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Abstract Micro/nano-structured optical fiber laser spectroscopy refers to laser spectroscopy with hollow-core or
micro/nano-scale solid-core optical fibers as the sample cells. Light-matter interaction takes place inside or in the
close vicinity of the core. This paper reviews the basics of light propagation in micro/nano-structured optical fibers,
introduces the theory and construction of gas/liquid cells with these fibers, and reports the recent progress of gas/
liquid detection with direct absorption, photothermal, photoacoustic, fluorescence and Raman spectroscopy as well
as possible further research directions. A micro/nano-structured optical fiber tightly confines a light mode in or near
the fiber core and has a large fraction of mode field in air, which enables strong light-matter interaction over a long
distance. The use of micro/nano-structured optical fiber as the sample cells would improve the performance of
existing spectroscopic techniques as well as create novel spectroscopic methods. The optical fiber sample cells may
be flexibly connected to other photonic components, promoting miniaturization and practical applications of
spectroscopic sensing and instrumentation.

Key words spectroscopy; laser spectroscopy; microstructured optical fiber; hollow-core optical fiber; optical fiber
sensor; nano-optical waveguide; Raman spectroscopy

OCIS codes 300.6360; 060.4005; 060.2370; 300.6450

W HE: 2020-09-04; 1EE BHA. 2020-11-06; FHAHH . 2020-11-11
HEEWMB . HEHSW LR (2019YFB2203904) | [H 5 [ SR Bl 24 5L 4 & RKRHIFAES B 6l T B (61827820  [H K H SA Bl 2%
I 4 H I H (61535004) T AR HE 3L IHRIAS 8158 F AT H (2019BT02X105)

" E-mail: eewjin@polyu. edu. hk; " E-mail: edward. bao@ connect. polyu. hk

0130002-1



B F T+ B £ 3 4R ik

E 415 F18/2021 £1 B/HFEFR

1 5 G

WO A Y s FREE NI L BT 2 Wy AR
P Z AU E TN SRR 6 RS
bin - SN EREE AR ID S v 3 D U]
N o SEBR R O G IR AT I ) B 3 L R
3 UL FH A | T 88 S O 1% BT AN BIAR R
WOREF- 1 45 55 45 S A I F ARk S TH R e m kg . Ot
5 R b P AR AR O B R R AR A
Hi AR 7 100 45 R R AR A B A B R BT O
U2 AR 3 e A ] DL SE A it b TP ) S5 A By K

laser source

S / fluorescence
8\ 8 b
E:I] O r; absorption ——> and
© o : .
% S — processing unit

sample cell

B HOBHOAR I R R A IR M R GE T AR T
[ERYE NG S DY e S I SN LINE 8 N P S A
A AW T 905 5 200 A 3 RE T K e S DG 1 A 43
T 751 o A T ARG I 0y T ) o A ke e 22 L RN R
A G o A AR G LT A firB A A e JR Al IR
T AR BT 2 8] A 284 D' i e B FTRE L T TR
GERYATR TR T 6B B X e B S T O R
AR ) S AT [ A L SR A R e AN SR ELAE
- B it o AT RS AR A p S TR
FAFRCER Qo SR 0 o AT 400 1 P o ) P
238 U RAR AT IR T 3 S A B L (8 LA

Raman scattering
signal detection

photothermal

Bl 1 OBE2A R G0 A 4 oy

Fig. 1 Basic elements of a laser spectroscopy system
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Fig. 12 NF sample cell and its waveguiding properties. (a) Encapsulated NF sample cell; (b) comparison between mode field

distributions of silica NF with diameter of 1.2 pm in air cladding and alcohol (refractive index is 1. 36) cladding;
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Fig. 13 HCF gas detection system based on laser absorption spectroscopy™! .

(a) Measurement setup for acetylene based
on PBG-HCF gas cell and direct absorption spectroscopy; (b) second harmonic output as the pump wavelength is

scanned across an acetylene absorption line
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Fig. 14 Photothermal gas detection system based on optical fiber Mach-Zehnder interferometer™
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Fig. 15 Results of gas detection with HCF photothermal interferometry

B (a) Second harmonic output corresponding to

different acetylene volume fractions; (b) variation of peak-peak value of second harmonic output with acetylene

volume fractions
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Fig. 16 Frequency responses of photothermal phase
modulation in PBG-HCF and AR-HCF filled

with acetylene and nitrogen gas mixture"'”

HeeFszm ., FIH 5 em K AR-HCF, SE8L T 30X
107 (30 ppb) (1 ZHHEM T BR . sh A Vu F i T 6 A4~
B g, g ] A DR 2 A B3 T BB ORI
R FEIESE TAE £ B S08 T B4 i I RS e 1
JEIE IR IELE 24 h NRYBE BN T 2.5%,

P SMF HCF SMF

pump

> T

P probe

B 17 BT8O e A B S T A T <k
U J R R

Fig. 17 Schematic of photothermal interferometry gas

detection based on hollow fiber Fabry-Perot
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interferometer™!

4.3 WABEERRFHREHRR

Zhao % RO 40 45 A i 48 X AL 45 0k, 3
AN T i AR R A7 2 U o O BT B O R R A
KA . B 18Ca) A fr ) AR-HCF, X — G 4F
S H AR FE R 0L B LP,, A1 LP,, #5280
B 18(h) (o) iz o 3 9] 1 1) 2 ¥l ' I =5 580k
L1 — i A R BOE AL ) LP,, A,
B18Cd) s . AARM WG S A 1 28 08 IX
R N N1 W 717 I 7 < v )
KN R A Y e B B IE L, G2 ) 43 A 02 T
SRS 43 A — 3, Hz 3T B A . IO DS
— ki A L TRV 3 % 25 S G £F 1 LP,, AT LPy, PR
B, WE 18Ce) iR . MG LP,, L3713 ol

0130002-9



B F T+ B £ 3 4R ik

E 415 F18/2021 £1 B/HFEFR

e T A3 5 AR I e | RS A AT S AR ] Y &5 [R] 43
A —80, 28 B B4 K LPy, Y O 5k B 5B XU 4y
A o W 5 06 2 1] W 37 A RRL S, A B, 55 4T S R 0 ol 1Y 22
BB/ o TR IR i 4 A5 XA Ao 8 ) 1) R A
— A5 22 T A R A 2 X AR I AR L 5 AR Ik
JEZ ISR N

3¢ =Adyy — Apy, =k " a(WCLP (3)
Kae " H—A % K. BT ERAER
AN ARSI TR T A AR AL R 2 gk s 0 X AT I

(3451 284k 6 LPy, F LP,, 458 2 B AR A7 52 i AR A
PR I A X 22 ] 4 A o7 25 X6 34 55 sl S B0 R IR T
PRI MR B T (5 M bk, #5 i 18 (D T m 1)
PRS- 23 J08 XURSE- B 'E 21 5 2 6 A A6 25 D i R 40
X ORASRBEATIN R . A 4.7 m KA a R LF, 5
BT 68X10 (68 ppt) BYHEM T KR A 7 A% = g
FISHASYE L. I RS 3 h NI EMEET 1%,
of FHCRMEOGTE 25 B 6 £F b AN e R 1A, AT DA
{37 B 1] /N F 1 min,

(@ —ie-  HCF

®

SMF
probe b
—H )}

SMF

B 18 MEEANM 22 6T L RE R AR H Y | () I AR-HCF B85 K 5 (b) (¢) AR-HCF 9y LP,, 1 LP,, B
Yy 5 (D 3k AR R LP,, B3 Ce) M W AL 258 3 Ol 7= A8 9 LB (BT B 3R 40 A B 58 0 Ol A B X (P,
HLPy, ) B G084 A 5 (D RS #5AY

Fig. 18 Principle of mode-phase-difference photothermal spectroscopy technology

bzl (a) Scanning electron microscope

image of the two-mode AR-HCF; (b) (¢) near field intensity profiles of LP,; and LP;; modes of the AR-HCF;

(d) pump LP;,; mode; (e) temperature ( refractive index) distribution due to gas absorption of pump and

intensity distribution of LP,; and LP;; modes of the probe light; (f) a dual-mode interferometer
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Fig. 20 HCF gas detection system with stimulated Raman gain spectroscopy™® . (a) All fiber hydrogen detection system based on

stimulated Raman gain; (b) second harmonic output signal for different pump power level
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Fig. 22 Principle of photothermal spectroscopy with a NF©'

the evanescent field distribution of pump,

(a) Principle of photothermal phase modulation in NF, left is

and right is the mode field distribution of probe with different

wavelength; (b) photothermal phase modulation efficiency of fundamental modes for NF with different diameters

tapered optical fiber
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Fig. 23 Principle of photoacoustic gas detection

based on the NF and QTE"?
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Fig. 24 Principle of hydrogen detection based on stimulated Raman spectroscopy with a NF™Y | (a) Comparison of Raman
scattering efficiency between NF with different diameters and selected commercial PBG-HCF ( HC-1550-02, HC-
1060-02, HC-800-02, HC-580-02, and HC-440-02); (b) hydrogen measurement principle based on NF evanescent

field and stimulated Raman gain
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UUSIRESTRAN ] -5 SN 8 77]i 28 s S AR €7 N2 N
X3, S 5 W AR AE LTS8 2 M E & R6G 1)
e BEM R BR R 510 mol/L, Nissen %5 il i
AR-HCF X} ¥ fif 75 /K vh 09 A [6) 25 1) 19 52 A (250~
320 nm) W 3 HEAT T I L. Ml fi]FF AR-HCF 19
A S ALERE A S A 25 K W AR S TS S L AF
AL B AR 5, 7 25 4 A AT DL Ok B B g i =
BAEPIEWARL . Ot 5 AR-HCF MG Ml ik
(R TE AR B 2 28 F IR 11 Bs 10600 R 58 i .
MO 1 m K AR-HCF, % @ fi¢ H E w
(sulfamethoxazole) 17K #% FR 4 (sodium salicylate) #Y
e BER I R BR 43914 0.1 pwmol/L H1 0. 4 pmol/L,
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Fig. 26 Thick lines are absorption and fluorescence spectra
of the PBG-HCF (HC-532-01) filled with R6G

solution with concentrations of 510~ mol/L and

1X 10 ° mol/L, respectively. Thin lines are
absorption and fluorescence spectra of R6G solution

° mol/L measured

[57]

with concentration of 1.7X 10"
by free space optical system

6.2 WWHAIEREAR
TN 5 K LT R it 9 B L OOk R Ot
B AERE S B L B 7 985 5 IO 2F 3 45 2 (]
PIFE B R0y #0565 5 98 6 0 ik 0 R P
fE. Afshar 2508 XMy SCF B 78 Yo bl i s 1) 9%
DR R R AT T 5T A BLAT S8 3R T Ry
A0 1 e R B R 1 GE LA I AR A Bl L) T
DI RR SO0 5L SR Z [ 1 G 38 & T 9O
PR . L o 2O E 5 M R/ANS v UE
W5 A B L, B aT DU S LAk 4R S8 5
SRR, Tl £ 305 2% T (= 5k B (463 37 08 A
21 ISR R FIRE it T AL 3 O o 2 N AT
SR B AR Can S8 AR B ) RN I 3 K B £F S R SH L AT L
DI ERCR LA NF 5 1~2 MY, X
— R Iy T AR SR 2 A R R WY v R A2
TR YL IR 25 e T He R, SR, B F SCF 1R
Y, S UR AR AR 37 2% LA K, TR RS 5 FE B OR
AT DL A ) AR R O Rk R BE AR A

BRES

T AR 75 PBG-HCF £F 8598 1 04 W8 O
L B SRR ES R Y &L VO RBCR GE L T
WS EEF EAE LR B0 T LA SE AR /&5 1 2
WO HWCERRCR T HAE T B LA, SR 37 A
T 74 BAARE S £F A 3 A DT JE , PR ot S 2 S 480 Ay B A8

V-4 . Smolka Z HIE KR 514 nm 1 Ar' 0k
TR R R G TR X FE R6G £ Y 10 cm
K B TEEF 2B 1 HE AT T I L 25 5 an &) 26
PR % R6G B EEM & FFR>F 10 mol/L,
6.3 HSBHITHA

N NF (SCF 3525 58 1 45 1 ' £F 15 o 1 b it
AT LR R AR 5 8 A0 S2 3P 2 A . 5 NF 8¢
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FURE S 0 F S 47, T 5 32 62 bR CA 30 1 7 2 15
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DA W ) P Z2 OGS . T 30 em KB Ot
K (A L LBE(B) | L EEFIK BITR A 7 TR 2
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26T L BB LR B (NaSCND FIAR 40 K ki 1 1Y IR
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Fig. 27 Raman signal of different liquid-filled HCFs"* .

(a) Normal Raman spectra acquired using PBG-HCF (HC19-1550-

01)filled with water (A), ethanol (B), 1% ethanol in water (C), and using a glass vial containing 1% ethanol in

water (D); (b) surface enhanced Raman spectra obtained using PBG-HCF (HC19-1550-01) filled with colloidal

silver nanoparticles and SCN~ solution with solution of 1.7X 10”7 mol/L (A), and using a glass vial filled with the

same solution (B). Inset is an electron micrograph of the Ag nanoparticles
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