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Abstract

Abstract

Raman fiber lasers are playing an increasingly important role in basic scientific
research and industrial applications due to their flexible wavelength. Tunable Raman
fiber laser has its unique application in scientific research because of its tunable
wavelength. Limited by adjustable range of fiber Bragg grating, traditional tunable
Raman fiber lasers can only achieve relatively narrow band tuning. Random Raman
fiber laser (RRFL), as a new laser source, whose positive feedback is based on random
distribute Rayleigh scattering and the gain is from stimulated Raman scattering. Both
the Rayleigh scattering and Raman scattering are available for all laser wavelength,
therefore, the RRFL can achieve ultra-wide tuning output.

The research focus on the generation of random Raman laser with high order, high
power and high spectral purity, and the exploration of random laser application. This
thesis aims at the above research contents and has achieved a series of important results:

(1) Firstly, the influence of time-domain characteristics of pump laser on the
spectral purity of random laser is studied. It is first proposed and verified that
the RRFL pumped by narrow linewidth spontancous emission amplification
(ASE) source can improve the spectral purity. The experiment compares the
spectral purity of the RRFI. pumped by the traditional 1064 nm fiber oscillator
and the narrow linewidth ASE source. The spectral purity of 8th order Stokes
laser is only 47% pumped by 1064 nm oscillator. The spectral purity of 1-8th
order Stokes pumped by narrow linewidth ASE source is over 90% due to the
stable pump laser.

(2) We studied the traditional 1064 nm fiber laser oscillator with high time-domain
stability due to that it’s difficult to obtain high-power narrow linewidth ASE
source. By optimizing the laser cavity length and the time-domain
characteristics of 1064 nm laser, the highly stable seed laser was boosted to 400
W by main oscillator power amplifier (MOPA) structure. The entire system is
all based on single-mode optical fiber with near the diffraction limit output
beam, which can be well matched with Raman converter. This laser system can
provide a high-performance pump source for high-order and high-power
random laser. In order to realize high power 1-2 um super wide band tunable

laser, we studied a 1 pum high performance tunable laser with excellent time-
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(3)

(4)

(5)

domain stability and spectral signal-to-noise ratio. Limited by tunable filter, the
tuning range is from 1030 to 1099 nm.

High-order and high-power random lasers are studied. First of all, the 9th order
Stokes laser is produced by the random Raman fiber laser based on 200 m OFS
fiber, whose power is up to 100 W. We realized 10th order random Raman laser
for the first time by optimizing the fiber length and pump laser, which fully
show the flexible wavelength characteristics of random laser. The laser
wavelength is 1.95 um and output power is up to 110 W. The performance of
this laser system is comparable to conventional thulium doped fiber lasers.
Furthermore, we have also explored a random laser over 2 um. We have
cascaded high doped germanium optical fiber after OFS fiber due to the greater
transmission loss of conventional optical fiber. The random fiber laser at
2.13um 1s realized and the power is up to 18 W. This is the first demonstration
of 2 um random laser pumped by 1um fiber laser.

Raman fiber lasers and random lasers based on phosphorus doped fiber are
studied. The Raman frequency shift peak of traditional fiber is about 13-14 THz
and this value can be up to 40 THz for phosphorus doped fiber. So, phosphorus
doped fiber can greatly simplify the Raman process. We achieved 1238 nm laser
with the output power of 220 W pumped by 1064 nm laser based on first order
Raman process. At the same time, this 1238 nm laser need to third order Raman
process based on traditional Raman fiber. After that, we have achieved 200 W
1238 nm random laser based on phosphorus doped fiber. The output power of
random Raman fiber laser based on phosphorus fiber is increased by an order
of magnitude.

The applications of random Raman fiber lasers are explored. Through the
random Raman fiber laser structure, the supercontinuum generation is realized
by using 640 m communication fiber, which covering 850-2050 nm with
bandwidth of 1200 nm and optical conversion efficiency of 42.7%. The output
power of 50 W gingle frequency 1560 nm laser is realized pumped by the 1480
nm Raman fiber laser. 20 W single frequency 780 nm laser is realized by second
harmonic generation and the application of random 1480 nm has been verified
in advance. It can be expected that the random Raman fiber laser will certainly

make a great difference in high-performance pumping source because of its
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Abstract

flexible wavelength, such as inband pump erbium-doped fiber laser and

thulium-doped fiber laser, supercontinuum generation and so on.

Key Words: Fiber laser, Random laser, Raman effect, Spectrum purity, inband pump,

Supercontinuum
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. HENIFFFIR P UK. B A 1960 12 SR mBTH| T
FEF-GUEABCLEUKN] BOCREOFERE. BHESR. £AUET. &
S L SR S AT R R A TR A

JEEFEOE AR T BN S BT A O U R TR R 2] SEEF R
FUEFI AR K, R BoL SRE TR a4 8ot ad A& Fhad i 2 | ay LA
SERIRARFEI B AR — R, B tarBotR S ERE, FHRED: X T K
BOGEHOGE, S ROt R EE TR T ROK OISt E R, BB e ot ds ]
LA tH AT AR BB RO

IR S WO IURE 28 A BT LB N 28 AT, TR A SE I S R o
FEE R R T3 £ TRORE M . Flin, HETRER AMRBAIBEICET#
ek, HESHKTEE BN 1.0-1.1 pm, BHT 2455, WEBRET
DY R, BRMESKNK TR )28 AT isE BBk £ B0RE,
HEE RIS B — 808 1.53~1.60 pm; FEAWIR J7 ATH 21 51 F= A2 55 77 ] il 1) 2 22
TEH B/ o e, AV SIECAE 1.8-2.1 pm M. B T3 Lok SE o
SRR TR BE R IR [E 2 BRI E 2R B LIS RO ET RO R R TP EE S
RRMKTAX . WP RESRREH, e LRGN ERRB. RS
Wl BOCHRE .. AMERE. AR TYES T H G E SRR E RO
#[4-8], fRGi LB AR oS TR R X BRI FE K

Fl#e L AT Hot 28 bR B T AR A 250, S2lch B R, 1R AR
BRI —H0, WA DAFEROEF= AE Fp iR AL S 28 o ) SR MR 26 1 R mT DA™= A R
FEOECE. REAEMEBKIHRBEOL JCA N S8 X TOGEFHFE,
BROLRF A LT AR RBKEOL. R, SR TOLEF MRS R, X T
AN E AR 2 OGEF RO S H s R A FR Y« SRR B R,
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BENLEL 2otET Bt 2 LA RO SHUR AN Ot e, DOtE A )5 1 a5 A B
HRA, ] BASEBL St SRR A B a2 SR T BEYLEOE 1-2 um
AR K o T W B HH (9] SR APBEHLBOGEE MR, Bt PERE rl A S fR S £T
Judrtt R, M EARKBESRONEOR, B, EVIE TGP F AR T 200
IR SRR A T 2RI N . SRIMAE R T @ BT REN LB R ThEe L ek 4
1, REBENLECE MSEERH 7 Rk Z Big L5 ERRARTIT . A0 LR
et LA ERER A B RRIT .

1.2 HSHARESE

f Bt A RO AR — PR BRI L AT O, A F TR LBt A RO AR Y
HEH THRILBAET, MSFOLBIIERER TEEN S8 . EEGATH
SRR A SR KE AT LA S, B RO AR BN K.

1.2.1 FSEET

S 2RO RCA R B IER RN L —.

1928 5, &4 BN PR 2 X S R4 -$i2 (Chandrasekhara Raman) 7
WRIF 2. MR L — I EH g, T ARATS, #HrR
BOGHIER R T . KR —Fe T HARS MR R, AN BN . & T
E—HRme, MR T 1930 i IR FH110].

M BT /1% AR D 2 RN, BIRER A hew, RS TR BT THER B
—IHEERER L, RBFEBARTE T RE MM TR, EAdEa
A 1@FTR[11]. A& FRCAZE i (Pump), 7= A4 B AT BRI L 7 H

(Stokes).
TEEE BB SR AF T, BRFG s Bt A) AR Kl DASIIR 9[12]:
dls
T Grlpls (1.1)

A, IGEXCRER 6, T SONRIEI IR, gpie SOy B E R
. N I HO ST, g R T ey, SN ERMER ST
Hroai ik e SRR B L1 ER 0 R 2 nTE . WA b 20
WE, ECNRRCIE SR W HOCEREME, S8 RH LN SR R
. HERTH, FFE—HRET, Rt Bt RRE R, S 80 m R

2
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BE: BRtSERitmikEENN SMERIK. BT AERERE, 4F
WEN R B — SR IRSNTE, MREE —EWRE, RLWMTHEETE, REMA
TERBELAIRENE, Fiiv BG40 THz, B EAIEEE 13~14
THz fffif. BT TR EFMEERHME, NENFBOCRB KR RE.

pump photon o if =
\ signal photoh \__signal photons N =l ¥ |
silica fiber 3 '
p £ ,/ |
" G Io":

3 g4
.
&

(a) (b)

B 1.1 @SR R BN ETAEEA11]: OATOLTSMEE (REAR
WAFFEFH MR RENRHATATEROCMREED [12]

Figure 1.1 (a) The quantum mechanical description of the Raman effect in fiber; (b) Raman
gain in silica fiber. (Solid line and dashed line describe pump and Stokes light are uniformly

polarized and vertically polarized, respectively.)

122 RBHXRAZFRIFHE

L2 BUMN 2 — MRS, IAMEBEOCE %, AR S TR
ERFIMMEEER, BADteB RS IR, X—MAELM e R AR
B EES, EX—IdRPEERNSEH RN MERFE. TSN ENE
JEABOCRNREERM, BT, SN ELRE L TRE:

(D WERE. BRTHSHMERTHE, NEBAXABARTURHFES
I .

Q) HEEE. FETHRLIBRCHAEOE, ERECERT, Mkl
ESWURABESSAMETRE. NeMaR A E, mErEE
CHESR, BRTREEHEEMEBEMIRAEE IR HEOL: mArL
BRI RB BRI, T ENED BRI AR SE IS
b ol L

(3) FEFE. SHLBRCHBOLRBM, HENAEEE —ERER
, RIFHIA R — ERRE A BRI AU
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(4 JBHE. HTFZENEENSREETHES, NEAAEIRT %
ISR EEE, M ERN SR BOALHECE, e A S RIRFEE
ik, PSS BUGE R R ER T R B AN EES. F
in, 1070 nm ZHE 1120 nm 47 2004 EOGE ] LURZ 5 SE) 85%L, &
TR, RGBSR LA RO IR TS 70% A 1 .

(5) Rk IL. 4u 2R ERARIRAHICH, BRI FEE S e mIRE
A2 e Ftn] DI iiEon i m R IR S
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Figure 1.10 The schematic setup of the low threshold 2*? random fiber laser
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Figure 1.12 Output power as a function of the pump power with a half-opened cavity
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Figure 1.14 Experimental setup of tunable fiber laser

(ki

ol (ff il

04 f

) '_LL

1000 1200 1400 1600 1800 2000
Wavelength/nm

1.0}

Intensity/(a.u.)

Bl 115 A 1 2] 1.9 pm K5 H L 9]
Figure 1.15 Output spectra from 1 to 1.9 pm

LR, BEVLR 2O BOGE I R RS E, BT 7T m e Mt
IR ERENSWRRZE LA RS E . RACE. LN, BiEEERE
IRHIBIE R RS, BEALEOY 098 A ZL R AL SARI AN Db AW e 2 B8 9 B AU 4R
H .

14 AXHMRABTREHLHEE

A5 SO B8 1R 4 200 A RO AR AT T E R ARG _ERVEE T, BARE L
TEABM . SIE. &IGEAERENN 206 BOGE Rz, B ASE R
MBS BEALROE R R 7R RIS B Rt A ROLIR G A
I MOPA Z5 434G 1= 2 3 g tH AR R BEAL B RImTR IO R, eIkt |
HIXFARRIE 110w 19 10 Friifm B, Wi 00F AT g 2 pm ROBIFELET

14



F1E 4k

(7750 HE TH 1 pm BOGZEHN 2 nm FENLECE: R T RENL S0 Botas
TEAE R ERBEG A, G4 F R S EOGEN O RS ™ 4, SR8k
BT BENLEOEAR R —Fh e PR RE IR VARAE FI T 2R - B2 oG AR AR AR 7 A
MERE.

KREARRE R, FRRRTICLROLR MR RAERET Db EZNA,
HAE TR LB AR R, R EIEE N H I B S T R 2ok
BOGES, FEMEERD BN T h B EFBOL B IR RIS T BN 2O EFROL S RIET
FERKEE , RIS AR T WEN LA B Ao A5 0 A AR S B R TR

FoBEFBENA TSRS A A PE LB R SE I T B i R T
IR BB A F R At et Al i E B, LT ASE ERIERE,
FIRZE B AL O AT LA R 0 SE Bl = B o v 2l g At e ot - SERRT b T
TR AT AR RS GR35 7725 B9 1064 nm B0 S 28 % ASE 540 BIIE A REHL
WO TR TR R AT BENLBC RO 2T . BT ASE IERMIBENLECE, Bk
IR 1-8 [ A FE S RO g AL EE 00% L E B H .

FEFRANVRIT TS REBENLROE R IR 7. EE T ASE JFr] LUE
HEEALEOEH IR, AT mIIE ASE JEASKHr B HEE R, BRI g
AR R TR E T LS ASE IR LB I 1064 nm BOGIRS S, 10T MOPA 4544
SEIR T AR TR A 400 W B 1064 nm BrtH . eSS, FRATT R T 1030-1099
nm FPFE K 1 pm EARERCER IR, SR 1-2 pm U BUR DR R AR TR
HHES .

FNEIEH ENANEM AT, B8R0 T SR, T
AT R BEALBOG IS, AT Ry R . B R RO AT 256 AT Y
KB, JRiEdbEyLa SRR T 9 Bl 10 e fiiios, ZhiEEsiA 100
WL by 28, BATRER T 2 um DL ERYBENLECY . BAE OFS JGET f5 Gk
MIREL T BB B i B0 SORAF, U018 W 213 um FENLEDE, X
F—IRE 1 ym ZHBECERIBA 2 um BL EREFLEDE .

FBHRBRAVRE LI T EF RO S NN 2 e s . B =
HARAT 10 B RB TR 0, IR AR AP EE S AL A EE, B T 0L
At B4R B R T IRO SR NS, N TR, TSI T AT
FARIBENLRE Bt e . BATH 1064 nm Hot e, MiT— Sl 7

15



AR IR S B AR A

220 W 1238 nm ORI, @S ARA FE=MRB 2. A T1E
G AT TE D BOGET RO BRI A L3R 2 5, BATXCEHL T 200 W ) 1238 nm
FEHLEOL, B —E B NENEC R T — M EHR . WAL —BHERT
BRGET B B BENL S SOt AT OB, AT 7 1480 nm FENLIEU LA AE 2L FE
i e 3 0wl o

FAERNRE T HENA 2565 Hot a5 22 500 SRR A 87 =23 77 [ (9 R
M. BB 2RO GRS K, A 640 m IB{E0ET, SEHL T 1200 nm Ay B
RS 4, {EEB & I 850-2050 nm, JEI6HE R ME SIA 42.7%; BT 1480
nm 7 S AFECE BRI, LT 50 W B 1560 nm BOBIEH, B
B SEEL T 20 WOELAR 780 nm BOGHIHTH, X OVBENL 1480 nm B9 HHEAT 1 AT
HASGAIE o 3 — AT DATIAA R 2, BENLS S5t Bosd B T H AWM, wiEE

SRR, MR RIBBHEOGETRECLE . R RMS ROt BOLSR S A

HIEN.

FLERN AR ET R R iR — S TAERE.

16



F2E AN S EOnE B R SERH

2 E Sh S AR R AR EREA

2.1 BB SA AL FEIRERE
WEEESR, AT T RENR S A ROt R MBS M A H 28N . FEIB
TR R AL S BB LB IR . R R BUEARE . DR A S ] A
B FAR2e M 1B 7R (NLSE) ) 2 B AR SR T 7378 AR Th 3P 1 A 2 B

AR 5E N 17 B R 2 BT AL BE AL B0 TR0 B U BB AR
JELR P T E 1 AR R T DA R S A T R (AR, RG] AR A B3
REENLBE IR RS S 2013 7, T BRI A A Sergey V. Smirnov %%
NE R RT SCAR SR AR B 1 18 7 R0t B 1 B R RO P BE L6 AP B0 88 AT T 52
BOHER, FREMAQ2.1), (2.2). BB P58 1 5 R
SO, BT MU IR T RENL AT R I B s A S AR, T T A O AR R AR

SRR SRR R T [64] ¢

ATHAar EIREEE, sKELERIERIFENL B 30, PRERMECE,
HRE AL AR T 22 L An 7 |, AT B B3, v, AREE S Wt w i
JSEREREEE, AP EI RN, B R R MR URIE
ERVE B LRSS 0O BREA RN B2 g+ as v eRR.
0AF  10AF i 9%AF ap

e T L T i
= iyplat P — 2 () + (| aFl) a 21)
= inlatfat + 502 )(<|A+|>+<|A+| )) At (2.2)

A ZBRRHAT R, Immﬂﬁ T R T HEHLBOG 6 4P A0 R
ARG AT 1 PENLEO I RME . BTG RSY, RMFEMS, £ 2EE %N

RO Aty 2GR ), JHikE, Wb, MIBOCEEVERSH —
Sefkyd, HARHF RSN (GHz 240 @, 1L ToH U ko #E DL 3R
HESIN

17



AR IR S B AR A

4

(@) ‘ &
g 01
£ 10k
= ;
; =
20,01 .
2 &
3 3 3
[ [~W
Z1E-3 05}
2 aw
8 | 1111
[=} 0.85W
S1E4 - v

2
0,0 1 1

-4 -2 0 2 4 -1.0 -0,5 0,0 0,5 1,0
Ak, nm Time, ns

B 2.1 NSLE BB FH 6. FHRE R (64]

Figure 2.1 The simulation results of spectral and time domain via NSLE modeling

ANER AT B T 2 BERS B (3 st , FaaS oh3 P i AU th ] DURIF RO $d
BENLROG R DIE . SRR IR ATEY BN RIESCBTIE, 2
JEEFOLER AR L FOT R EAL AT DU i

dPft _ v _ _
+ T = —a, Pt + Pt Z = (Bf +p7)—Bf Z Eu (B +B) +&,BF
H>v <y
+2hv Z g (B +B7) — 4B} Z » (2.3)
n>v U<y

AR@QI)F, FFEE S HeflvRR; PRATFIHINE, HP+FRRM
AT BH LRz ERAEERDS, —ARAEERCS: o FRUERBREG g, 10
RN 2D A R vARTERSG: MR E .

LA B dlEo e, RIS ITHRE, 255 R[S 1, 65], lfRMR KA

e
det _ =
d—” = FaoPy F glépoi(Pf + P +Ty) + 5P (2.4)
Z f1
det _
d_; = Fa B + g (Bt + 050 (PF + Pg)
TrgZ%PE(P; + Py + ) + oP5 (2.5)
pF _ -
; = Fa P+ g,(PF + 050,)(PF + PL) £ &,PF (2.6)
I = 4hfA {1 + ! } 2.7)
L= A G = fO/ G = 1 '

Zmot, 1 B AEA 2 Rt A el 0, 1, 2 Ry PRI

18



F2E AN SRR R FUREAERER

N, [RARIIE, +FRRHN T S ARz E R DL, — A RIAE I
Tty aAOGETRAE: ghT SN REG T, KpMAN AR REXNEE, BRES
RN R AL HOE R LRI St 86 T

Ed s T EE AT B R & R SRR . BT ROt S
HAE3T7], AT =F .

_________________________ T >

(l Mirror O
b
Backward Forward Forward
wave P~ (((.))) wave P.* wave Pt
D
777777777777777 M g i ey
-l, L Mirror 0 L
Backward P “‘“P Forward
wave P~ ((.)) wave Pt
———————-————+)
0
& 2.2 BERLEC s B g [37]

Figure:2.2 Random distributed feedback fiber laser classical configurations
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Figure 2.3 Generation threshold for random fibre lasers of different configurations
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Figure 2.4 Output power for random fibre lasers of different configurations
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Figure 2.10 Schematic diagram of random fiber laser pumped by the narrow linewidth ASE
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Figure 2.11 Schematic diagram of random fiber laser pumped by the 1064 nm oscillator
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Figure 2.14 Output spectra of the random fiber laser pumped by (a)the narrow linewidth
ASE source and (b) the 1064nn oscillator.
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Figure 2.15(a) The power ratio of different Raman Stokes light and (b) Output power of
different Raman Stokes light with respect to the pump power.

& 2.16 4 ASE JEAT 1064 nm 4k Fs- 0 5l 7= I AU FEAL o6 A9 il ol B2 (T =2
PLB) A B o 25 AR B, B H ASE JRZRIMI , 1~ 3 B B s 8ot DR E il 97.7%,
4~7 MriT L B 6 O R LIS 93.1%. X F 8 i, HFRMMENHR
HIROEEFHRFE R M0, ThERLKFR KR 90.8%. X TEMC3)MEMEHLECETN S
XLz AT 7 T0E, XAEEAHE . RaHHE 1691.6 nm 4T 6.9
W, AR 1062 nm ZHI S AE R 21.0%. 255 A 1064 nm SEEFHRZ R REIT, M
1 A RFE S 56BN ) 8 B AU AR, TIEE LU 98.5% 2R N FE £ 47.0%. TE 1731.6
nm AE B EEE R RE 3.7W, £ 1064 nm A6 AE RA 11.2%. MK
B B TG B DA R R A, X PR Ot A A R AR . PR
BT 8 B 8RG8 BRI AR A 22 R 1, TR 4 2 18 2 1 1 0L &8 4 i
W I8 28 T 25 R, X AT T T VRN R L

—H— Power ratio with ASE pumping 710
100 —8— Output power with ASE pumping

_ I\_:_-—-"—l———l-..____.__._._.—l\. 18 o
2 =1
S 8O- g
8 = 6 &
2 ™~ o
M 60 Tl ‘3]

= =

o 44 a

E 404 £
T =
£y 5 S

204 - :
—— Power ratio with laser pumping
04 —&— Output power with laser pumping 0

0O 1 2 3 4 5 6 7 8
Raman Orders

Bl 2.16 AEERTE ASE JRAGE 5% 45 7% T Y MEALEOL 2 3 P IR H Th 2R % b
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narrow linewidth ASE and 1064 nm oscillator, respectively.
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Figure 2.17 The normalized oscilloscope traces of the random laser output pumped by
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Figure 4.10 Schematic diagram of the 10th high power random Raman fiber laser
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Figure 4.11 The performance of the high-power pump laser {a) Output power at 1064 nm
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the output spectrum at 370 W.
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Figure 5.1 (a) 1.24 pm and (b) 1.48 pm Raman fiber laser
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Figure 5.5 Schematic diagram of the high power phosphosilicate fiber Raman laser
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Figure 5.6 (a) Output spectrum of the 1238 nm laser on a decibel scale, which is plotted on a
linear scale in the inset. (b) The linewidth of the 1238 nm laser.
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Figure 5.7 The (a) output power and (b) power ratio of the 1238 nm laser in the total output

as a function of the pump power.
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Figure 5.8 Optical efficiency for 1238 nm Raman Stokes light with respect to pump power.
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Figure 5.9 The normalized oscilloscope trace of the 1238 nm Raman laser.
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Figure 5.10 A scheme of the random Raman fiber laser based on 1.65-km phosphosilicate
fiber
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Figure 5.11 Schematics of the random fiber laser based on 700 m P;Os-doped fiber.

e 511, ST R 11 LTI REAR, XA EEHLEOGI R A
RS BRGNS &8 ZFESEMSM T LIS 1262 nm AFITE
1.5 pm PLEABGRI SR SEAMNAS B 1262 nm A 1515 nm FE AL, SO
R 65%H0 80%. AT B ANy 1262 nm, XT84 47 19 1080 nm
B Bt sm B (E SV E =AY, B & AT Iy 1080-1250 nm A1 1270-
1380 nm A4F R b B AT = (KF 5, 3 iR BO R | BRI A DA S i 2
N 512, X E G S R AR AT U] 440 em™ MR HIIE RO, X4
IR 73T 1320 em ' SR AR FE s B OB Al B2 ) B iR B R T 3. S8

72



5 B ETHORANEIN SR Botes

BATE 1262 nm BTERAS 7 8 W BUERIEFHA 6, 12 1515 nm B R T O W HIHAHE
R, mIEE AR 27 dB.

@) . | |

| | | A,
5 FBG | (”,Fiber loop mirror

1]
©
2
2 -0 !
7] l'
il 1 | |
& 15 l | I 1 I
-20
20 4 i Y
(b) 39.7THz 39.7THz
=30 T |
1 4w
40 | | ——7w .
£ — 12w
£ 1 —
= 15W
ol | K| —t7W
z — 19w 14.7THz
= ] .
5 A | '
£ 5 ' 13.2THz
= 13.2THz
70 [ | ‘
i : |
1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600

Wavelength, nm

B s.2)E 4 ERHTEOARRHIIET AR SWOEE 18]
Figure 5.12 (a) Reflectivity of the composite reflector and (b) Raman

lasing spectra at different levels of pump power.
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Figure 5.14 Raman laser spectra at different output power (Inset is spectrum at maximum

pump power on a linear scale)
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Figure 5.15 Typical Raman gain spectrum of phosphosilicate fiber
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Figure 5.16 (a) The output powers and (b) output power ratios for different Raman Stokes

components with respect to pump power.
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Figure 5.18 Temporal behavior of the (a) random Raman fiber laser and (b) pump at the

maximum pump power.
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Figure 5.20 Output spectrum of the1480 nm random Raman fiber laser

7£ 100m KABESEAT T, 1238 nm FENLEOEBIEEF] 100W LN . FEFR R
IR NE 205 W B, 1480 nm HifE 5w Hia 4G R . {H 2] LA 52 )
1238nm 5 440cm™ Hi# &5 5C I HTHE 410 WA B B{E H 4R, JAKAE 1317 nm
ftif. SAFIBMER, 1317 nm BOLThERGE N, HIREEOLTI R NS 233 W
mf i, HeiE i D) 9.6%, #H— 0 MEIE, 1317 nm BILLF] L5 o i
SRR MBS RSN AFE, RN 26T, 1480 nm BOY
FOATBIRME, VLt AT 21, 5 440 e MR AT FE LT 28

FeRAE R B, PG R B R A FBOR 7T 1320 em™ HFE
SWRRE.

RN L, HiEmahEESR, B5 7 1064 nm RIHESE, X T 1064
nm A E 7 440 em™?, KR 1118 nm FIETHETC RS X T 1064 nm $it: &
1320 em™, EASH 1238 nm B ERFE G, AT 1238 nm, ##E 440 em,

81



AR IR S B AR A

WA 1317 nm FIHFFGTE HT - MR TF 1238 nm SiEE RN 1320 em™, J 4 A 1480
nm FIEHE SR . SRASEEL 1480 nm G el A 115 W,

HE AN, W ABCE BN, i 1238 nm f 2 LEHBUGEE RS,
TEAERT LA 1118 nm OB, M H 1238 nm BRI LR EEH, Rnifs
By 1238 nm AT RAXS 1480 nm BRFE s HOG AEBORAE A IR ET K
FE, 0 440 om MOCHIHTFE AT A 1320 om™ Abd BB 2 5 SR S Y
BLER

57 XBENG

FERE LB = A SE AR K I B AR Bt 10 i, B F Bl e A Rk B id
Rt EE R WA S8, RIDGFBENAR R, BAEE T T &
T A BRI 2 A B

oo, Wik T 220 W 2 TROGE RN 2004 0SS . M B T)EE 1064nm 5
BOLAHOLE I, AT BIREHEEN, FIH 30m B 864, 0T 220
W 1238 nm OV . Ol B RARELA 1238 nm HFE U HTER, A A FIH
R, BR T NSRGHNEEHEFFET, 5 440 om™ FRXIHH
T SE A AR RIS I R S — S B R A R B e A AR S ThEe
IR G HEH, Nt — B A LA R REN L 2O EF RO AT T nI AT PRSI

RIE, Bk T 206.7W B T UL RIBEH LS 2064 RO 18T S L1 1064
nm B A HOGE A, AT RO R RE NS, B 30m BN 851
oF, SEEL Y 206.7W B 1238 nm FENLEOGHRIE - J6TE B JRIB 6 1238 nm 5
Juoh, BATIEMERT 1115 om EHEHDE. IXRE 1064 nm i#xs 440 em™ o 2
B = A HO B R S0 RO « IR IR SE S IR B — I B £T B LR 2 00 2T RO B3 Y
MFRNFIFRER, AAETHANRM TR 72K

FRRBAOIMEOR BIE . o5 LaifE, Jol ., DR, S
Rtk R IBURRIE S 5T LU T RENL R B R AT e B S A S A ROE S X A, &
T BENLA 2 O 8 BARE R — D E  M F TE B R R I AT, (H R HL R R
Sl UL 5GBSR R, I EREVLEORAS MR MERE, AR IR
7 ER .

RAERNM—LET 1238 nm FEVLR SO0GENROLSBIRER T &M EEVLEC,

82



5 E ETECANMIE S AR e

1480 nm 7. LT 10 W B 2% 1480 nm i m e & . e
EGIE AT 1480 nm FENLT 2O ERBOY B RO S ELAE AT T a0, R T b
JTIA

83



AR IR S B AR A

84



F 6 E REYLE LA BN

6 E MANSCHHRENA

BEHLGERROE RS R B I £5 4, TELETLR, RIBh 404 ™ 4, HiEEE
PR, ARV A S SUEE T2 R

FRARE AL AT ot 23 (0 T AR T 1 2 5 A X (6 BRI BB AL I e, (R
LB e B KB BB R R 8|2 RA, 76 2012 4, RUEH BT RN
ORI FE A A R BEAL 4 B o6 AT B0 A Gt IR Rt B ot A A A e tiHR L
PRI R, S T SRR I RE[40] . FE S T RENLE LA BT
MR, XTESERESNEMREL, s RERNEE, RafERASN
SRR T AR ZRIE[120-122] EEHARAERH, BEVDCEHBOLR B RIET
B EMEA[122].

BN SOL A BOL SRR T R BRI, BB KREER, E—MEtk
REMIZR RSO . AR A=A T, 2015 FEEPFRAH AN RTER T 12W
1150 nm FEALEBL2WOE, HFREN 84.8%, #—1TH FRIMBKITROLRE,
SEIT 22 W Hith i 2050 nm B0, XFREEMEETRE, KR ERIERELEOY
FIBYOCE HOtAR[38]. FEALBOSTE NSt REMI IR0, BT AR 2
TR 2LAMNROE B ™ A SRR A SR e B N T [123-126]

AREF, FATEERA TR B BB K REEE IS, AT
BENLIE Bt A B ESIE A . R RIS E LA BRI R H .

6.1 BEAN SAHL R~ BEEE

AT 7 —DBENLA B A RO ORI 130 W BESIELIE. HES:
PEIS A LTS 35 M 850 nm £ 2050 nm, 20 dB JEIEAH R 29 1200 nm, P IEE
T 108 mw/nm . Mk 976 nm FT 1064 nm BT EELTE 208 34.2%H0 42.7%.
ot % G0 50 A7 AU 2 P ORI O 3R ZR I BB A o B 2 AR MR AT I
TITRRAE A — e P, SRS N 640 m, SHET AR A B T SMF28 il
WIGEr, BOLARGRET 2644, FR. 8. B AR, X2 Al
LHROY SR FIE S B R R RSN E SR RS E N DB, AIRERMIA TR
THENL T 20RO M N A, X RIIEEWOLEN R A A EER L.

85



BRSNS TR

6.1.1 HRER

IEAEsR, AIhE e el HIEE L IFMRARZ BN IE. & TirEami
rEl T RO, AL E AR RRm O NEEEERAFTEENR
B, ZERENEFLMRBEEEZNNA, N THEDR127-129], 1%
RIR[130], FiEAEE[131], BHEBESEAN32], BULBOLEIAN33]%%.

—HRIERT, EEEE RN ERESDEFENRERIOCNSEREN A,
AT AL LU RS AR AT, MAFERARE, BNEIFEEER
B EIEEE RN LB SE EEE T R R IR EENEE I
M. AT RO BRI AR #H T EEERENRERNFA. £UEMNilR
F, WEZHAERDEREAMNLEB R T A P M~ 5134137,

2005 ., Vanholsbeeck Z#H AN AR AL AL MR E R TERE, ZE3
EEBOLHEATYE, ERCENEREEE AT REPHRIERE TS
[136].

2008 F, Travers B AN RIBIRB LT RKALT, IEWH T AT N AELER
HUELEIE[137], WE 61 NEREE.

collimator lens mode
_______ matching
fibres

power meter
spectrograph

l‘—‘-"""‘---._
PCF splices

P 6.1 SEEe R [137]
Figure 6.1 Experimental setup

EIHBOEA IPG IR HE ARSI R M RATBONES . BORSR T LU B0 5 R T
FHA32W, KA 1.07um, FENLRR, 3 dB IZLRTEN .6nm. BULHE AE
B # (Collimator)fi H, BT FE (lens) 1§ il BULR & ARBILIE 4+ . Bl
BLLET AR U VEBER, E TIEEMBULRES AOLT KR RET (PCF)
. fEBHRPE T ZFL T HAOLHITEE, A8 17 m HFDBL 364, 20 m
HF840 141/ 50 m HF1050 &f. it gl py M e = A R i g B H Il
WA, BEMAFHIA LARS. B EINERHEL, RATMTHHINE

36



Fo6Z MENTBRTHLENA

50 W, MIBThZEZEMT 50 mWnm, HikTaEHT 1300 nm fIHEELIE.
SR, BT IREERRA SR T RERAOEZEREALL, SBRTHESX
RUEBARFE, AR TETHATRERANEBESIENTIEY &, Chen BALE
LI T AT R AECA T A AR A RE[138]. Gl 6.2, BIT INHRIESDE
TR EAA PG, AT LRSS IR 5, B 5 R e B R 5 R .

~4 bar cleave afterwards
& core
—2
selected holes rerTre all holes
sealed heat with flame sealed

B 6.2 idinEin#PEENT SRS LS AL PCF B EY 5K[138]
Figure 6.2 Expanding a PCF core by collapsing selected holes when the fiber is pressurized

from one end and heated
b 6.3 4 20 IBENERER, PREAOAITAANERRURATER
F =48, XA AL ARG A RO AR O, A RO B RO AT AR B AR 7R Y 5.9
pm, 6T RELAEE BRI 1.8 um.

4

3

samples

0.4 0.5 0.6 [/ 4 08
splice loss (dB)

6.3 HBRIEERET RALE 20 KIGERRFEE T E[138]
Figure 6.3 Loss histogram of 20 splices between SMF and PCF

XFERT KA LR TIABSIRME, AT, A FRIERA e
TZHEER, ERDESTHGERENEREBEANZE.

RHR AN S A BRERSIFLE A UNLE) A B RSB E —fE
WS A RTE, BAERERRIVERTENE RGN, MEEESLILIR
AL, BEWR. SHEE. BT HNLF 9K T2 ik 48 i s ok 22 g0 i
SHE T —E 03 E[139-142].

2004 F, Abeeluck BAFEFR T ARESERN SN AENABRENGIFLER

87



AR IR S B AR A

B RE A P AR BB ERTE[139]. KRB A 6.4, 1117 nm BEELA BULAR
B TP CET AR AR X, SEEL TN RER R 24T, EHL 1486 nm ML s HTY
Wil iR SRR RN S AR MO, SRR IIE R RS m M i
B 1590 nm M2 . RECSERSEIA 3 N 32 W, W AT 544nm. KL
MR T EH AT S AR E TGRSR, ESRMIIE T
AT MR AT S e 2 U 2 B A B RS 4k S A E R .

915nm Yb-doped fiber Nonlinear fiber 1486 nm
output coupler

FBGs \

-
PM }... @17 nm high reflector
0SA H VOA Jeveeeen ot Bilter — I_x_

Isolator Splice

6.4 FEEEBH ENLFOLRE R S I M L P SR 0 H [139]
Figure 6.4 Experimental setup for SC generation in a HNLF by use of a CW RFL

g Bt R RRE A A HESEN T R TR TR
HISHH 2=, Choudhury S8 A FI KR SO0LEMRUGE RIMAT 100m FHARLME:
2F, ST — NI TN 400 nm 19 35w AR SHER[143].

‘Laser Diodes i

I by !
: h R :
. Pump Yb fiber l] aman ! HNLF :
N G, QO O,
i A HR oc![ —— 250m | 100m |
I ! 1y | :
| 'y | !
' |Tunable L-band [ ¥ :
. | Seed Laser " ROGRaman RIG / !

i 6" order Raman Non -linear Spectrum

aser Cascade Generation

B 6.535 W HHEESRHE I B [143]
Figure 6.5 Experimental setup of 35 W SC source

W& 6.5 A 35W HZESILFELIE EH . (72— MESE 11170m B4
FAFOLEE, B IEE AR 90 W. ()F 12— 6 MR EkH 2 8RR . 1117
nm ZZIHEFEIT 1117/1480 nm ¥ 7 B HAA(WDM) )G, 28—/ 1117 nm A
SRS, EEMEP ST E 1480 nm MFHOL, AR B

88



%6 T FEYLI 20U EOLEN A

Ry BN R LB T2 1480 nm BOERK, mAL
it 250 m Fr B A E UK L B0, BRI T w ROk <
%ﬁ%ﬁ%ﬁ&o%WKLﬁ&ﬁ%Eﬁummgﬁﬁﬁ%ﬁﬁmm,#iﬁ
ELEAE, R RO AT R O A B RS, W] DR TSR O B K I A
FriEROSEmT . B 6.6 MR FIOGAE 1570 nm AR B G F, 2R TGS
MEE, EECNEH SN 1700 nm, {EE T R 5 21 1980 nm, L5
HIhZRIL S 35 W, 538 T8 R EF M S m Aas 1), 1117 nm B8 ELEE 1k
TR RIE 40%.

BANDWIDTH ~ 700 nm

Simulated
Cutoff

Measured Spectra

Power (mW/nm)

1300 1400 1500 1600 1700 1800 1900 2000
Wavelength(nm)

Bl 6.6 JIE IHESHE 143
Figure 6.6 The measured SC spectra.
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Figure 6.8 Architecture for supercontinuum laser generation
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Figure 6.10 Architecture for power-combined supercontinuum generation
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Figure 6.18 Experimental setup of the 1560nm laser. PM HISO — polarization-maintaining
high-power isolator.
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Figure 6.20 (a) Output power of the 1480 nm oscillator as a function of the 1064 nm pump
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Figure 6.22 The (a) output power and (b) optical-optical conversion efficiency of 780 nm
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