b, i an , o) 855 Fp B2 R 1
] A RO AR i . S 40, R 3 SO Q R
HEEGAE S IR H AR G i b B B AR A
RS BB 7 1) . AEAE A T 3 2 5 4 R 1 N W T
BT AR R, A 0 1 5O P O3 R 23 1 FH #1 T
EA K

2 % X #

[1] Hodgkinson J, Smith R, Ho W O, et al. Non-
dispersive infrared (NDIR) measurement of carbon

dioxide at 4.2 pm in a compact and optically efficient

0911004-9



th i

#

G

(2]

(4]

(6]

7]

(8]

(9]

[10]

[11]

[12]

[13]

sensor[ J]. Sensors and Actuators B, 2013, 186:
580-588.

Dong L, Tittel F K, Li C, et al. Compact TDLAS
based sensor design using interband cascade lasers for
mid-IR trace gas sensing[J]. Optics Express, 2016,
24(6): A528-A535.

Cheung A S C, Ma T, Chen H. High-resolution
cavity enhanced absorption spectroscopy using an
optical cavity with ultra-high reflectivity mirrors[J].
Chemical Physics Letters, 2002, 353: 275-280.
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.
PRE, @06, BREEMR. JE TG 61 1 2 M BRI 5
ARO]. HEBOE, 2017, 44(5): 0511001.

Dong L, Wu H, Zheng H, et al. Double acoustic

microresonator quartz-enhanced photoacoustic
spectroscopy [ J]. Optics Letters, 2014, 39 (8):
2479-2482.

Zheng H, Lou M, Dong L, et al. Compact
photoacoustic  module  for methane detection

incorporating interband cascade light emitting device
[J]. Optics Express, 2017, 25(14): 16761-16770.
Yin X, Dong L, Wu H, et a/. Sub-ppb nitrogen
dioxide detection with a large linear dynamic range by
use of a differential photoacoustic cell and a 3.5 W
diode laser [ ] ].
Actuators B, 2017, 247: 329-335..
Yin X K, Dong L, Wu H P, et al. Ppb-level H,S
detection for SF; decomposition based on a fiber-
diode
background-gas-induced high-Q photoacoustic cell
[J]. Applied Physics 2017, 111 (3):
031109.

Yin X K, Dong L., Wu H P, et a/. Highly sensitive
SO, photoacoustic

blue multimode Sensors and

amplified telecommunication laser and a

Letters,

sensor for SF; decomposition
detection using a compact mW-level diode-pumped
solid-state laser emitting at 303 nm [J]. Optics
Express, 2017, 25(26): 32581-32590.

Kosterev A A, Bakhirkin Y A, Curl R F, et al.
spectroscopy [ J].
Optics Letters, 2002, 27(21): 1902-1904.

Patimisco P, Scamarcio G, Tittel F, et al. Quartz-

Quartz-enhanced photoacoustic

enhanced photoacoustic spectroscopy: a review [J].
Sensors, 2014, 14(4): 6165-6206.

Friedt J] M, Carry E. Introduction to the quartz
tuning fork[J]. American Journal of Physics, 2007,
75(5): 415-422.

Zheng H, Dong L, Wu H, et al. Application of
acoustic

micro-resonators in  quartz-enhanced

photoacoustic spectroscopy for trace gas analysis[J].

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

0911004-10

Chemical Physics Letters, 2017, 691: 462-472.
Liu K, Guo X, Yi H,
enhanced photoacoustic spectroscopy [ J].
Letters, 2009, 34(10): 1594-1596.

et al. Off-beam quartz-

Optics

Liu K, Yi H, Kosterev A A, et al. Trace gas
detection based on off-beam quartz enhanced
photoacoustic  spectroscopy: optimization  and

performance evaluation [J]. Review of Scientific
Instruments, 2010, 81(10): 103103.

Yi H, Liu K, Sun S, et al. Theoretical analysis of
off beam quartz-enhanced photoacoustic spectroscopy
sensor[J]. Optics Communications, 2012, 285(24):
5306-5312.

Dong L., Kosterev A A, Thomazy D, et al. QEPAS
spectrophones: design, optimization, and
performance[J]. Applied Physics B, 2010, 100(3):

627-635.

Cao Y, Jin W, Ho H L. Optimization of
spectrophone  performance for  quartz-enhanced
photoacoustic  spectroscopy [ J ]. Sensors and

Actuators B, 2012, 174(11): 24-30.

Yi H, Maamary R, Gao X, et al. Short-lived species
detection of nitrous acid by external-cavity quantum
cascade laser based quartz-enhanced photoacoustic
spectroscopy [ J ]. Applied Physics
Letters, 2015, 106(10): 101109.

Yin X K, Dong L, Zheng H D, et al. Impact of

humidity on

absorption

quartz-enhanced photoacoustic
spectroscopy based CO detection using a near-IR
telecommunication diode laser[]J]. Sensors, 2016, 16
(2): 162.

Wu H P, Dong L., Liu X L, et al. Fiber-amplifier-
enhanced QEPAS sensor for simultaneous trace gas
detection of NH; and H,S[]J]. Sensors, 2015, 15
(10): 26743-26755.

Dong L, Lewicki R, Liu K, et a/. Ultra-sensitive
carbon monoxide detection by using EC-QCL based
spectroscopy [ J].
Applied Physics B, 2012, 107(2): 275-283.
Zheng H, Dong L, Liu X, et al.

telecommunication diode

quartz-enhanced photoacoustic

Near-IR
laser based double-pass
QEPAS sensor for atmospheric CO, detection [J].
Laser Physics, 2015, 25(12): 125601.

Dong L, Kosterev A A, Thomazy D, et al. Compact
portable QEPAS multi-gas sensor[]J]. Proceedings of
SPIE, 2011, 7945: 79450R.

Wu H, Dong L, Ren W, ez al. Position effects of
acoustic enhanced

micro-resonator in  quartz

spectroscopy | J ]. Sensors and
Actuators B, 2015, 206: 364-370.

Wu H, Dong L, Zheng H, et al. Enhanced near-

photoacoustic



th i

#

G

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

infrared QEPAS H,S
detection by means of a fiber amplified 1582 nm DFB
laser[J]. Sensors and Actuators B, 2015, 221: 666-
672.

Gong P, Xie L, Qi X Q, et al. A QEPAS-based

central wavelength stabilized diode laser for gas

sensor for sub-ppm level

sensing [ J|. IEEE Photonics Technology Letters,
2015, 27(5): 545-548.

Ma Y, Yu G, Zhang J, et al. Sensitive detection of
carbon monoxide based on a QEPAS sensor with a
2.3 pm fiber-coupled antimonide diode laser [J].
Journal of Optics, 2015, 17(5): 055401.

LiZ, Shi C, Ren W. Mid-infrared multimode fiber-
coupled quantum cascade laser for off-beam quartz-
enhanced photoacoustic detection[J]. Optics Letters,
2016, 41(17): 4095-4098.

Li Z, Wang Z, Wang C, et al. Optical fiber tip-
based quartz-enhanced photoacoustic sensor for trace
gas detection[J]. Applied Physics B, 2016, 122(5):
147.

Ma Y, Lewicki R, Razeghi M, et al. QEPAS based
ppb-level detection of CO and N,O using a high
power CW DFB-QCL[J]. Optics Express, 2013, 21
(1): 1008-1019.

Gong P, Xie L, Qi X, et al.

photoacoustic spectroscopy sensor for measurement

A quartz-enhanced

of water vapor concentration in the air[J]. Chinese
Physics B, 2015, 24(1): 014206.

Wang Z, W. Quartz-enhanced
photoacoustic spectroscopy (QEPAS) detection of the

Geng J, Ren
v; band of ethylene at low pressure with CO,
interference analysis [J]. Applied Spectroscopy,
2017, 71(8): 1834-1841. .

Wang Z, Wang Q, Ching Y L, et al. A portable
low-power QEPAS-based CO, isotope sensor using a
fiber-coupled interband cascade laser[J]. Sensors and
Actuators B, 2017, 246: 710-715.

Ren W, Jiang W, Sanchez N P, et al. Hydrogen
with quartz-enhanced

peroxide detection

photoacoustic  spectroscopy using a distributed-
feedback quantum cascade laser[J]. Applied Physics
Letters, 2014, 104(4): 041117.

Yan C, Forsberg E, Chen J, et a/. Modeling and
{iber-based
system [ J].

Optics, 2015, 54(13): 4202-4206.

quartz-enhanced

Applied

implementation of a

photoacoustic spectroscopy

Wang F, Chang J, Wang Q, et al. Improvement in
QEPAS system based on miniaturized collimator and
flat mirror[J]. Optics Communications, 2016, 381:
152-157.

Ma Y, Yu G, Zhang ],

et al. Quartz enhanced

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

0911004-11

photoacoustic spectroscopy based trace gas sensors
using different quartz tuning forks [J]. Sensors,
2015, 15(4): 7596-7604.

Ma Y, He Y, Yu X, et al. Compact all-fiber quartz-
enhanced photoacoustic spectroscopy sensor with a
30.72 kHz quartz tuning fork and spatially resolved
trace gas detection [J]. Applied Physics Letters,
2016, 108(9): 091115.

Ma Y, He Y, Yu X, et al. HCI ppb-level detection
based on QEPAS sensor using a low resonance
frequency quartz tuning fork [J]. Sensors and
Actuators B, 2016, 233: 388-393.

Ma Y, Yu X, Tong Y, et al. Ppb-level detection of
ammonia based on QEPAS using a power amplified
laser and a low resonance frequency quartz tuning
fork [J]. 2017, 25(23): 29356~
29364.

Ma Y, He Y, Zhang L, et al. Ultra-high sensitive

acetylene

Optics Express,

detection using quartz-enhanced
photoacoustic spectroscopy with a fiber amplified
diode laser and a 30.72 kHz quartz tuning fork [J].
Applied Physics Letters, 2017, 110(3): 031107.
Dang HT, Ma Y F, Li Y, et al. High-sensitivity
detection of water vapor concentration: optimization
and performance [ J]. Journal of Russian Laser
Research, 2018, 39(1): 95-97.

Ma Y F, Tong Y, He Y, et al. High-power DFB
diode laser-based CO-QEPAS sensor:
and performance[]J]. Sensors, 2018, 18(2): 122.

Kosterev A A, et al.

optimization
Spagnolo V, Dong L,
Modulation cancellation method in laser spectroscopy
[J]. Applied Physics B, 2011, 103(3): 735-742.
Spagnolo V, Dong L, Kosterev A A, et al.
Modulation cancellation method for measurements of
small temperature differences in a gas [J]. Optics
Letters, 2011, 36(4): 460-462.

Dong L, Kosterev A A, et al.

Modulation cancellation method for isotope * 0/ O

Spagnolo 'V,

ratio measurements in water [J]. Optics Express,
2012, 20(4): 3401-3407.

Zheng H, Dong L, Yin X, et al. Ppb-level QEPAS
NO.
cancellation method with a high power blue LED[]J].
Sensors and Actuators B, 2015, 208: 173-179.

Wu H, Dong L, Zheng H, et al. Beat frequency

sensor by use of electrical modulation

quartz-enhanced photoacoustic spectroscopy for fast
and calibration-free continuous trace-gas monitoring
[J]. Nature Communications, 2017, 8: 15331.

Ma Y, Yu X, Yu G, et al. Multi-quartz-enhanced
photoacoustic spectroscopy [ J]. Applied Physics
Letters, 2015, 107(2): 021116.



th i

G

[51]

[52]

[53]

[54]

[56]

[57]

[58]

Zheng H D, Yin X K, Dong L, et al. Multi-quartz
enhanced photoacoustic spectroscopy with different
acoustic microresonator configurations[J]. Journal of
Spectroscopy, 2015, 2015: 218413.

Petra N, Zweck J, Kosterev A A, et al. Theoretical
analysis of a  quartz-enhanced  photoacoustic
spectroscopy sensor[J]. Applied Physics B, 2009, 94
(4): 673-680.

Borri S, Patimisco P,

Galli 1, Intracavity

Applied

et al.
quartz-enhanced photoacoustic sensor [J].
Physics Letters, 2014, 104(9): 143-162.

Wojtas J, Gluszek A, Hudzikowski A, et al. Mid-
infrared technology based on

trace gas sensor

intracavity quartz-enhanced photoacoustic
spectroscopy[J]. Sensors, 2017, 17(3): 513.

Cao Y, Jin W, Ho LL H, et al.
photoacoustic spectroscopy with optical micro/nano
fibers[J]. Optics Letters, 2012, 37(2): 214-216.
He Y, Ma Y F, Tong Y, et al. Fiber evanescent
wave quartz-enhanced photoacoustic spectroscopy[J] .
Acta Physica Sinica, 2018, 67(2): 020701.

fof BT, THERTR, (R, S5 JBLF M U AL A7 S K 3RO
FOEGEAR L] WH, 2018, 67(2): 020701,

LiZ, Wang Z, Qi Y, et al. Improved evanescent-

Evanescent-wave

wave quartz-enhanced photoacoustic CO sensor using
an optical fiber taper[J]. Sensors and Actuators B,
2017, 248: 1023-1028.

Sampaolo A, Patimisco P, Dong L, et al. Quartz-
photoacoustic exploiting

enhanced spectroscopy

[60]

[61]

[62]

[63]

[64]

[65]

0911004-12

tuning fork overtone modes [J]. Applied Physics
Letters, 2015, 107(23): 231102.

Patimisco P, Sampaolo A, Dong L, et al. Analysis
of the electro-elastic properties of custom quartz
tuning forks for optoacoustic gas sensing[J]. Sensors
and Actuators B, 2016, 227: 539-546.

Wu H,

enhanced photoacoustic H;S gas sensor based on a

Sampaolo A, Dong L, et al. Quartz
fiber-amplifier source and a custom tuning fork with
large prong spacing [J]. Applied Physics Letters,
2015, 107(11): 111104.

Patimisco P, Sampaolo A, Dong L, et al. Recent
advances in quartz enhanced photoacoustic sensing
[J]. Applied Physics Reviews, 2018, 5(1): 011106.
Zheng H, Dong L., Sampaolo A, et al. Single-tube
on-beam quartz-enhanced photoacoustic spectroscopy
[J]. Optics Letters, 2016, 41(5): 978-981.
Patimisco P, Sampaolo A, Zheng H, et al. Quartz-
exploiting

enhanced photoacoustic spectrophones

a review [ J]. Advances in
Physics: X, 2016, 2(1): 169-187.

Zheng H, Dong L, Sampaolo A, et al.

custom tuning forks:

Overtone

resonance enhanced on-beam quartz

Applied

single-tube
enhanced photoacoustic spectrophone [J].
Physics Letters, 2016, 109(11): 111103.

Wu H, Yin X, Dong L, et al. Simultaneous dual-gas
QEPAS detection based on a
overtone combined vibration of quartz tuning fork[]J].

Applied Physics Letters, 2017, 110(12): 121104.

fundamental and



