55 XX #55 XX 1 85 2 K E R Vol. XX, No. XX
XXXX 4F XX H J. Infrared Millim. Waves XX, XXXX

TEHE1001-9014(XXXX)XX-0001-11 DOI: 10. 11972/j. issn. 1001-9014. XXXX. XX. 001

Z AR #E S AT S 1 SR AL B Hh 4T 5 = B S 21 |
#JLH CO,HLEHMEREMR

AR, REE, A R, BRE', KEXR, BITY, Rgm

HYR', AR, HER'
(1. ARFRIT RS Py B0 5 o TR g, 906 A A A5 Se e 4 0 3 T AR S o, B 2002415
2. ARTRIMER A B 5 L B2 B B AR S R R 2O R E s S &, B 200241)

ME: 2 RAERCO,EPLUFAAERTHE T T e F B FEE SR, R T HEHLET .
FUHET LT RAEEREFTEOLA . FIREE FEREMRBTEPDENEMASRMTRT LR T PY
AgAgl RE A RE S EMRBEF LT NT, FAEEN, EEFTHRAEE PLEE N EREE N AEH,
FHHINAELFEUER EXRA B R EMEENEFERTRS T R\ E KK PUAgAgI R 4 45 Z (H 0%
RAF2H) . Fil & M2 mm WA A PIZE S KA ES~1S pm A KIRAEFT 5,455 10. 6 pm KK CO, %oty H 4
A ZE 0. 05 dB/m, L 20 em 2 275 # 180° B H #8 _E I+ £ 0. 55 dB/m, St 4 £ & 7 150°CH 4 30 L CO, #5300
s & ARG , £ 3 400 min F03R 25 93K 2L K 120 min & 1K 38 (150/-196°C) 4k H & 86 (R #8448, B A S B i /40121
X B ORPIENONE,; P, EEFERAE; COM0N; HarlEat

HE 5> 25 TN252 SCBRARIRAD: A

Fabrication of flexible, low-loss and high-reliability PI mid-
infrared hollow optical fiber and investigation of its CO,laser
transmission performances
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Abstract: Hollow optic fiber delivery of CO, and other mid-infrared lasers still faces several challenges in terms of
transmission loss, bending flexibility and reliability, which limits its applications in laser medicine, flexible industrial
processing, and intelligent sensing. A flexible, low-loss mid-infrared hollow fiber with enhanced PI/Ag/Agl interfacial
bonding strength has been developed by utilizing plasma activation of polyimide (PI) structural tubing and a dynamic
liquid-phase deposition process. The results showed that after plasma treatment, the N-C bonds on the surface of PI
were converted to N-O bonds and active groups such as carboxyl were formed. This results in enhancement of surface
hydrophilicity and the interfacial bonding strength between PI and Ag/Agl layers (from level 0 to level 2) without notice-
ably increasing surface roughness. The as-fabricated PI hollow fiber (ID=2 mm) exhibited a low-loss transmission win-
dow within 8~15 um wavelength range, achieving a linear transmission loss as low as 0. 05 dB/m at 10. 6 pm. When
bent 180° with a radius of 20 cm, the loss increased only to 0. 55 dB/m. The fiber could deliver a 30 W CO, laser beam
for 300 s at 150°C without damage. After 400 min of vibration testing and 120 min of high-low temperature aging
(-196°C/150°C), the transmission loss remained stable, showing its value for practical applications.
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Fig. 1 (a) Structural schematic of PI hollow fibers; (b) Digital photograph of a PI hollow fiber sample.



4 AN/ RS9 S g o

XX &

AL 455 7E 27 8 i A A f T 2R 4 3 B i 1 B
Y RE & Ol

BT ROGEFRE A TE Z R B 28 A B R I AT SE T
AT THAIE. ZIRIEC 60068-2-63E sl br ik )
A T OCEFFE fh I PTIR SN RE . i Sl 0 3 4
il 4 10~500 Haz, B AR I R 20 min, B4 T
T 10 RAER . 784 PR AR ShAE 0 I 03 43 B e £F
FE LA PR T AR BFE 1 22 ARG 0 . T
2 Fns it 25 il 2B A2 20 em, ST AAE 90 ) PIRN S
G N e B = A TIBE | e A 3 seir | BE SN
Mg b R 7 PFARE SR = D55 T K A%
T SEME  7E 10 ~ 30 WY T3R50 BBl A T T HFEE Y
BOCAERIK, IF 20 B o th D 3 i AR g o .
THRFECEAE S AT S AR R L 20 IR AR ot e
T 150°CHHLFE F1-196°C A I A H 60 min J5 BLHE I
RO HAL F R AR IE O . DLk, 38t 7 e L
SRS RE AT |, i — DRI T OLEF7E A ]
T RN TR B AR R

2 #HR5iTiE

2.1 EEFHAEHR
P15 4548 RS o/ B i S 9108, A T35 43

(a)

PI hollow fiber sample
|

CO, laser ——

T

Coupler

___________

77777

B2 JLertedh B RS () 2R B 5 (b) Sy 18]

2 AT RAE MK 7387 9 BESK DR A 5% 5 8 AR Ak
PH PR AR i S 56 v A AR [R) 64 5T 9 PL R 64T
fRAZG . K3 ER T PLR S B IR BT 5 5
K R il AR ARSI o AR /R, 85 25 8 T A kb
BRJS , P1FTH 0 32 fih £ ML 47, O FRAIR 2 36. 77, PL &
I SRR PEAS B0, A R T I 5 Ag/Agl 21

= gPAN
éIZI{ZI\Q

FIH XPS 43 H1 T PLR M 76 45 B T 1R Ab B AT 5
()T R i A AR BB B . PR T 32 2
A A (C) VR (N) FIAR (0) = FPon R4 k. HRHE XPS
F IR A R, 280 5 B IR AL B BT R 1 5 kL
M 77.01% FEAR 2 71.10%, 1 & JC £ & b K
7.06% Y4 N2 7. 48% , A JC &K 1 i H A 15. 93% $2
THE21.43%, 4% T %8 TR G P1E
1] C1s FlI N1s B o3I G5 1 . 7 56 5 TR Ab L2
AT, Cls 335 P o = B RGI 21) = A~ 0, 4 1 %6 R T~ C—
C.C-0 1 C=0, F A P1 K 1H £ Z M fb 2= R C-C
MC-0, LB PR, C-C 1Y & & R IRRE
ik, C-O 8 K My A B ™= A= T K il 0-C=0, K W4
BT RGP AR I . 7E NIsi R P, 255 ik
Ab BT A 1 1) 2 B AL 2R i N-C %578 N-O,
X B A5 B T A b B AR rh TR T AY N-C B 245

 fiber:

Fig.2 (a) Schematic and (b) Physical image of the fiber samples experimental system
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Fig.3 Contact angle measurement (a) before plasma activation; (b) after plasma activation
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Fig. 4 XPS results: (a) Cls and (c¢) N1s spectra of the PI surface before plasma activation; (b) Cls and (d) Nls spectra of the

PI surface after plasma activation
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Fig. 5 Photographs of oblique sections of PI hollow fiber samples prepared (a) without and (b)with plasma activation; (c) Photo-

graph of PI hollow fiber samples prepared without and with plasma activation after repeated bending 10 times at a small radius of 5

cm; Photographs of the tape test results of the Ag/Agl coated PI panels (d) without and (e) with plasma activation
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Fig. 6 SEM morphology of the PI hollow fiber sample: (a) surface, (b) cross-section; (c) and (d) elemental distribution of Ag

and I on the cross-section
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plasma activation
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(a) 2D and (b) 3D energy distributions of the output CO, laser beam profile of the fiber sample; (c¢) 2D and (d) 3D ener-

gy distributions of the output profile after integrating a 5S-mm-bore microfocusing lens at the end of the sample
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Table 1 Test conditions and results of high power

CO, laser transmission by PI hollow fibers
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Fig. 10  The output power curve of the PI hollow fibers as a function of time at different high temperature and high input power
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Table.2 Performance comparison of polymer Ag/Agl mid—infrared hollow fibers for CO, laser transmission

S5 RTR iqu)é HZAFE (dB/m) REE R (W) i (°C) Ref.
PEEK 2 0.10 >27 <120 [22]
ABS 1.25 0.74 >5 / [18]
PI 1 0. 80 225 / [20]
PI 2 0.74 / / [21]

PI 2 0.05 >30 <150 This work

m, P20 em 242725 Hh 180° I 45 REA G /i 2 0. 55 dB/
m, JGEF R I RG4S
B Al DAARAS /NG BE . OGEF 2800 10 R B 49 4
(10~500 Hz) 47T 4% 2528 A1 150/-196°C 1) =5 /1 I Ak
PG AL A FE AR AL, BA = T30 W g e
105 B, 7T DATE 150°C s i P85 i 7R e e A% i
30 W ZE A5 1) CO, OG22 /0300 s, AWFIE ZE
PEARIAAE AR BLA N 5 7] 5 P £1 A0 23 B G T (9 B
AL TR T R A BN T OB EYT HOGE BE
il 3 R A A S

References
[1] TAO Guang—Ming, ZOU Yu-Qi, LIU Chao, et al. Re-

search progress and perspective of clinically promising flexi-
ble CO, laser delivery mediums [J]. Laser and Optoelec-
tronics Progress, 2024, 61 (1): 0117001.

[2] HUANG Xing-Hao, WANG Qi-Liang, MAO Mao, et al.
Serum species identification using mid—infrared and far—in-
frared spectroscopy combined with neural network algo-
rithms [ J]. Microchemical Journal, 2024, 206: 111417.

[3] Nguyen TD, VuTT, VuTT, et al. Optimization of CO, la-
ser engraving parameters for SiO,—based ceramic materials:

simulation and experimental investigation [J]. International

Journal of Industrial Engineering: Theory, Applications
and Practice, 2024, 31 (4): 923-933.

[4] WEI Jing-Yi, WEI Yu—Qing, ZHU Xiao—Song, et al. Min-
iaturization of hollow waveguide cell for spectroscopic gas
sensing [J]. Sensors and Actuators B: Chemical, 2017,
243. 254-261.

[5] Kudo Y, Kino S, Matsuura Y. Vacuum ultraviolet absorp-
tion spectroscopy analysis of breath acetone using a hollow
optical fiber gas cell [J]. Sensors, 2021, 21 (2).

[6] Nakagawa H, Tsukada S, Katagiri, et al. Mid—infrared la-
ser heterodyne spectrometer by hollow optical fiber and its
newly designed coupler [J]. Applied Optics, 2023, 62
(6): 31-36.

[7] CHEN Wei-Peng, QIAO Shun-Da, LANG Zi-Ting, et al.
Hollow-waveguide—based  light—induced
spectroscopy sensing [J]. Optics Letters, 2023, 48 (15) :
3989-3992.

[8] CHANG Yan-Jie, ZHANG Hao, XU Yan—Tao, et al. Low—

loss nodeless hollow—core anti—resonant soft glass fiber for

thermoelastic

the 4 wm mid—infrared spectral range [J]. Optics Express,
2024, 32 (12): 23712-23721.

[9] Markham S K, Mani A, Korsakova E A, et al. Polarisation
changes in guided infrared thermography using silver halide
poly—crystalline mid—infrared fibre bundle [J]. Journal of
Thermal Analysis and Calorimetry, 2020, 142 (4): 1115-
1122.

[10] ZHANG Hao, GUO Hai-Tao, XU Yan—Tao, et al. Re-



XX 1] ARNRF A« FEVEATAPURE i AT 1 SR P56 MU e v 214k

55 LR 6 K H CO, MO AL e .

search progress in chalcogenide glass fibers for infrared la-
ser delivery [J]. Chinese Journal of Lasers, 2022, 49
(1): 0101007.

(Gikze, S, M2, 5. TLAMIDIE i &
B e L s dE R [T]. T EBEOE) L 2022, 49 (1)
0101007.

[11]SsuU Jing—Xiang, DAI Shao—Cong, JIANG Li, et al. Fabri-
cation and bending strength analysis of low-loss
Ge sAs,Se, Te,, chalcogenide glass fiber: a potential mid-
infrared laser transmission medium [J]. Optical Materials
Express, 2019, 9 (7): 2859-2869.

[12] CHU Yi-Qi, XU Zhi-Yu, LI Chu-Chen, et al. Numeri-
cal simulation of ultrawideband supercontinuum genera-
tion covering a 2 - 20 wm waveband in cascaded all-soft—
glass fiber [J]. Applied Optics, 2024, 63 (9) : 2187-
2194

[13] FU Xiao—Hong, LI Gui-Shun, ZHANG Wen—Qian, et al.
Transmission behaviors of metallic ATR mid-infrared hol-
low waveguide at low temperature and performance im-
provement [J]. Optics Communications, 2020, 458:
124821.

[14] XIE Guo—Xing, ZHONG Yi, LI Gui-Shun, et al. 300
GHz bending transmission of silver/polypropylene hollow
terahertz waveguide [J]. Results in Physics, 2020, 19:
103534.

[15] ZHANG Yi-Fan, HONG Yi-Feng, SHENG Yu-Lin, et
al. Mid—-infrared hollow—core fiber technology: status and
development trend (invited) [J]. Infrared and Laser Engi-
neering, 2023, 52 (5):51-61.

(ik— U, Phmwg, MEERRR, 55 . thLlsbh 2 0o aF R
PR G KRR ) L], a4 506 TR, 2023,
52(5): 51-61.

[16] ZHU Jun, FENG Shao-Hua, LIU Cheng—Zhen, et al. De-
sign and fabrication of a tellurite hollow-core anti-reso-
nant fiber for mid—infrared applications [J]. Optics Ex-
press, 2024, 32 (8): 14067-14077.

[ 17] Harrington J A. Infrared fiber optics and their applications
[M]. SPIE Press, 2004.

[18] YU Shuo—Ying, CAI Yi—-Cheng, LIU Sheng, et al. Struc-
tural design and fabrication of hollow optical fiber for
transmitting mid—infrared and visible light [C]// Earth
and Space from Infrared to Terahertz (ESIT 2022). Nan-
tong: SPIE, 2023: 125050F.

[19] LIU Sheng, XIE Guo—Xing, LI Gui-Shun, et al. A robust
PEEK/silver—coated hollow waveguide for terahertz bend-
able transmission in hot and cold environments [J]. Re-
sults in Physics, 2022, 35: 105395.

[20] Inberg A, Oksman M, Ben—David M, et al. Hollow wave-

guide for mid and thermal infrared radiation [J]. Journal

of Clinical Laser Medicine and Surgery, 1998, 16
(2):127.

[21] George R J, Harrington J A. Hollow plastic waveguides for
sensor applications [ C ]/ Fiber Optic Sensor Technology
II. 2001, 4204: 230-237.

[22]1YU Shuo-Ying, LIU Sheng, ZHU Yi-Zhen, et al. Fabri-
cation of PEEK Ag/Agl mid-infrared hollow fiber and
transmission reliability study for CO, laser radiation [1].
Infrared Physics and Technology. Boston, 2024, 136:
105082.

[23] LIU Sheng, SHEN Yuan-Jie, HOU Guang-Ning, et al.
Preparation of flexible low—loss ABS/Ag—coated terahertz
hollow waveguide by plasma treatment and study on its
transmission reliability [J]. Journal of Infrared and Milli-
meter Waves, 2024, 43 (4): 533-540.

(K%, WA, BT, 55 . 558 TR Ak 3 4 2t
IRAIFE ABS/Ag A 2% 25 it I B H AL i vl SE ML 7Y
(3] LDANS 2K L 2024, 43 (4): 533-540.

[24] LIU Yuan—Qing, JIA Feng-Feng, TIAN Cui—Yu, et al.
Progress on interfacial activation and chemical grafting of
polyimide materials [J]. Polymer Materials Science and
Engineering, 2022, 38 (5): 182-190.

(XS , BH0G UG, HARER, 46 . SRV M bt ) 7 1 0%
R E R R I R (], o PR R 5 TR,
2022, 38 (5): 182-190.

[25] ZHU Yi-Zhen, LI Gui-Shun, LIU Sheng, et al. Hollow
waveguide CO, laser sensing system for rapid detection of
trace sulfur hexafluoride (SF()) gas [J]. Infrared Physics
and Technology, 2024, 136: 105045.

[26] Matsuura Y, Saito M, Miyagi M, et al. Loss characteris-
tics of circular hollow waveguides for incoherent infrared
light [J], Journal of the Optical Society of America A,
1989, 6 (3): 423-427.

[27] Dorer D, Frosz M H, Haze S, et al. Hollow—core fiber for
single-mode, low loss transmission of broadband UV light
[J]. IEEE Journal of Selected Topics in Quantum Elec-
tronics, 2024, 30 (6): 1-6.

[28] Bledt C M, Harrington J A, Kriesel J] M. Loss and modal
properties of Ag/Agl hollow glass waveguides [J]. Applied
Optics, 2012, 51 (16): 3114-3119.

[29] WANG Xu, GUO Hong, WANG Lin, et al. Preparation
and transmission characteristics of a mid—infrared attenu-
ated total reflection hollow waveguide based on a stainless
steel capillary tube [J]. Applied Optics, 2016, 55 (23):
6404-6409.

[30] Matsuura Y, Abel T, Harrington J A. Optical properties
of small-bore hollow glass waveguides [J]. Applied Op-
tics, 1995, 34 (30): 6842-6847.



