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Fig.1 Anti-resonant waveguide schematic. (a) Transmission of the light field when the resonant wavelength is satisfied;

(b) transmission of the light field when the resonant wavelength is not satisfied
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Fig. 2 AR-HCF drawing flow chart. (a) Drawing glass capillary; (b) stacking capillary; (¢) drawing optical fiber preform; (d) drawing

optical fiber
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Fig. 3

AR-HCF parameters. (a) Scanning electron microscopy image of fiber cross section (outer diameter of the fiber is 220 pm and

core diameter is 43 pm); (b) fiber loss spectrum (0. 06 dB/m@2. 5 pm)
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Fig.9 High temperature water vapor absorption signal of different transmission fibers. (a) High-temperature water vapor absorption
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absorption line; (b) high temperature water vapor absorption signal when AR-HCF is used as the transmission medium, and
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1306005-6



£ 435 F 13 H9/2023 £ 7 A/RFZH

4.3 REBRZDEAXAFPIREKKI TDLASTHUEH

=41

wE 9(b) firs , il JH 25 S 78 1Y SO ¥R 25 86 2F
ERNfER A, AR s TR mM, AE
4029. 52 cm ' H A5 = T K VRN LR B B TR IR K
R 2R 4029. 78 em (R A HITRAN2016 £ 1) .
SR 25 0 VG T PR K VROR IR R B R b —
O3 R UG T 25 0 G AR A P o R b 3 B AR B R
— T3 A G ET Sl A B T e IR AR s AP ok
R N T HE— 2 A5 RO R A OB AT AR B IR =K
TRXT T 4029. 52 em ' RE LR I 45 1Y R A £E AR TR
B E R AT N A3 3T ENRS L
B T XA EO A T R A py R s ik 7O By
7N, T RGEREUR OB IR 5 R S AT R 5 R ek
A HMEAECD) P EE R, DFB G H 5
P A i R L4 R AR S A E A JGET DR EF 1 W it
MEAEAEHIIAEDT  RESHEES 7 X
(PFEIFFER, D-35614 Asslar TC110) i #: ) H 34
HAEREITCRENL B R A RA A, VR-208C-
510EF-C1-Maxs-2) , J6 £F |2 s th 5 306 38 o o 5 5%
L5 WE B2 5 iF AR5 08 32 R4 2% .

SO IR 25 0 G EF rh Ak B IR AR AR OB 7R 2
i G 2 v A2 iy B 43 e B G 2T A KPR, AT
FEA 4029, 78 e VR TRIK TRICER o F IR K PRI IR R
HIAETE 3 7 B AR(S 5 4029. 52 cm Y K48 014 M
JE LM T B BB AR 2. TR
4029. 78 em M ICER 1 T XA OB £ HE AT K A ]
(=1 h)Fh B g Ah B DU 25 W 47 ISR AR 35 T 08 .
WE 10 FIr s, 203 il 25 Kb BRS04k 25 0 L £F i
W 2k 4029.78 em 'Y EfE N H & TE AR L5
4029.52 cm BRI LR AN TR E &, I BE T AR 4R
LB 1 o0 5 R R G I R A

3.5} —— before processing
- - - after processing

402952 cm!
3.0

Signal /V

1.8 2.0 2.2 24 2.6 2.8
Time /ms

10 SRz SO LT i FLZs 1 JE A9 SE 2k 505 X 1
Fig. 10 Comparison of baseline fitting before and after vacuum
pumping of AR-HCF

5 4 i

AT RT LGN TDLAS 24, % T A

F S 4R 25 S G £F AR ZBLAN G 4F 59 TDLAS &
GE4EF R TR K TR T O Y PR RE . SCER A IR BN, 3
TSR 23 AR 19 TDLAS 24 G i ko B
T2 pm PR fLm HREEEDTTEER N
2.5 mm BIEEE, %6 BE AR I /T ZBLAN JE4F iy i
FEBERY BLAE AR T o5 0RO B AE I E . [
B, RS iR 25 SO 4T BR AL g AR A L IH R T 28T
WX F TDLAS W 5ok B 1 52, #H % T H ZBLAN
B R G, ol S F R b4 17 14 dB. #E— 24
Br 7T o s P s 64 5k 8 R & KRR TF
4029. 52 cm 35 £ I H A 52, S rp o O i A ke
B s R RO IR 2 0O B b, o DLRR IR E
TR AR e 2k 4029. 78 em WY F L, #E— AT R 4
BB RS BE . £E LTI T RIERS SR
TDLAS R4 H A L #E AL A% f P 25 K O
DG AN e e = W T RS .- e AEA ) Y3
B U 7 BRI A T B

2 £ x #t

[1]  Griffiths A D, Houwing A F P. Diode laser absorption
spectroscopy of water vapor in a scramjet combustor[J]. Applied
Optics, 2005, 44(31): 6653-6659.

[2] Schultz I A, Goldenstein C S, Jeffries J B, et al. Diode laser
absorption sensor for combustion progress in a model scramjet
[J]. Journal of Propulsion and Power, 2014, 30(3): 550-557.

[3] Fang S H, Wang Z Z, Lin X, et al. Characterizing combustion
of a hybrid rocket using laser absorption spectroscopy[J].
Experimental Thermal and Fluid Science, 2021, 127: 110411.

[4] Brown M, Barone D, Barhorst T, et al. TDLAS-based
measurements of temperature, pressure, and velocity in the
isolator of an axisymmetric scramjet[CJ//46th AIAA/ASME/
SAE/ASEE Joint Propulsion Conference &. Exhibit, July 25-
28, 2010, Nashville, TN. Virigina: AIAA Press, 2010: 6989.

[5] Rieker G B, Li H, Liu X, et al. Rapid measurements of
temperature and H,O concentration in IC engines with a spark
plug-mounted diode laser sensor[J]. Proceedings of the
Combustion Institute, 2007, 31(2): 3041-3049.

(6] 2K, PG, BRarar, %5 . TDLAS & B g /25 S R F i
IR LA HLO W 2 [T]. SCR ik J15, 2009, 23(2): 40-44.
LiF, YuXL, Chen L H, et al. Temperature and water vapour
concentration measurements of CH,/Air premixed flat flame
based on TDLAS[J]. Journal of Experiments in Fluid
Mechanics, 2009, 23(2): 40-44.

[7] Schultz T A, Goldenstein C S, Jeffries J B, et al. Spatially-
resolved TDLAS measurements of temperature, H,O column
density, and velocity in a direct-connect scramjet combustor
[C]//52nd Aerospace Sciences Meeting, January 13-17, 2014,
National Harbor, Maryland. Virigina: ATAA Press, 2014: 1241.

[8] Farooq A, Jeffries J B, Hanson R K. In situ combustion
measurements of H,O and temperature near 2.5 pum using
tunable diode laser absorption[J]. Measurement Science and
Technology, 2008, 19(7): 075604.

[9] Ma L H, Ning H B, WuJ]J, et al. In situ flame temperature
measurements using a mid-infrared two-line H,O laser-
absorption thermometry[J]. Combustion Science and

Technology, 2018, 190(3): 393-408.

[10] Goldenstein C S, Spearrin R M, Jeffries J B, et al. Infrared
laser absorption sensors for multiple performance parameters in a
detonation combustor[J]. Proceedings of the Combustion
Institute, 2015, 35(3): 3739-3747.

1306005-7



[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

Cassady S J, Peng W Y, Strand C L, et al. Time-resolved,
single-ended laser absorption thermometry and H,O, CO,, and
CO speciation in a H,/C,H,-fueled rotating detonation engine[J].
Proceedings of the Combustion Institute, 2021, 38(1): 1719-
1727.

Clees S, Cha D H, Biswas P, et al. A laser-absorption sensor
for in situ detection of biofuel blend vapor in engine intakes[EB/
OL]. [2022-11-08]. https://www. sciencedirect. com/science/
article/pii/S1540748922001456?via % 3Dihub.

Belardi W. Design and properties of hollow antiresonant fibers
for the visible and near infrared spectral range[J]. Journal of
Lightwave Technology, 2015, 33(21): 4497-4503.

Harrington J A. A review of IR transmitting, hollow waveguides
[J]. Fiber and Integrated Optics, 2000, 19(3): 211-227.

Kriesel J M, Gat N, Bernacki B E, et al. Hollow core fiber
optics for mid-wave and long-wave infrared spectroscopy[J].
Proceedings of SPIE, 2011, 8018: 80180V.

Peng W Y, Goldenstein C S, Spearrin R M, et al. Single-ended
mid-infrared laser-absorption sensor for simultaneous in situ
measurements of H,O, CO,, CO, and temperature in
combustion flows[J]. Applied Optics, 2016, 55(33): 9347-9359.
Zhu X Y, Wu D K, Wang Y Z, et al. Delivery of CW laser
power up to 300 Watts at 1080 nm by an uncooled low-loss anti-
resonant hollow-core fiber[J]. Optics Express, 2021, 29(2):
1492-1501.

Zhu X Y, Yu F, Wu D K, et al. Low-threshold continuous
operation of fiber gas Raman laser based on large-core anti-
resonant hollow-core fiber[J]. Chinese Optics Letters, 2022, 20
(7): 071401.

Cui'Y L, Huang W, Zhou Z Y, et al. Highly efficient and stable
coupling of kilowatt-level continuous wave laser into hollow-core
fibers[J]. Chinese Optics Letters, 2022, 20(4): 040602.

He C, Zhou C, Zhou Q, et al. Simultaneous measurement of
strain and temperature using Fabry-Pérot interferometry and
antiresonant mechanism in a hollow-core fiber[J]. Chinese Optics
Letters, 2021, 19(4): 041201.

Kolyadin A N, Kosolapov A F, Pryamikov A D, et al. Light
transmission in negative curvature hollow core fiber in extremely
high material loss region[J]. Optics Express, 2013, 21(8): 9514-

[22]

[23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

1306005-8

£ 435 F 13 H9/2023 F£ 7 A/RFZH

9519.

Wu D K, YuF, Liao M S. Understanding the material loss of
anti-resonant hollow-core fibers[J]. Optics Express, 2020, 28
(8): 11840-11851.

Yu F, Song P, Wu D K, et al. Attenuation limit of silica-based
hollow-core fiber at mid-IR wavelengths[J]. APL Photonics,
2019, 4(8): 080803.

Fu Q, Wu Y D, Davidson I A, et al. Hundred-meter-scale,
kilowatt peak-power, near-diffraction-limited, mid-infrared
pulse delivery via the low-loss hollow-core fiber[J]. Optics
Letters, 2022, 47(20): 5301-5304.

Jaworski P, Koziol P, Krzempek K, et al. Antiresonant hollow-
core fiber-based dual gas sensor for detection of methane and
carbon dioxide in the near- and mid-infrared regions[J]. Sensors,
2020, 20(14): 3813.

Duguay M A, Kokubun Y, Koch T L, et al. Antiresonant
reflecting optical waveguides in SiO,-Si multilayer structures[J].
Applied Physics Letters, 1986, 49(1): 13-15.

Goldenstein C S, Hanson R K. Diode-laser measurements of
linestrength and temperature-dependent lineshape parameters for
H,O transitions near 1.4pm using Voigt, Rautian, Galatry, and
speed-dependent Voigt profiles[J]. Journal of Quantitative
Spectroscopy and Radiative Transfer, 2015, 152: 127-139.
Kobelke J, Bierlich J, Schuster K, et al. OH diffusion effects at
preparation of antiresonant hollow core fibers[J]. Proceedings of
SPIE, 2019, 11029: 1102904.

RBEAE, AL, BER % TDLAS W i CO, 1
S 2l g P T[], EDGAE, 2017, 10(4): 455-461.

Zhu X R, LuW Y, Rao Y Z, et al. Selection of baseline method
in TDLAS direct absorption CO, measurement[J]. Chinese
Optics, 2017, 10(4): 455-461.

LiY, Yang X M, Hao X Y, et al. Study of gas dynamics in
hollow-core photonic fibers[J]. Optik, 2021, 246:
167797.

Zhang T Y, Kang J W, Meng D Z, et al. Mathematical

methods and algorithms for improving near-infrared tunable

crystal

diode-laser absorption spectroscopy[J]. Sensors, 2018, 18(12):
4295.


https://www.sciencedirect.com/science/article/pii/S1540748922001456?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1540748922001456?via%3Dihub

£ 435 F 13 H9/2023 £ 7 A/RFZH

Design and Experimental Study of Mid-Infrared TDLAS System Based on
Anti-Resonant Hollow Core Fiber

Sun Yali”’, Zhu Xinyue', Wu Dakun"’, Wu Cheng"’, Yu Fei"”", Li Renjie’’, Lin Xin"",
Zhao Wenkai’

'Laboratory of Materials for High Power Laser Optical Components, Shanghai Institute of Optics and Fine
Mechanics, Chinese Academy of Sciences, Shanghai 201800, China;
*Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences,
Beijing 100049, China;
*School of Physics and Optoelectronic Engineering, Hangzhou Institute for Advanced Study, University of
Chinese Academy of Sciences, Hangzhou 310024, Zhejiang, China;

‘School of Physical Sciences, University of Science and Technology of China, Hefei 230026, Anhui, China;
State Key Laboratory of High-Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100190, China;

‘School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China;
"Research Center of Infrared Optical Materials, Shanghai Institute of Optics and Fine Mechanics, Chinese
Academy of Sciences, Shanghat 201800, China

Abstract

Objective  Tunable diode laser absorption spectroscopy (TDLAS) plays a key role in non-contact gas measurement,
particularly under harsh environmental conditions, such as at high-temperature, and high-pressure situations. The
emission of a tunable diode laser in a typical TDLAS system usually propagates in the free space and reaches the
measurement zone. Such configuration inevitably suffers the natural diffraction of laser beams, which leads to a dramatic
decrease in signal-to-noise ratio for remote measurement. In this case, the application of optical fibers provides a flexible
way of delivering laser beams for TDLAS measurement, indicating excellent adaptability. However, under the mid-
infrared length of no less than 2 pm, phonon absorption of fused silica will increase the material loss of silica glass optical
fibers and reduces their long-distance transmission ability. Benefiting from the low material absorption, fluoride glass
fibers based on ZBLLAN and chalcogenide glass fibers based on As,S, have become the main optical fibers operating at mid-
infrared wavelengths. Unfortunately, such soft glass fibers have disadvantages including poor thermal stability, unstable
chemical properties, and difficult preparation. Additionally, nearly all commercial fluoride and chalcogenide fibers on
shelves are multimode fibers (MMF), which results in modal interference and poor laser beam quality, thereby leading to
degraded TDLAS measurement performance. As a kind of hollow waveguide developed early for transmitting mid-infrared
to far-infrared wavelengths, Capillary waveguides have been employed instead of soft glass fibers in high-temperature flow
field detection due to their advantages of high-power threshold, low nonlinearity, and no-end reflection. However, they
usually suffer high leakage losses and bending sensitivity. Anti-resonant hollow core fiber (AR-HCF) is a new type of
microstructure hollow core fiber that features low loss, wide transmission bandwidth, and single mode transmission. AR-
HCF is a novel transmission medium suitable for low-loss single mode transmission in the mid-infrared wavelength range,
which has been successfully applied in high-power laser energy transmission, gas fiber laser technology, and other fields.
Currently, the quartz-based AR-HCF exhibits lower transmission loss in the 2-5 pm range compared with commercial
multi-mode fluoride fibers, demonstrating its enormous potential in mid-infrared region transmission. Moreover, due to
the inherent advantages of quartz materials, mid-infrared quartz-based AR-HCF features excellent mechanical strength,
physical and chemical stability, and good environmental adaptability. This paper constructs TDLAS systems based on AR-
HCF and ZBLAN fibers respectively to carry out a combustion diagnostic by the high-temperature water vapor absorption
at 2.5 pm. Unlike commercial fluoride and chalcogenide optical fibers, the AR-HCF is characterized by low loss and
single-mode transmission in a broad spectral window from deep ultraviolet to mid-infrared. The TDLAS system is

demonstrated to be capable of avoiding inter-modal interference that degrades measurement accuracy.

Methods In this paper, the stack-and-draw method is employed to fabricate the AR-HCF operating at mid-infrared
wavelengths. Firstly, some thin-wall capillaries are drawn from a silica glass tube. Then, the capillaries are stacked into a
jacket tube to form a pre-designed structure. Next, the stack is drawn into preforms and then fiber, and a cut-back method
is adopted to measure the transmission loss of the fiber. The transmission characteristics of fiber are also investigated

numerically by COMSOL and the ability of low loss and single mode transmission in the AR-HCF is confirmed. Two
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TDLAS systems are built based on the homemade AR-HCFs and ZBLAN fibers respectively. The beam and spectrum of

the system are collected through a pyroelectric array camera and photodetector. Analysis of the beam quality and signal-to-
noise ratio for both systems exhibits the advantages of the AR-HCF-based TDILAS system. Additionally, the accuracy of
the system is improved by evacuating the water vapor inside the AR-HCF.

Results and Discussions The AR-HCF transmission band prepared in this paper is between 2. 4-2.5 um, and the loss at
2.5 pm is 0. 06 dB/m (Fig. 3), which is lower than commercial fluoride glass fibers. Furthermore, COMSOL is adopted
to build the AR-HCF mode. The simulation results show that the strong coupling between the second-order mode in the
core and the modes in cladding holes results in energy leakage and high loss, thus enhancing the single-mode performance
of the fiber (Fig. 4). With these advantages of AR-HCF, TDLAS system is preferred to be employed rather than free
space. This paper leverages the homemade AR-HCF in the TDLAS system successfully to realize a signal-to-noise ratio
of 31 dB (Fig. 9), which can output a collimated near-diffraction-limited beam with a measured diameter of 2.5 mm
(Fig. 8 and Table 1) and divergence angle of 0. 004 rad. The influence of residual water vapor in the hollow core of AR-
HCF on the measurement of 4029. 52 cm ™' absorption line is studied, and the accuracy of the system is further improved
by vacuuming the AR-HCF (Fig. 10).

Conclusions This paper presents an AR-HCF-based TDLAS system and compares the performance of self-developed
AR-HCF and commercial ZBLAN fiber in the high-temperature water vapor absorption measurement by TDLAS.
Simulation and experimental results prove that the AR-HCF can achieve long-distance, low-loss, and single-mode
transmission at 2. 5 um. The TDLAS system based on AR-HCF fundamentally eliminates multi-mode interference and
has the advantages of the small beam diameter, small divergence angle, and high signal-to-noise ratio. The impact of
residual trace water vapor in the AR-HCF on the measurement of the 4029. 52 cm  'spectral line is also analyzed and the
measurement accuracy of the system is improved by vacuuming it. This paper also designs and experimentally studies the
mid-infrared TDLAS system based on AR-HCF. Finally, the system is confirmed to have the advantages of low
transmission loss, long transmission distance, high laser beam quality, and high signal-to-noise ratio, which provides a

new method for flow field detection in the mid-infrared band.

Key words fiber; anti-resonant hollow core fiber; laser absorption spectroscopy; multi-mode interference; single mode;

combustion diagnosis
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