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Fig. 1. Absorption lines of water in the 1.8-2.0 pm range at
300 K and 1500 K for one standard atmosphere pressure.

2.2 FiEi&IT

BEEAIOCA  IKE R T RS 1.7—2.1 pm
B 27 HH & B Bl G 214K B 38 i A7 A B
LI B4 28, A vl DL o P8 T B K
JEE ST SR B OIS A g & 2 B R
ANFBECAKE T ECR A &5 (ASE) S,
WA KETE 4 m 24 B EEAR R R OL IS e
FRIEEK.

A

1.0

0.5

Normalized intensity/arb. units

1900 2000 2100 2200
Wavelength/nm

0 g 4 -
1700 1800

K2 AR 5OLL O R B LT 1 ASE SLiE F
Fig. 2. ASE spectra of Tm-doped fibers at different active
fiber lengths.

Yo i) PR 2R R S B L AT O AR L B A5 1
WE 3 s, BOGHEIR FRIE s ahi, i
1.6 pm BHDCA OGRS SR, S0 I8
— AN S (WDM) FA #E AR IE Jf 0 184 5
AT AT . L@ Ak, %4 3.6 m TSF-

9/125 YLEFE I 35 064F. OLAF KIE TR, Wt
£F FP UEUE A Ingk i e, nl LA A5 31 3% 08 I 2 A
H HDOEREER (FSR), 41l 4 Fis. iTLIEH, % FP
PEVERS Y A HOIETETEFIZ 97 nm; 7E 3.6 mif g
JGEFIE, FP g A i A S a e R
1878—1975 nim.

1.6 pm

pump  WDM

Residual
pump

3 Tl AR R L ST A O LA L A5 ) WDM,
By 04 TDF, BHOLLT; 180, K g 4% ; FP filter, 7 i
W FP UBEAY; OC, il -G 2%, FSA, JL£F nl 4 A i fA

Fig. 3. Optical path diagram of the broadband tunable nar-
row linewidth Tm-doped fiber laser: WDM, wavelength di-
vision multiplexer; TDF, Tm-doped fiber; ISO, isolator; FP
filter, tunable FP filter; OC, output coupler; FSA, fiber sa-

turable absorber.

_30F
~1878 nm
_40 -
g
aa)
T —50
~
>
&
)
g —60
= ~1975 nm
— FSR: ~97 nm
—70 *

80 A ) \ ) A \
1860 1880 1900 1920 1940 1960 1980
Wavelength/nm

Bl 4 SLEr FP ug i as vy B i G
Fig. 4. Free spectral range of the fiber FP filter.

TP M N 1 B 28 2 - PRIEAR S G TE B i
P B L. 1 25 LT IR TR (5 S i bR 25 2
BELEY, J5 5 56 HE A OGS Al i g i 4. S2a6
o, BEEE 0.3 m BEECHBLER (TH512) 1E oker
AR TR A A S B R E PRAE  E2 TE Y R 4
i 515 5t R A4 9 6 i — 4 WDM
S A, 30% W5 5ot g —A4 7:3 89 OC i
. Al EE PP B AR T OC M1 ISO Hlal, DIRE
G H A5 5%, By k. BOGRSH H
W B AR PP g M AR T PR, JFa T FSA
A TER 8 R4

114203-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 11 (2022)

114203

2.3  SiRHEHSHE

3—18 V RN, YRR I AE 1910—
1970 nm N2 60 nm [ 6% [ P 22 0] . fR
Btk e KM, FR2e 0 2 min, /58] #OLERE
B JEEANE 5 Fis.

—40
—50}F
g
as)
o
~
2 —60f
172]
g
3
=
_7ok Span: ~60 nm
80 . . . .
1900 1920 1940 1960 1980
Wavelength/nm

K5 WOLa IR O RE E
Fig. 5. Wavelength scanning range of the laser system.

Ifi] 7 FL e 25 1R T Y S8y OGS AN TR 6 BT
I, O 2% O PO K T 1931.8 nim,
3 dB ZFEZ1°0 0.07 nm, BEB I LK BIMHOETE )
MR

—40 | (a)
g
as]
o
~
2z
z —60F
3
=
i

1925 1930 1935 1940
Wavelength/nm
—40F
(b)
~0.07 nm@3 dB

g — -
A 50
=
~
>
b=t
2 —60F}
2
=

—70

1931.5 1932.0 1932.5

Wavelength/nm

1931.0

K6 4 BN A Y0 I B 4 1 % (a) 1.00 nm;
(b) 0.05 nm

Fig. 6. Typical spectra of the laser system with different
resolution: (a) 1.00 nm; (b) 0.05 nm.

£ 1931.8 nm [k KT, ot
bR 7 R, TENINAT FSA, 27|
NBKIIRE, Iz s B B R, 28
430 mW. HOLARBAR R AR N 16.6%, i
iy PR IK 60 mW.

80

n  Output power

—— Linear fit

[=2]
(=}
T

Slope: ~16.6%

Pump power/mW
W~
S

[
(=}
T

400 500 600 700 800
Pump power/mW

7 OGS i AR

Fig. 7. Output power of the laser system.

3 M A R

3.1 ERTERH/KHEHERI

FIUF BT A GRS i B 28 K AE 1910—
1965 nm P Y EA IS Ze AT T I . 00 o
FOGIR L R E E  3—18 'V, R E N
20 Hz, WA E L 58 cm. 15 Y ML AU S 46
SERANE 8 Fras. Bl 8(a) 4 T BRI T Ay %
SR ZE R 1 8(b) 4 T A R P K Bk
GRS A5 . AT LUR B, B O 28 10k K
i, Fof b DR o kA AR, S st
S AL I TR BT R b R L

A 3 R L AR (FFT) 3836 8(b)
PRSI R OGS A L BR = i ) SRS
FETSCHR [29) T4 AR5 R ERIL R BRI IE
HeZk, BRIMIRBOLIEE B anE 9 s, Bl
Y5 T T HITRAN2016 B8 5 515 2 f4 &
I H R R KAE 19101965 nm 6% P A 36 1%
WL, A X E AT U Y, S IR 2 B
BULE R RRE SE ARG W) &, AR TG
PR LIAE 1910—1965 nm A % 71 Fl N AT R85 9
40 AR WIS 2k

i a0 T A5 3] S0 R i T R HE R
FE RS BRI iR R 22 ] 1 I (R X0 I 6 &R

114203-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 11 (2022) 114203

nlE 10 o, LA HObS A K SR
FERUZ B A e R RINZHOE A I
KA B ARG AL AE . 38 xF ] 10 Hh g i
(LTI 5 28 A 476 (L D ) 5 B0 S5 00 R 3l ) 5
et

1.0

(a)

0.8

0.

[=2]

0.

=
—

Intensity/arb. units

no

0.

Sampling point/10°

0.8

(b)

0.6

0.4

Intensity/arb. units

0.2

0 A A

26 28 30
Sampling point/10*

B8 AKEYHEGIE IR 25 (a) FARAIHE; (b) 52

IEEEi ]

Fig. 8. Typical measurements of hyperspectral absorption of

water: (a) Repetitive scan; (b) single scan.

Wavelength/nm
25 1920 1940 1960 0.04
—— Exp. data
"""" Simu. data QT'= 300 K, 10.03
. 207 X =0.01 "
+ +
g {0.02 %
. 15¢F s
2 e
< , ; ; jo01 £
Zovopidl By £
g A A A AR e e g
£ £
S o5t =
41 —0.01
0 JJUVLJU
. . : 1 _0.02
0 1 2 3 4

Sampling point/10*

P9 AbBIE B RO S B -5 B AR X L
Fig. 9. Comparison between the measured data of pro-
cessed absorption spectrum and theoretical simulation spec-

trum.

1960

1940

Wavelength/nm

1920

1 2 3 4
Sampling point/10*

1900
0

10 3 v SR A A5 O A 11 I A0 I S R
Fig. 10. Relationship between sampling point and laser

wavelength.

HE 9 ] LIBLE A, #IE T, 7F 1945 nm
DL Wi DX, K IR /b EL s R AR,
A ARG 17 M LU S 0% XSRS 1 A S HH B K
RIS, R T TH BRI RIS AR B AR JEE I sl ot
AR T8 SO R A TG, I R A S A AL
B —B AL, SR 38 e/ VR 25 R FI T
TR S T EOLRR R 5.

WA 1 S ES B — B 855 A (RO 2k
RS EE— B AT LI 11 Fs . B
PEA 4 HITRAN2016 £08 PEAE 7R . % R AT
Az 1, I3 I A (R S0 AR ) A S — — X
N X R R, SRR R, WOERL T
295 0.06 nm, 5 &l 6 T [E KA T AL
A,

£ 0.06 nm #OEL 58 T, FlH HITRAN2016
YR ZEAE B R T A RS [R) I B2 I EE SR 43 B R
TEMZ SRR, IR S 5 SR T R
— WG, W 12 BroR. 7E 298 K IRJE | 2%
IR, SEBei S E S HHRTE 19101965 nm
ENY GRS, RATES TSGR Le Bl 7
WRMFEZE. Mbn] IS RIREEEE N 298 K, 5
T EE TS s — 2 2 SAERRREE S 60%, 51
FETH SIS —2L.

3.2 ERBNERKEBIIE R

BT T B G XS KOG ThKTE 2 pm
W B0 vy S e EA T T DN I G IR L R
HHER R 310 V, S 3EE R 20 Hz,
0 LR Sz A5 RN 13 Bk, K 13(a) 44T
AN B R R L A5 R B 13(b) 45

114203-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 11 (2022)

114203

45

(a)
40

35 F
30 F

25 | .

RMSE/arb. units

20
= RMSE

Binomial fit

0.02 0.04 0.06 0.08 0.10 0.12
Linewidth/nm

15
0

(b)

Intensity/arb. units

1940.5 1941.0 1941.5 1942.0
Wavelength/nm

B MO S Bl — B S B R RO ST Y
HIEBAEE — B S EOT L () RIEEOCL T 375
HRFE 2243 5 (b) 1941 nm BT A S0 B0 % EE

Fig. 11. Comparison between first derivatives of the mea-
sured and theoretical absorption spectra under different
laser linewidths: (a) RMSE distribution at different laser
linewidths; (b) comparison of measured data around
1941 nm.

>

2

g . 02 (a) Simu. @T= 298 K, X = 0.02
gg i — Exp.

=

S5 01 LL

=

Qs

-~

<
_a  0.04
3= b
5 0.02}
%-g UMM/\/#MWV\W
B2 02

1920 1930 1940 1950 1960
Wavelength/nm

K12z KB SEIBO LR S EE O EEXT I (a) 52
B 5 HIS B (b) 52
Fig. 12. Comparison between measured and theoretical ab-

sorption spectra of water in air: (a) Measured and theoreti-

cal absorption spectra; (b) residual.

T Zuki . F LR AN RS A SEI AR S 1000 K
TRE SRR A L. ATRAE Y, fEEET,
1950—1970 nm i Fl N AL 55 B 7K R I i 28 52

) v IR WA i 2 5 R 238 TR B 0 S PR -1
W4, R BT AT 7R = TR R vl RAZE 1950—
1970 nm P YGIETE N A 80 HET 50 57K 1T I
Tk,

0.4

©
o

Intensity/arb. units
o
[\v]

©
o

0 . . . .
7.50 7.55 7.60 7.65 7.70 7.75
Sampling point/10°

Wavelength/nm
1955 1960 1965
—— Exp. data (b)

------ Simu. data QT = 1000 K, 108
X =0.01

10.4

Rz
Intensity/arb. units

T
dhn W, .t
L ,:'-;:u:'f"h “J:.J";. - E.J.@,%.‘.a.‘, A h.."‘il.l}u..:.kj.,-. !.i.u! 0

2
&

Intensity/arb. units
[\v]

—0.4

0 4 8 12 16
Sampling point/103

13 A KOG PR PRI R R 25 2R (a) B
WA (b) SEIEHE 5 B B A

Fig. 13. Typical hyperspectral absorption spectrum of wa-
ter in alcohol flame: (a) Single scan; (b) comparison

between measured and theoretical spectra.
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Hyperspectral absorption of water around 2 um based on a
boradband tunable, narrow linewidth Tm-doped fiber laser”
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Wang Sheng?  Tao Bo?  Ye Jing-Feng?! Feng Guo-Bin?
Ye Xi-Sheng!  Chen Wei-Biao V*

1) (Wang Zhijiang Laser Innovation Center, Shanghai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Shanghai 201800, China)
2) (State Key Laboratory of Laser Interaction with Matter, Northwest Institute of Nuclear Technology, Xi’an 710024, China)

( Received 18 November 2021; revised manuscript received 1 March 2022 )

Abstract

The 1.8—2.0 pm waveband contains abundant absorption lines of water, which are much stronger than
those in the traditional 1.3-1.5 pm waveband, exhibiting huge potentials for absorption spectrum applications of
water. In the hyperspectral absorption spectrum, physical parameters of the target molecule can be derived
from lots of absorption lines within a broadband scanning range, achieving the results more robust, accurate
and versatile than the results from the conventional tunable diode laser absorption spectrum in which only one
or two absorption lines are used. The key to hyperspectral absorption is the development of broadband tunable,
narrow linewidth laser sources emitting in the wavelength range of interest. With a tunable fiber FP filter and a
fiber saturable absorber, a Tm-doped fiber laser is established, featuring broadband tenability and narrow
linewidth. Taking advantage of the re-absorption characteristics of Tm-doped silica fibers, a wavelength tuning
range covering 60 nm from 1910-1970 nm is obtained through the appropriately designing of the active fiber
length. The measured laser linewidth at steady state is smaller than 0.1 nm, which is suitable for water
absorption spectrum. Hyperspectral absorption measurements of water in air and alcohol flame are conducted.
In room-temperature air, more than 40 absorption lines are recognized within a tuning range of 1910-1965 nm,
while, in alcohol flame, the number of detected lines reaches about 50. Comparison with the HITRAN2016
database gives a laser linewidth of about 0.06 nm which is very close to the static linewidth measured by an
OSA. The temperature of the air is derived to be 298 K with a water mole fraction of about 2%, which is
consistent with the measurement of the hygrothermograph. And the calculation indicates an alcohol flame

temperature of about 1220 K, which is very close to the measurement result of the thermocouple.

Keywords: hyperspectral absorption, tunable diode laser absorption spectroscopy, fiber saturable absorber,

Tm-doped fiber laser
PACS: 42.62.Fi, 33.20.Ea, 42.55.Wd, 42.68.Ca DOI: 10.7498/aps.71.20212127
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