| ®49 % £ 1H/2022 F 1 A/PEHA

LY e &/ s RETYRAL R < REA R\ o4 (R DA Bt

RGN BT, REE, AR, 2AE, FAW, BELY, AR
PRI A b TR BRI oL TARE SR, R Il 518060;
© I B BB R 2T 5C AL B, W KU 4100735
SR AR K, TR ORI 518118

HE RN ECHEOCELES . ERAY LT il 5 I 7 %4 58 m AR 2 ah e e, ok R
2964. 34 nm,3 dB A7 56N 1. 24 nm, JCHF RE L 99.27% . Z TAEAE R TS ICT L7 P 2464 ot a8 4 i
SHEN P LI EOLR LR e H FEFRER L,

KR

hE 45 EKS 0436 XHERFRERD A

1 5 Bl

SRRAR D 2 &)k 1 AT il B = N o
R HOAE fE b A B AR AT Ak S5 T A 2 R
AR AT ] I N B N (AR /D0 7 o B e
tpal DA E I e v < e 0 A E I £ TE 7 2 VAN SO )
R B R (S AEAW /Y &) o aata o1 K = 3 DTy o
i QO B A5 M AE AR & RIOCRAG B e b 22 UMk
Wy £F Sitg 17 S 0 A S )R L T AL MO AR Y
JCEF A b A% et (FBG) 1] #8420 245 fk 30
T IF e A Rk e oA S L TR R A T
FEA B ROCARA AR L REP RO S R
oot B 4k R R R Ok & k. 2006 4F,
Grobnic 27 % H 800 nm KR i 06 45 A A A 5 4
M2 B IRAE ZBLAN JG4F h S8 T FBG %15 .
2013 4F, Bérubeé ZE" Hl Gross ZE 43 BI#E5E T K Rb
PO VK 75 S SRk P B 5 7 A i S R e v ) R AL
il [4FE . Hudson %550 ¢ R W RD #6312 5 12
7E ZBLAN Y6 £F /5 T 6 M, I 126 e T
2.9 pm BB 4R, 2015 4. Fortin 285 F) H
ALY FBG 52T 2. 94 pm 19 30 W 262 1b %
Jek . 2018 4F, Goya %R 513 nm KRV

BOCE AR s SGEF A hiAz el JeLFHOEAS s HALAMEO RS s TALYIOLER

doi: 10.3788/CJL202249.0101014

R E WAL 2B Er' ZBLAN G 4F F B ZE T
K 2799 nm . R FGE 97% B FBG. [H
4F, Aydin ZMY R FBG 1E 8 854015 7 %L1 52
HH 41,6 W L /NS EH . 2019 4F, Bharathan
U KA OE S IR 4 AR A B A T
99. 98 % = R HT R B FBG, thb i Ky 2893. 8 nm,
B PN 56 T R 2 A1 S Ak 4 ' 7 S A 0 T 2 A 5 e A 91
T AR T XX — S AR R R A R R . A
SCR I CEMMOE I R H S B R RO b
W& T P UKl 2964, 34 nm. T ik
99. 27 YW R 4L 4k FBG., % T/EA Bl F 42 & wh 21 4h
JELF OB B AR M N AT SR IR 4 g b 40 Aok
LT PO GHAR 1 R H I

2 SEER IR N E

2.1 XWAHZE

o T BV DOCET A B A G, PR oE LUR A%
SRR INEGTE AT FBG 215 . T WRMEOCE S
AR T ICEF B G AT DA B AR A rh 205 i
SRR BOL BTS2 BETZS BAL Y FBG 1Y
HEE . RO E S ] 4 o SRR EOG AR 7 #E
FEMR L RN B Sk RPN

KRB . 2021-08-03; f&EI HHE: 2021-08-19; FRA BHI. 2021-09-03
E4THB: HEHARP ¥4 (61775146, 61935014, 12074264) I BF 48 3+ %) W H (JCYJ20190808160205460,

CJGJZD20200617103003009)
BIE1EE : “yanpg@szu. edu. cn

0101014-1



F£49% F1H/2022 £ 1 A/HERH

BT . b, TR IO A 7 A A 1 B AT R
o A8 T T B S O i R 1 A S O R AR T A
L AR L AR Y 15 A B B HL G AR A T X
S S BT R G PR AP a5k 3 i AR A
S ZE — R ) S R AL S8 FBG Z1E . %07
PR, — AR R A AR A R LA R
RBSE A . AR BRAS ZI 7 2B 1 3 S 23R 08 ] DX 8 R /N
5 LRI R/ 228K, 37 FBG 3% 5515 19 58 I
TP A K K IR R . M2 R, KB
WOLE L 5 CRMBOGL & 1L T 215 e 5 25
1R A8 25 T B A 33k VO 7 92k T 77 A 1 K K B 4t
AHXT /N, RFMOG I 7k F 5 W R, —Fh Oy
P X G AR AT T R R SE B Y L {H X Fh
T ERCRARL ZIE W . 55— Oy vk 2 58 2o A A
BRI MR RS, (HEH TR
Hu R BRI R UM AR BB . RO IR LRk
AR A 5 2% s B ROR R AR 20 S S8R T
P I 28 0GR PR A SRR A T DL SE B SR
CRMBOLB L B ALY FBG.
2.2 ETWEE

FBG M 215 JOGig I ke i 1 fros, '’

polarization rotators

femtosecond laser

attenuator \\
fixed apertures

~

supercontinuum source

»
. . .0'.
objective
K
o
P A +" fluoride fiber
L] 1

B % % PR % F Ligtht Conversion 2y & 4 72 [
PHROS-PHI1 RFIFOLE . #OGa I H LK R
1026 nm, 8 EHE N 200 kHz, Jk 55 & R 290 s,
UK o BE B K T 200 pJ. O TR A A R RO B
ey 513 nm W EOLHOL B HBCERT 50% ., i
SRR VO 3 Sk P AR A R e g HE AT RE B R . = e
M REM ORI o S W RORR & g B A
e, WERM S0 ST \YE. BRELEN
0.42, FIF B 25 W Bt 2% &, 38 o g2 BB O 2F [
R E MM Bre L. SHEMNBYEGRA
Arotech AR A= @R BB &5, K%
B XY #if T ABL1500 25 SRS & b, E A
WiE  + 400 nm, = H N B FE Z K
ANTI130-5 HZ ML, T H M B G, & MW E N
+£1.5 pm, R HLE S SR E S4BT B
&, JE S BOE M 2 S . 6 £ I R
% 2 G IR R I B RDOG IS O L, M 2
BESE K o 0. 5~3. 1 pm) il 5 — X 48 4 5 5
GEBIM B A CaF, B =15 mm) G 22 A
FBG 1 ZBLAN JG&F R vy B H248 A OG5 A ik
1735 5 et it .

-

dichroic mirror

o’
K
o

optical spectrum analyzer

three axis positioning system

B 1 st FBG 215 5 8 ROGiE I I 4 8

Fig. 1 Experimental setup for MIR FBG inscription and spectral monitoring

3 LR Lo b

F 2 AR g B 40 T 205 e 480, W72
ZATHOG K v g & 43 514 83,100,116,133,150,
166,183 nJ. ik i i & B 155 , 4% SO O, X LE B
= R QUINEI 58 NS i 0 R 1 K L 2 O T
R RAER, 183 n] BB T %5 KOG &L,
JEM T R TR R T EOR R TR R g, gk
A1 P Bk o B D & 150 n] EATSESG .

83nJ 100nJ 116nJ 133nJ 150nJ 166nJ 183nJ
Bl 2 AR R 2 1R 20 G el A e

Fig. 2 Grating fringes written under different energy conditions

0101014-2



F£49% F1H/2022 £ 1 A/HERH

SZEE FH Le Verre Fluore 22 ® A4 7= 1 ZBLAN

R (N HBEN 14 pm, SMZHE R
250 pm) AT FBG Z15 . L8Pl 513 nm KA
Fe ki FE IR ZE 150 n], ZI L H i HE N 100 pm/s,

FBG M ZIZAKJEH 50 pm, UG 1. 994 pm,
P 3 Ca) T 7n okt B R WS 5 1 FBG IR . & 3
(b) 7y FBG # 81 J5 . 0 8% T 1 % £F B, vf
R HOL RS M 2L 6 T AN

&3 BAMULBGE . (a) FBG ; (b) FBG #WT 5 1Y G LF # m

Fig. 3 Microscopic images. (a) FBG; (b) cross section of fiber after FBG modification

Bl 4 s b BT 205 AN RS B G FBG 1938 Gt
B S BE 4350 K 2. 991, 3. 988,4. 985,5. 982 mm,
XFRE )R SR 4 B A 48, 2%, 63, 47% ., 81%,
99.27% ,FBG KE SRR EIEL LR, 25
AR TR BE 1 FBG 190 I K AFFE AL L X S oy
FBG 1y vt AN e 2% 800 Ja) 38 1] Bl e » 90k
ST 5 A 0 BE A K/ DA B T S 45 6 4% B0 7
SN DTS2 W TR0 K . 7R SEBR 20 s R v e L
PRAE B YR 3 SR A G BRI A LA R O T SR o 4
— 3, BT LU L £ 1 FBG 23 F7 76 /N Bl 1Y)
O RS

é —5.982 mm
E - - = 4.985 mm
.% 55k - ---3.988 mm
2 L0 2.991 mm
g .09
§ _60 LE 0.8
= $ 0.7
Lo6
65 05
0.4

3 4 5 6
Grlating lengthl/mm

=70 4
2950 2955 2960 2965 2970 2975

Wavelength /nm
Kl 4 KK ER FBG & 5 O6i%
Fig. 4 FBG transmission spectra under different lengths
Horp,5.988 mm K FBG i i 1§ ) o0 I
2964, 34 nm, P8 #l T B I8 21, 38 dB, 4T F Ik
99.27%,3 dB ¥ % N 1.24 nm, 3 B K H %
BN

An\*? 1)\°?

A ABSJ(ZnU) +<N> : (D
KA1 S FBG ik o h ) 2 0 42 5854, AL EF
A PR M B YA B rh s e AP A e R R
KM S 80nT W B S Bk T FBG Y 2 3T #6 K/
(%R 100% B, S =1, K RE /AT, S =
0.5)5n, NEFHEA I HF N N FBG # &
R An R4 5 3R 0 R TR B . ARG (D 2R
WHE S, WIS R R E R A =
7.66X10 ",

T VICE T CERPEOLH 0 h 20 SRR 2 S iy
ZH, ARG WO Z LR S 3% & 1 FBG
Sk B G A R A e A K B AR AR T > 99 %0 Y I St
R, AFHScHk[12] 15 Fn[16 ], FRATT Y 2 £k ok i o
P, 3 Xt T FEAR FBG i 46 BiAS A7 — 2 & . R
B 58 23 0 i = A ALEE, B AT AT AT FBG 4% M6
KT 2K S Type- 1 % FBG. th 26 T W i = 2k
AL %2 FBG 76 N S ok bR, i
— & Type- Il # FBG. = B & #OGE T4 6 %
JGRE T ORI BIAE (1) (75 4 R R 4
Al AL R R FBG, OGBS
TR R R e A TR R T MR O A A s
Br. BT 205 SR A B BOE R G S o B
G XGRS, WO RE R AR T L R TEALUL
ZEAb = Type- | #UJE . 1 Type- Il # FBG £ 5
AT & 26 b s TF 1, W= A
HREE , An FIARSOX L FE RS . FEXT FBG #1718 K
Ab B S, WSRO S R e A 3 — e W

ﬂﬁ‘ém‘m

0101014-3



S|49% £ 1 81/2022 £ 1 B/ EE

1 TRRMEOLH ) LD ANE LB 2 5

Table 1 Parameters of MIR fiber grating prepared by femtosecond laser

Fiber Speed /(umes™') Pulse energy /n]  Length /mm Wavelength /nm  Reflectivity /%  Reference
Ho'" /Pr’" :ZBLAN 80 270 15 2880 50 [15]
Dy*" :ZBLAN — 240 11 3388 96 [19]
Er*' :ZBLAN — — - 3425 96 [18]
Er'" :ZBLAN - 150 2.5 2799 97 [10]
Er'" :ZBLAN — — 4 2838 99 [20]
ZBLLAN 20 125 13 2894 99. 98 [12]
InF, 20 225 8 4020 95.2 [16]
ZBLAN 100 150 5.98 2964 99. 27 This work
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Abstract

Objective

Mid-infrared fiber lasers have attracted much attention due to high beam quality, high photoelectric

conversion efficiency, excellent heat dissipation performance, and prospect of all-optical fibers. They have important
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applications in ranging, remote sensing, medical and health care, absorption spectroscopy, atmospheric
communication, polymer materials processing, infrared countermeasures, and basic science. A fluoride fiber with a
low phonon energy and a low transmission loss is usually chosen as the medium for producing and conducting a mid-
infrared laser. The structure of the space cavity mirror laser has such problems as low coupling efficiency, poor
robustness, and easy deliquescence of fluoride fiber end faces. A fiber Bragg grating (FBG) based on fluoride fibers
can be used to construct all-fiber lasers, which can effectively solve the above problems. However, the preparation
of a mid-infrared fluoride fiber Bragg grating has not been reported in China. It is urgent to study the preparation
technology of this key device. In this work, a mid-infrared FBG with a central wavelength of 2964. 34 nm and a
reflectivity of 99.27% is directly prepared in a fluoride fiber by femtosecond laser line-by-line direct writing method.
This work is helpful to improve the operation stability, reliability and miniaturization of a mid-infrared fiber laser,
and promote the application of corresponding mid-infrared fiber laser technologies.

Methods In this paper, an FBG is prepared by femtosecond laser direct inscription method, and a 513 nm
femtosecond laser is selected as the source. The fiber moves uniformly through a high precision three-dimensional
displacement platform. The FBG testing device consists of a supercontinuum source, a coupled lens, and a
spectrometer. The supercontinuum source (0.5-3.1 um) is coupled to a ZBLAN fiber with an FBG through a pair of
coupling lenses (lens material of CaF,, focal length f=15 mm), and the end is directly connected to the
spectrometer for transmission spectral testing. By comparing various preparation methods of FBGs, the femtosecond
laser line-by-line inscription method has the advantages of high efficiency, low cost, flexibility, and good spectral
characteristics. We choose the femtosecond laser line-by-line inscription method to achieve the preparation of a mid-
infrared FBG. By studying the effects of laser energy and grating length on the preparation of an FBG, the
appropriate writing parameters are selected. The preparation of FBGs with different central wavelengths is realized
by changing the period interval of each FBG.

Results and Discussions By comparing the grating fringe qualities under different pulse energies (Fig. 2) and
FBG lengths (Fig. 4), a second-order FBG with a physical length of 6 mm is written under 150 nJ energy and
100 pm/s inscription speed at 2964 .32 nm central wavelength (corresponding to a grating pitch of 1.994 pm). The
resulting transmission spectrum of the FBG is shown in Fig. 4. It reveals a strong and sharp Bragg resonance with a
reflectivity of 99.27% at 2964.34 nm. The refractive index modulation depth is 7.66 X 10 *. We study the effect of
grating length on the reflectivity of a grating. The reflectivities of gratings with different lengths of 2.991 mm,
3.988 mm, 4.985 mm, and 5.982 mm are 48.2%, 63.47%, 81% and 99.27%, respectively. The grating length
is linearly related to its reflectivity. Compared with other works, this paper uses shorter length and faster writing
speed to inscribe a high reflectivity FBG (Table 1). In addition, by modifying the grating period interval, we change
the grating period to 2080 nm and adopt the same writing parameters. We inscribe an FBG with a reflectivity of
99.12% at 3090 nm (Fig. 5). In the transmission spectrum, there is a side lobe with a central wavelength of
3091.2 nm and a depth of 6.62 dB to the right of the main response peak. When the FBG is applied to the laser,
because the main peak is 13.92 dB higher than the side lobe, the gain of the main peak increases, and the parasitic
oscillation generated at the side lobe can be effectively suppressed. Therefore, it is completely feasible to write an
FBG in the direction of long wavelength by using an InF; fiber with a long transmission wavelength as the writing
sample and adjusting the grating pitch. The response peak of an FBG prepared in this paper is located in the region of
the Dy** fluorescence emission spectrum, and it has more applications in Dy** doped fiber lasers.

Conclusions In this study, we use the femtosecond laser line-by-line method and a 50 X dry objective to study the
influence of laser pulse energy on grating fringes. The pulse energy of 150 nJ, the inscribe speed of 100 pm/s, the
line length of 50 pm, and the period pitch of 1.994 pm are selected as writing parameters. A mid-infrared FBG with
narrow bandwidth and high reflectivity is prepared based on a fluoride fiber. The central wavelength is 2964.34 nm
and the reflectivity is up to 99.27%. The mid-infrared FBG with a central wavelength of 3090 nm and a reflectivity
of 99.12% is prepared by adjusting the period pitch of this FBG. And it is expected to achieve a long band FBG
writing by this method. This work is beneficial to the construction of an "all-fiber" mid-infrared fiber laser, which is
of great significance to promote the autonomy of the core device of a mid-infrared fiber laser in China.

Key words laser technique; fiber Bragg grating; fiber laser; mid-infrared laser; fluoride fiber
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