Chinese Physical Society

Mﬂ#ﬂ Acta Physica Sinica

. Institute of Physics, CAS

T CARS B & IRHI & A R Bk iE E 48

RN SR R RKT IR RFH BE EIA TH a4R

All-fiber spectral compression of femtosecond pulse for coherent anti-Stokes Raman scattering excita-
tion source

Jiang Jun-Feng Huang Can Liu Kun Zhang Yong-Ning Wang Shuang Zhang Xue-Zhi Ma Zhe
Chen Wen-Jie Yu Zhe Liu Tie-Gen

5| H{5 |2 Citation: Acta Physica Sinica, 66, 204207 (2017) DOI: 10.7498/aps.66.204207
TE 25 7% 32 View online:  http://dx.doi.org/10.7498/aps.66.204207
23 N 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/120

EATRERCH B BB S &
Articles you may be interested in

BT S0 T RIS R AN BB B 42O AT IO 4%
Nanosecond mode-locked Tm-doped fiber laser based on graphene saturable absorber
YEE 402017, 66(11): 114209  http://dx.doi.org/10.7498/aps.66.114209

TR 1 AT S S A £ ' 7 A AR I 2T T R 8 e 5 PR I T AT

Experimental and numerical study of tuneable supercontinuum generation in new kind of highly birefringent
photonic crystal fiber

YH % 4.2017, 66(9): 094204  http://dx.doi.org/10.7498/aps.66.094204

FCECIA AT B AR Tk fiE
Advances in optical fiber photothermal interferometry for gas detection
PP 2242017, 66(7): 074212  http://dx.doi.org/10.7498/aps.66.074212

BT AR SE I TR B T BIE = A BRI T
Photonic microwave waveform generation based on polarization delay interference
PP 22H%.2016, 65(22): 224203  http://dx.doi.org/10.7498/aps.65.224203

HA DR A AR 0B OB I S 22 i S MG 4P i it

Analysis of a novel four-mode micro-structured fiber with low-level crosstalk and high mode differential
group delay

Yy 2242 . 2015, 64(23): 234206  http://dx.doi.org/10.7498/aps.64.234206


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.204207
http://dx.doi.org/10.7498/aps.66.204207
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I20
http://wulixb.iphy.ac.cn/CN/abstract/abstract70167.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70167.shtml
http://dx.doi.org/10.7498/aps.66.114209
http://wulixb.iphy.ac.cn/CN/abstract/abstract70028.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70028.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70028.shtml
http://dx.doi.org/10.7498/aps.66.094204
http://wulixb.iphy.ac.cn/CN/abstract/abstract70019.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70019.shtml
http://dx.doi.org/10.7498/aps.66.074212
http://wulixb.iphy.ac.cn/CN/abstract/abstract68706.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract68706.shtml
http://dx.doi.org/10.7498/aps.65.224203
http://wulixb.iphy.ac.cn/CN/abstract/abstract66067.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66067.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66067.shtml
http://dx.doi.org/10.7498/aps.64.234206

) I8 ¥ 48  Acta Phys. Sin.

Vol. 66, No. 20 (2017) 204207

AT CARSH LRI ESLA R BRI E 4

AR i1

M oA ORAT ER OKFE D

FRSUA

T8 x%®/

(REER NG E AN AR SO T TR B, KM TR RS % B R E G0, JRE B RAB A H T M E L=, e
WA, REBEFEA LR TR0, RE  300072)

(2017 4£ 3 A 24 HIgH; 2017 4 6 A 8 HYg BB H )

HEAT 7 TR ET TOENBCR (5 A7 8 1 1 2B/ A2 30 A R T WA B R R 9. 4 R 22 B A A
NG THREE B B BT, SRS THEE A RS B i T S8, 07 BT 50/125 pm i 2%
AR 2 RSO ET IO P (0 IO B R L 5 BB G 21 AR A A B2 U R IR IR O SR =R i e %
BESCLFHEAT S0, X L AT 7 Hr 5 SR AR 22 B £ OO A K/ B L5 BB 27 B FEE AR X i il 45 25k S 14
SO, SRIG A SRR WL 50/125 pm HT5 FH AR 2 B0 LSRG B R R4 EE 0 5.796, #5908 2.243 nm, 5
R0 B3 A 105/125 pm Frif FEAL 2 BOGLT, Wt — B4R IS 47 HE 2 152,941, %t 8 %8 2y 0.085 nm
(R ks, g kst F T AR ST 5w s 2 ORGSR, BEISOBE /r HE R A 1.386 cm

KR ARLMOCLPL S, Jer T, E A CLR ], e s E

PACS: 42.81.-, 42.65.-k, 42.65.Dr

15 7

SR PSR Rk b AT AR T S 3 e 0 o 2 A
(CARS) g R LRI — AN 7 foR U4 ETE
POIBK e R 58 1 PR 1 BB 70 R LI 4
A ER AT AT RO A X — ) R, ATTTAE CARS Ref&
o S PRI A R L

it e A 5 T B Ml X 45 N Ik e 4 it 4 1
WK, AR LA 2T 8O T AL EF b SE DG E I
25 10791 b 5 6 O Wb BT R Y U S
DRI T ok et 6 1S s 4 B B A RS IR R, (B
(1] 25 ) A0 A HL A7 A8 A2 8 1 T 22 AR B K 1 1)
AL R Aot T S A HEAT D i 4 R] DA 4
RS BRI ER. H RTET TN SR B Ok
FE PR, — SR TOLIT B IR RN 1
S 48 )% i Fedotov % B0 R G 7 i ok

DOI: 10.7498/aps.66.204207

LF R AN B ARS8 S B AD ik 1 e 1
4, 7R 45 LB S AT D5 K 3G 0 T 3G OK, Bk v B
50 sy FO IR KA 1270 nm B 6 ik A E N #
40 m KL AR LF 1, 78 1580 nm ¥ K b 3R
B R4 N 6.5, Nishizawa 25 N 5@ 4% 2 Br s
BOGLT 5 @B B 4 HiE 7 B AR G
) £ BT 18 5 2T, K 200 fs 0 % ik b 8 N A% 4 )
Fe4F R, £F 16201850 nm P KGN, K46 LA
$]19.8—25.9, {HIZFRrH 641 77 EAG 4R 4% 2 Bob
K, HIERNME ST FE B FE K. Chuang
Huang "2V ¥ ik 55 9 350 fs. F03 KN 1500 nm
kAN —BE 1 km K HBAG (BR824 1 38 IRy
PERIELE R, SEEL T R4 HA 15.5 BBk &
48, B o 12 R R L i N K TR RN B 112 fs, 3RAR
JE4H 28.6 131, 36T YA F 4IRS RN ) ) 1 F
HHT7VEAS T BERT RN K SR pE TR A IR, (EE AT H
AR w5 SR (103 kb 38 K B8 Bh A 2 JE vt B — (3]

w B K HARE IS (S 61378043, 61675152, 61227011, 61475114, 61505139). [ 5K H K Rl 2 44 48 #% & JF & & T

(b5 2013YQ030915). K1 H 48 Bl 2 5 & (il 5

JCYJ20120831153904083) # Bl L.
T EEVEH. BE-mail: jiangjfjixu@tju.edu.cn
© 2017 FEYIEF S Chinese Physical Society

13JCYBJC16200) 1 i YIl 7 B 4% 6 B & 0 < B H (L1l 5

http://wulizb.iphy.ac.cn

204207-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.204207
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 20 (2017) 204207

5E OB K AT Y R 4. 5 — KR = Ak
TG AR TR KR B A AL 6 S R A TR,
Toneyan % M4 230 e 41 5 DR AT R i Se Bl 4
LIS 4E, gt 8.4, ZITE IR T AT
TGN SR 0N ) ' 1% i 448 75 725 1) SRy BR 2, {HL A
A IF 5 S IR BR) e 4 EEATI AR D, HLAR L V20 1) 2 1
I

RSO FE T BT O 5 S50 WKORT B AR AR 3 )
i 2 1/ B B2 5 A4 Dl 2 TR R O s 4, 4R T
K F 2 50 27 sEAT TR 1) 7 v, R 2 8O £F
SRR B HBORIIRE L, B T 51 NI 4F 28
P 280 R R TR, DT 4% 3 A5 A0 I 10 R WK 2 R
XF50/125 pm 3 5 Z WA £ BOGLF (GI-MMF) ()
S B & H 5 780HP HL A ) £F (SMF) K J¥ H
(B X 5 47 b B B2 2R AT T BUE B AT, 3R A 4R
b 5.230. A RGESLI X EE 1 50/125 pm,
62.5/125 pwm PA & 105/125 pm =FRESZ R GI-
MMF 5 SMF #E A [R] 4 B HUAE T 1R D i R 46 45 2.
S g5 J R IR 50/125 pm GI-MMF 1] 3k 3 &
A5G 5.796, 50T H A5 R — 5 AH LT HARH
421 GI-MMF, {8/ 105/125 pm GI-MMF A 3k
5 5 K s 46 HE 152,941, i % %5 29 0.085 nm [0
ikt

2 FFREMEEEERI N EFTE
2.1  BkoRERGE EFEIES o R

“HY AT 490 463 VR K £ Jok o £ BRLASE Dle 2 IR i X
AR, H BARALR AR, D6 98 B AR YE 4
AR WARK PRI AN [7) A AE AN TR (A2 Ak, 35 NI (0 ik v DAy
WEIWEK P e 39 kv, 0 HC e 8 56 . Ao T AR Ry 119

Ty \1+C(2)+Cspna ()2 T4(2)

T(2) V1+ 3Ty ’
(1)

A Awg, To 1 Co 53 51 4 Rk i (1) W) 46 38 98« ik 5

K WERK: T(2) Bk e B, O(2) N EBUT| S 26 1%

ARZEWAWK, Cspa () N EABAL I 51 1) 5 2 R gk

AN RIE RS 2 FIREL,

1+ C2TH (1 — 2/20)? 1/2

Aw(z) = Awg

C(z) = Co(1 — 2/20)T5 /T?(2), (3)
Cspm(z) = 27 |E)| 2/T2(2), (4)

T 2o RN G AR rh ikt B8 B2 e /> HWA WA Z2 1 1)
frE, v AL mAEG S &,
T, } [110(Z)T2(z)]1/2
T(2) 1—iCoT}
FETN G sk 2R MR A R IRk R 1) 5 1 = AR R R IR, Eo
I R D'l T R AR
0Aw _ 2Awoy|E2|CoTy (5)
9z |,_, 1+ C2Ty

M (5) AT LA, 24 Co N MAERT, 3% 58 1) —
B S8t o 7, BER R R 4. R e A
W WK F v 307 ok b AE DG £ AR R I, AR AL T 2
BOGWE KA R 48, FoH —BOGE WA AT 46 ik i
AN S BN BER, HibEAE S —BAEAIER A
B BB LF i AL 5, B A SEIK oGS R 48,
MU ARG RS AT P2 AR Wk ) BT 2 B4 A
A RERRIRE AL, AT AZE 51N WK A 28 S = 28 14 24
I sZR, BT AASC i H 2 806 28 1R AT T K. 7E
FEHIEEES 2 2 Ja, CLlluR R 51 R i Wk & i C 281k
N Cy, AR K DO

Ca(2) = C1 + (1 + C7)(Ba2/T5), (6)

P B NREEZ 8. W LA 2k A
TR, #EE OGRS E G, < 0 WIREF M7
W B, ELIRMKE RN S B IR/MT K. SRk
B ZBOGL AL, GI-MMF BUR A A 8> B
BT, 85 BEAT 204, B DL ] GI-MMF S 44
THHE L.

E(’):Eo[

2.2 GI-MMF #ERXEHERERHSE
THES

e I 4 i FE & AR AE SMEF i FI i /& SMF
rh ) 5L B O, T SMIF Hh R JE B A = O J2
GI-MMF % H (350 o0 852 200k (30 137 i & o A /8
SMF £F3t% P fR R X0 ) 4 R 1, 330 S 50 f 7 3ok 8
EHO AR, BA RGME— B iR (6) it
B ONfEAR AT, 32 HR T GI-MMF FO3EE B
BIE Bo {E AV S B M S5 GE-MMF
WOR RS RT LAy AN [R] A S, [ — S
w1 %A LA AR B RO R BT AR R Y
TR P C ROt AR 55, K] b A AN A58 20 2 1
AN P B T A A QR % R ) O
WU, BREBL (i = 1,2,--- , N) AH i MR BER
T I, N AR, m, R i MUY

204207-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 20 (2017) 204207

REFE G EE, U

i=1
M _ N M 4
j=1 =1 j=1

M) o 550 A5 SURE I 28 5 A5 2K A A7 I Ji) 52 A7

KERBER, M OYE MR a5, R

F 4806 PR 22 43 3% (FDTD) i1 543 31 % #5150, i)
K

A B A AT P = ) A, b A,

(m = 1,2, K) } B3 m A BB A T
B, K5 A A ES BRI, T, 9 Ay, X6 LI B
B RN () AE, 1% A A& AT A A
MRE R, 53— 7T, LR SUR RN, AR
i MRS 1R AT T A, AR R
HUH BT Znly, RAFn AL, FARYE A X
By = [N3/(2mc?)] (dPniy/dN?) HHEAFH -8 BEE
U 2, BIRT 3RS0 R (1 65 1A

K FARME 50/125 pm GI-MMF #4750 {85 5 #7.
ViR ZHIT: QEFH % = 1457, 205
ProtFn(r) = na[l — 2(n2 — ny)(r/a)®])V/? (ny =
1.472,a = 25 ym,a = 2, 0 um < r < 25 pm), N5
KN = 783 nm. K 1 FT/R VAT 20 M
—Aae R, B AR E S AR R T R R,
A DA, B R B BRI RO IR, LPsy B2
A B S HEM LPo L E AR/ T, AUH LPoy 12
ABEE ML 2%. M T @, PR aeE L

L E R, BN T RS, 208 L LPs,
rr BT AR, R AT HT 20 R AT 04T, K I 2)
F8ABEARE UL AN, T Bk FEZ L 50 pm
G2H) GEMMF P 2 # NS 285 um )
SMEF 4% ) 22 53 4 5 B0 5 5 0 20 BE
PSR, BT LR UM 0 A R AR 2.5 pm 2 Y
e, BEAT S RIRERE & 5 L, MTHEL, 45 R
® 1R,

1.2

LPy;

1.0

0.8 |

0.6

LPy3 LP
05
LPy LPy LPi  1p,  pp.

F)
LPy, TLPsl LPs  LPy, LPy, LP.,
12 LPys LPs,

0.4

J4—{kAER /arb. units

0.2F

[LSVE s

1 (MHPRE) AT 20 M IH— L AR
Fig. 1. (color online) The normalized energy of the
first 20 modes.

B2 s Rt HAS 8 Bk s A B A B
A-B5 (0= 1—8) Bl Bl 26 29 NI
K783 nm i, Wi (7) 2 AT 45 B B A BN A
Ba = —2.287 x 107° fs2/nm, [ A FAH AT ik
PR A7 R R & 35 2 O U R 4 BT 7 1Y T WK K

®1(MFRO) B KRR S

Table 1. (color online) The classification and energy ratio of mode groups.

[ Saviis B AEs L AR B [
G A ni/ % G (529 ni/ %
e

1 ° 58 5 @ l@‘ fo) 6
LPg; LP LP3 LPo3

2 0 6 ‘S 5

@ 0\5 . O

LP1y 3 LP3» LPs;

3 @ 8 7
LPs;
\*]
4 @ AN 1 8
LP3; LPy

- -
S |
(=) (O) \\(@® @ 15
23 LPyo LPoy LPg;
LN -
, [
" ]
-
52 LP7 LP3y

204207-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 20 (2017) 204207

B2/107° fs?nm~!
|
o0

b i —eey
—10F— —j=2----i=6 |
S
=12 F mim =4 e =8 | e,
14 ) ) |7|83 nm ) .H'."'\- ",
600 700 800 900 1000
A /nm

2 (TR ) SASRE KA T 2 it 28 1)
Fig. 2. (color online) The group velocity dispersion

curves of mode groups.

2.3 BORIERGE E G E

BT AR M E v T AR A b
5 9 60 36k T AP ik v (0 K R 783 nm, Jik
%120 fs, WEAH Th % N 5.42 kW) K X I8 1T GI-
MMF 5 SMF ) 4 4 ol 3 3k A7 S0 17 B Rk
78 KB ik o A% B i 2 R GI-MME (%) B 38 R (o
B AH B {7 FE A ¥, SMF % I Nufern 780HP,
HSHB, = 479 x 1075 fs2/nm, v = 0.16 x
1071 W—tam =t By N\ ik o' i 2% 0k =00 & i
R I(A) ::exp[—AJHQ(A——AQQ/uF},[F‘Dﬁifi
Mo = 783 nm, HIEFIEE T w = 13 nm, It H
I IE] 5 1129 3000 fs, RAEHCH 1212 GI-MMF 2|
SMF [ B & 51 € v 20 dB, GI-MMF K & 25 1k 35
Bl N0.4—24 m, £K0.2 m, SMFKE{H#E2 m,
YA Ry, % 7% GI-MMF 5 SMF () & B b, HAH
0.2—1.2 G NI, B 3 (a) BT NIEEH N
HeHE LK Ry, 73 A15 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 B
Ll e e I I S Y U7 S E I L PN
T T (DL 42 B8 w Ron il %8 ) 4 13.000 nm, K
Y GI-MMF 5 SMF LS KA 1 WE Ik F 45 B
%, G TR A HEEE Ry MR, ik
A R Ok B 2 15 TE 1WA A N (6) 2UAT BA
X TS GI-MMF K1 hn, GI-MMF
JIT Re S L 1 57 2 5 TR Rk 2t 7E 389, B4\ SMIF
ST P 7 s R K 2 [0 B 84, il (1) AT 48 6 1S 58
S YN, D5 T, i T 2T H I 5 R A
Fa, 3K E AT R A IRk 2 i A A I B R R AR
SR A A R BE B AR 0 A (5] ik b oy B R AT
M EARTE b H 3055 4l i, B8 28 R 1l 1% 5 2 £
It 5 22 14 55 e 190

8 -
(a) NG
T w = 13.000 nm
6 Lif b nzd
2
g R, =0.2
5 5
el
B R, =04
>4
= /\
= R, =0.6
*T" 3
= R, =08
2
RL=1.0

=
&
I
&

760 780 800 820

K /nm

12

(b) m e TR AR 15

ol A ARSI
{4
43

3 6L

s 42
9 1

3 (a) AN Ry 26451 Hfi G 0r a5 2R (b) fth
DA B8 51 5 R 4R LU Ry, AR L

Fig. 3. (a) Simulated output spectra with different
Ry,; (b) spectral width and compression ratio of out-

put spectrum versus Ry,.

1 3 (b) BT 7 9 B A Hin H ' 1 1 ok 58 R 2%
— X N B R 46 LG (i N 5 5 e TR 2
o), BRI CAUE H, BEE Ry FIHER, 6
T RIRECT B, M Ry = 120, 3 58 2 i /ME
2.486 nm, X} E4E EA 5.230. 8 B iR Hr AT
05 B A R S HRARF, 2T R Bk 1o 1

3 R HEXRSM

FEEESLIG R G, XA SCHTIA (1) A £ WA &
R ARBATIIRE T, B4 NEI RGEnER. N
TRD IR LT OGS H 1 TE R K 2 R ko (VA 3
A E—5) BT A S A 3 GI-MMF
oAt AR R R R A S AW, FEA 2 m
K 780HP SMF A& sc Bk el 46, &5

204207-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 20 (2017) 204207

)

aus GI-MMF
RO ’ﬁ”f

TEURk —> TRk —> ek

_@ [k

AQ6370 OSA
SMF |

K4 SR RGRER

Fig. 4. Schematic of the experiment setup.

KHAHE BT (OSA, Yokogawa AQ6370, Jitk
33N 0.02 nm) W EILFOETES E. 92K B
1 50/125 pm, 62.5/125 um PL K& 105/125 pm =
Bl GEMMF 5 SMF #EAT /82, IG B3 48 70 3N
20.1 dB, 22.6 dB LA K 26.7 dB, J& 42525 AT id it
B GI-MMF 5 SMF [ # J5 20 ok B AR 8 2 45 FE
EE a0 7E GI-MMF 5 SMF 1 6 42 i Ak 3 47 S HE Ak
3 201 O SMF 52 30T 45 B2 1 Kb 1) [X 38 36 AT 55 350 348
KSE R HAEEE P szig i = F GI-MMF & &
ZALTEE BN 0.4—2.4 m, K 0.2 m.

3.1 GI-MMF5SMF E tL B X it E 45
e Al

Bl 5 (a) s A R a5 AN O E BL & 50/125 pm
GI-MMF 5 SMF & J& b8 43714 0.2, 0.4, 0.6, 0.8,
1.0, L2 B % e i sege 45 L. v BUE Hf ol
T ) S I 25 RS 5 07 A R — 3 B Ry
) 14 K 4 230 SR ke R B 2 [R) B 5% 8 37 14
2 Ry, 1.2 B, 3 95 0k 3 B /MMA 2.243 nm, XM
R4 L 5.796. 547 45 RAF 2, fER—
Ry, FSLIe e R I 7 5 2 1) 55, A0 15 4
Ja W v B AR, X A FE ] o ZEE T s
Qi A AT T o= iR G ERARS Y S | e
AU 5T, 505 A B L, SE 8 O
e N R SRS S Rl A N N 62 B ) IR ) BN & S|
0.743—0.569 nm, WK 5 (b) fizw, XA AEAE H 5L
963 A2 i AS [ K 19 GI-MMEF 324 Ji 5 im kA4 7
AFEFREERIE, SRR KR ERA A K E T2
A, AT 51 At O B o K R B 122 RTE
PR FE ) GI-MME JG 25 1) 25 h B2 sz me. AH L
TGV AT B TE VO, X O A
B A DL

3.2 GI-MMFASERUTXHIEESE
RIS

AR A S HLAR I GI-MME E A5 A [7] () B 3
BEE LR 28, X2 5D uhkebfE &l

8

(a) AN
r w = 13.000 nm
i
wn 6 ~
=t
= / \. Ry, =0.2
: 5 J\A/\__
E
L R,=04
N
E 4
\Tﬂ RL=0.6
3
o
R, =0.8
2
,\/ \ A R, =1.0
1
M =12
0 1 1

760 780 800 820
1 /nm
784.0
b o
O g
—o— 1 HAR
783.5}
g
=]
~~
M 783.0F
=
3
5
782.5}
782.0

0.2 0.4 0.6 0.8 1.0 1.2
Ry,

Bl5 (a) A Ry, 5&0F %G1 seie 455 (b) farh Jaik

L KBE Ry, IR AL

Fig. 5. (a) Experimental output spectra with different Ry,;

(b) central wavelength of output spectrum versus Ry,.

Tt AR AN [R] B0 B8 RS AT AR AT 3 A 0SB
M5 S5 H U R 48 RCR AN TR BRI, 43 i) % &F
S HEAAN 50, 62.5, 105 um [ GI-MMF #EA7 X 4
M. B 6 (a) BRI AOGIE, B 6 (b)—E 6 (d) i
NN Ry, = 120, 73 548 FH =M [R 2008 BAR
GI-MMF 75 2 /) % e it W R el DL ) fi
FAASF £ 85 B A2 ) GI-MMF 5 SMF 41 4 13 fE %}
NG AT e 4, HBEE S BRI K,
Sl e AR A, RIS S5 RGN, {F A 105/125 um
) GI-MMF 1] LA 15 21 55 45 (1) i th o' 1% 1% 58, 4 A

204207-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 20 (2017) 204207

50/125 um ] GI-MMF I 1 55 O 5l 5 £ 26.388 £%.
XJE A 105/125 um Z BG4S HAR R K, 5
A%, AR K, AT RA K R
FEHUE U MR SR S B, e RS 2
T K R P [ P B2 31 d /0N 1) B R AL I R R T,
1 105/125 um (1) 2 BOGET RS IR 15 S i 1) K 4
BOR. Ak, W6 FroR S B 45 R R F, i th ot ik

1.2
L (a)
1.0 +
0
R
=]
5 08}
g
&
~ 0.6
B
=
%E 0.4 |
o
0.2
0 . . .
760 770 780 790 800 810
Pk /nm
1.2
L (c) Z
=
1.0 2
5
0.8 F g
o

783.4 783.6 783.8 784.0
ek /nm

0.4

J—{k58E /arb. units
=)
>

0.2

760 770 780 790 800 810

K /nm

K6 Ry = 1.2 W H =MARTZ GI-MMF 152 104 i

(d) 105/125 pm

A7 AE 55 ik = R 10, X TR A ik o S 7E JE i
GI-MMF J& iUk th 2 Bl 2k N 5 22 SMF w1l
N HH D 55 B &5 e o A oA =X Bl 1) 55 3L [ 2
g R, M m 4 CARS itk i &, %8
B R 5 61 s 5878, W] LATE ) 82 R 4 Ad
T FE M UE 0 AT ARG 55 R X 5 2 N FH 1

AU

1.2 1.0
L (b) =i
508
1.0 £ 06
@ §04 —> /2.243 nm\¢t—
E e
5 0.8F S 02
e} & 0
= 0.6 = 780 781 782 783 784 785
Pl B Pk /nm
il
b5l
irg 0.4
o
0.2
0 . . .
760 770 780 790 800 810
K /nm
1.2 _
(@) Zo
=08
. 1.0 50.6
fé L o4 —*/ 0.085 nm
5 08F So2
= T o
= 783.40 783.45 78350 783.55
w 06r Wk /nm
mj.BJ: -
T
o

(a) RN IEHE; (b) 50/125 pm; (c) 62.5/125 pm;

Fig. 6. Experimental output spectra of GI-MMIs with three different core diameters when Ry, is 1.2: (a) Original
spectrum; (b) 50/125 pm; (c) 62.5/125 um; (d) 105/125 pm.
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Abstract

Coherent anti-Stokes Raman scattering (CARS) imaging of femtosecond pulses has been a research hotspot in
recent years, but the wide spectrum of the femtosecond pulse limits the spectral resolution of CARS imaging. Spectral
compression is considered as an effective method to solve this problem. In this work, an all-fiber chirp spectral compression
method of graded-index multi-mode fiber/single-mode fiber (GI-MMF /SMF) structure based on fiber pre-chirp and self-
phase modulation is presented. It can be used as a CARS excitation source to increase the spectral resolution of
CARS imaging. In the section of numerical simulation, the mean group velocity dispersion value of GI-MMF is used
as a numerical parameter of the chirp analysis, which is estimated by analyzing modes of GI-MMF. On one hand, the
mode field distributions in GI-MMF are simulated numerically by the finite-difference time-domain method, and these
different modes are divided into eight mode groups. On the other hand, the energy proportion of each mode group is
regarded as a weight value. Then we can obtain a mean group velocity dispersion value of 50/125 um GI-MMF, which
is —2.287 x 1077 fs* /nm, by calculating the sum of group velocity dispersion weight values of mode groups. The results
of spectral compression with different length ratios of 50/125 pm GI-MMF to 780HP SMF are also analyzed based on
the generalized nonlinear Schréodinger equation and split-step Fourier algorithm. The spectral width of 2.486 nm and
the compression ratio of 5.230 are calculated, when the length ratio of 50/125 um GI-MMF to 780HP SMF is 1.2. In the
section of experiment, three kinds of GI-MMFs with different core diameters are used in the experiment, the influences
of the core diameter and the length ratio of GI-MMF to 780HP SMF on the spectral compression are investigated. The
results show that the spectral width of 2.243 nm, corresponding to the compression ratio of 5.796 is obtained, when the
length ratio of 50/125 pm GI-MMF to 780HP SMF is 1.2, which is consistent with the simulation result. Under the
condition of the same length ratio, the use of 105/125 pm GI-MMF can raise the compression ratio to 152.941, and the
spectral width of output pulse is 0.085 nm. When the pulse is applied to CARS spectrum detection, the theoretical

spectral resolution can be 1.386 cm™*.

The experimental results show that the spectral compression way to improve
spectral resolution of CARS imaging is effective. This spectral compression system is characterized by simple structure,
and high and controllable compression ratio, which provides theoretical and experimental basis for the all-fiber high

spectral resolution CARS excitation source research.

Keywords: nonlinear fiber optics, fiber pre-chirp, self-phase modulation, spectral compression
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