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Abstract

Abstract

Fiber lasers have many unique merits, such as compact configuration, heat
dissipation and high reliability, which have been exploited applications in optical
communications, optical sensors and nonlinear optics. Recently, the dispersive Fourier
transform (DFT) technique opens a new way for the study of soliton transient
dynamics in the passively mode-locked fiber lasers, which can map the spectral
information of light wave into its temporal domain envelope. In this paper, the
real-time evolution dynamics of conventional solitons, dissipative solitons,
double-soliton and bound solitons are investigated experimentally in a carbon
nanotube based mode-locked fiber laser. Moreover, the transition dynamics between
the single soliton state and the bound state are studied in detail. Based on the
experimental results, the complex nonlinear optical phenomena in these ultrafast
processes, such as beating dynamics, modulation instability induced pulse splitting
and soliton-soliton interaction, are investigated to further improve people's
understanding of the solitons. The main contents of this dissertation are shown as
follows:

1. The build-up evolution dynamics of solitons in different dispersion regions are
studied in a carbon nanotube based mode-locked fiber laser. The formation of
conventional soliton with spectral width of 8.7 nm, pulse width of 0.75 ps and
dissipative soliton with spectral width of 16.3 nm, pulse width of 8.5 ps have been
investigated by DFT technique. The experimental results revealed that relaxation
oscillation, Q-switched mode-locking, spectral broadening and stable
mode-locking appear in the evolution processes of both types of solitons. Due to
the different formation mechanism of conventional soliton and dissipative soliton,
beating dynamics exist in the evolution process of conventional soliton
mode-locking, sometimes there are also transitional bound state, while a short
unstable mode-locking stage, and evident fringes at both edges of spectra of
Q-switched mode-locked pulse which could be caused by the large pulse energy
appear in the evolution processes of dissipative soliton mode-locking.

2. Based on the DFT technique, it is revealed that there are two different evolution
paths for the build-up and annihilation of double-soliton states in fiber lasers. It is

found that the double-soliton state can be formed not only by pulse splitting but
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also by mode-locking of two pulses simultaneously in a fiber laser which can
output stable double-soliton pulses. In addition, the annihilation dynamics of the
double-soliton mode-locked state when the gain of the laser suddenly decreases to
zero is studied by suddenly closing the pump light. It is revealed that the two
pulses in the cavity can disappear one by one or annihilate simultaneously. The
difference between that two type evolutionary processes mainly depends on
whether there are effective perturbations when the pulse energy drops rapidly to a
critical value.

3. The evolution dynamics of different bound states in fiber lasers are studied
experimentally. It is found that the interaction between solitons in the formation of
different bound states is discrepant. By adjusting the pump power and polarization
controller, the bound states with constant temporal interval of ~1.7 ps and ~9.2 ps,
and the robust bound state with an oscillating interval at near ~8.2 ps are obtained
in the fiber laser. The real-time spectral evolution processes of those three kinds of
bound states are captured by DFT technique, and complex soliton-soliton
interaction and nonlinear phenomena exist in the formation processes of that
bound states. In addition, it is demonstrated that the annihilation processes of
bound states at different drop rates of pump power are quite different.

4. The transition from bound states to single soliton states when the pump power
decreases and the evolution from single soliton states to the bound states when the
pump power increases are studied in detail. It is found that, due to the fierce
competition among solitons, the evolution processes from bound states to single
pulse states are usually accompanied by the annihilation of one soliton pulse.
However, pulse splitting caused by modulation instability exists in the evolution
processes from single pulse states to bound states. The temporal interval and
relative phase between two solitons changed complicatedly during both transition
processes due to the complex interaction between solitons.

Key Words: Fiber Laser, Soliton, Dispersion Fourier Transform Technique, Nonlinear,

Transient Dynamics
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Figure 1.4 Schematic diagrams of Hamiltonian system and dissipative system[zl].
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Figure 1.9 Far-field diffraction of a uniformly illuminated slit and its far-field diffraction pattern
showing the Fourier transformation. (b) Equivalent of the far-field diffraction in the time domain

caused by dispersion. The output waveform in time has the same shape as that of the input

spectruln[56].
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Figure 1.11 Top: input spectra, bottom: stretched pulse envelope after DFT, the length of

dispersion compensation fiber used in DFT is (a) 1 km, (b) 3 km and (c) 9 km, respectively
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Figure 1.14 (a) The formation of bound solitons with small interval between two solitons, (b) the

initiation of bound solitons with larger interval between two solitons'®'.
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Figure 1.15 (a) 4800 consecutive single-shot spectra of a 2+2 soliton molecular complex, (b)

corresponding field autocorrelation, (c) Trajectories of the internal degrees of freedom in the

interaction plane, namely the inter-pulse separations 7= 1,2,3 and relative phases ¢;= 1,2,3. (d)

Evolution of relative phases between solitons ¢= 1,2,3 as a function of the roundtrip number™”.
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Figure 1.17 Polarization-resolved measurements of a polarization rotation vector soliton with a

period of 8 roundtrips. (a) Pulse trains, (b) pulse trains after DFT process, (c) and (d) 80

shot-to-shot spectral®.
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Figure 1.18 (a) Collision-induced spectral pattern of solitons with different wavelengths, (b) the
spectra] pattern extracted from the dataset in (a), (c) The intensity variation (blue curve) of the

blue soliton’s newly formed sidebands and the average modulation depth variation (orange curve)

of the blue soliton’s spectral fringes during the sideband rebuilding process !'*!.

1.3 REXHMEMRAMEET(E

AR EZENSLIE ERF DT T BRPUKRE BRI BOLE A g — Ll
WEAE) 1%, 2T DFT ARBH L 7 BOLR AR SRIF . FEIr. ST
MRS T I RIERE . HAh, EVEMBT AR 106 A S Al IR A TR
ST BB F) 5 o F TSI EE RO T X BB o B v 2 4 e 42 1l
Fo

H—REEM I ST ARSI LR R 2 10 4 48 R 1
IRIETERET DFT BORMISERT GRS 7, I S 510 A8 FZ 5 R T s <
BOCRE P BESB AT R R R F A .

BB AR BBOCE BOGES I3 S I ER B SHT e A R i £

20



F1E iR

ORI 2 P A0 SR RO B LA ZE 50 T I R AT S W 5 e
B AR AR 25 A T A R B T A, BB R TT R

BE=BRAHB A G I F AFEBIT A RO R T B I3 3. B
{5 F BB AR B A S wT A RIR S A , 43 T8 A S AR ST B e 4T B 48 A0
FERUNF BB BOR s . IR, FIH DFT SARBIARMIl TR LEE W RiE
Wsh 7%,

58 0 % 76 1] DU 1 A8 e XL F Bk B D 21 Bot & it T T BRI A 7R
AT BOEAS PIY BLJE R I 1 B 2% ) F1 2%« 23 Sk P R B0 SR B I R 1 JR I8 &
M.

5 A BT AR FOLEE A AR E SR 285 T RS ALk o S I A R IR T R A
fi 4% 1) 25 75 3 LA 7 [R) T (8] (B S FARL RS AR LA RS, I 0 & P R A8 ST B
IR A4 PN AR ELAE A R AR IR o WANEE T RAEEA F R R TR T
B 2 T RAS T 1 KL AR

SERE BT SN BB RO RS P IR R T R, SRS
BA PR ZS BT VR AL 7 o SRS MERT 5T 24 S DR T A R o R (O R4S
R AL AR

FEERNAR I EGEMEE,

21



P B A B P I T BEAE SRR T R

£28 HHPRFCEHFPMFRNFRIEILEM

2.1 AP BEFIEHES MM

MEE— B G IRATR] B OB EF b 9 (i RN 7E B R R (1 AL RO TE
R R AR A AR H EE AR . 5 B A R ER R A R RN, Sk
MR R S TR AR R A B o RO A S R A — R, X IR R B AT
ERRE . EHH IR wo kb, BT BLKGET Fh i B BOHN 5 1F B 2R 2D

/%@=d@§=%+ﬂ«wﬂw+%@wkmf+m e
-
B, = (;&J@),,F%(m 0,1,2.) 22

Hef g B FT AT RIS R

n, 1( dnJ
== o— 2"‘
Z c ¢ dw (2.3)
_l 2ﬂ+wd2n 24)
> el do do? (2

QIO FL, By A BB B e B
HEE. RE B S5 I0AE, Jedar Lok EEAE B (B>0) il LLUA S G E i
(B2<0)o  Z— MK IE LA BT A AT, kel P IR 23 38 AT 1 L v ARk
SrPte ZAKAE S EBHO B AR RIS A S o A2 | pm e AL, A SR
HEFRINIEEEAN T, ME 1.55 pm A4 4N 7 AN R .

B BB as e bkl 4 55 FE IR R bR, M HOCAF s AR IR N, &
B IR LR R NAR 3R o e P RIAEL M AN AER £, Flan ARG IS, 22X
FHOLWRE] . DUSRI . R S ET . S2em IR . e AEotas 048
TR AR AN 3 B2 HARALAFI(SPM). BT e /R RN, SRR GET
H LR < 5l e AT i R AR b . B DL — AN ek a1 R
G, T,

z%m(t)=:um(l)exp(—jéﬁkg”(lﬂl) (2.5

M ESETEUE 1, i ke s A ki di e 2 7 — MR AR

22



2 B WSRO Il T a3 R ER B

o==jolu, (o] ..(2.6)
2 SRR RA m MR FA A SRS $126

o

AT LA HH A P 388 I g S ME AR RS 2 T TRIAR SR B, X R R ik i Ee 4806

K o=

%%K@ﬁﬁﬁKﬁ%%w%ﬁﬁ,ﬁﬂ@ﬁﬁ%%%%:&m=igom%

AR, DGRk FERET iR s, kb ESRBTB A BRI ML, RO TE
R, BKOEEA WL RS . B SPM 513 B ik B 4 A E BN 5 2L
Rk 5 S AP BOt  Th T IS AT B R B

2.2 RAEAFERE

221 RETLBEAAPEERE
SR — R ERRE, TAESC LR B E SR LA 2 5 R O R A AT Hk U O
AD=p

A+B=0

axE=-28 Q2.7

of

AxH=J+§2
dt

D A KRE, B AMBENIRE, ERRRIRA, HAMSBE. L
T p MBRGRE J#5T 0. WI\EMHR T EMKRQ. D ITREA R LR
1 E %P

VXVXE=——
2 ar Mor

P HERRALSRIE, ¢ ANAEES PHERIEE, wR2ESHMSE. Fvte
SeEF LRI SR AR K, ARAE RIS I ARG AR, T Hil R REE =Rk
PR, BT AR R E R RN Y-

P=P,+P, =& (3 E+y®EEE) ..(2.9)
Hrit P =g,y M EM P, =g,y EEE 5 BIRERMERMIELRIERALIRE, £, NEZH
(A B E A WIEXQ.8)(2.9)1 LAE R a4 T 10 sh s A

.28)

> 1 0°E 9P P
vE-l9E_ Ih i
T e TRy

AT KR ER, BATEEEE P o A HARAEE, T H G RS A 2R

...(2.10)
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BB A B3 I T BRI RHERT AT

HEE A, LI E, Pae, Po AT RS 5 S 4%

E(r,1) =%)2[E(r,t)exp(—ia)ot)+c.c.] @10
Py (r.1) =%£‘[PNL (r,1)exp(—iayt) +c.c.] .-(2.12)
P (rt)= %)AC[PL (r,1)exp(=iay) +c.c.] (2.13)
FL 37 I {8 B AR R Dy
E(ro-a)= [ E(ri)expli(0-a,)i]d 214)

—oo

EL IR 25 (Helmholtz) 5 #2 9:

VE+e(@kE=0 ...(2.15)
FRHE 4> iR AT VAT AR T FE (2. 15) B )9
E(r,0-@,)=F(x,y) A(z,0- a,)exp(if32) ..(2.16)

o Homr N TTFE(2.15) 7T LLB B 56 T8 A8 s 3 A R J5 H2
2iﬁ08—+(/§2—ﬂ§)21=0 .(2.17)
Hoift, B, BRI S AIER A M B A B, RN X A 4

S AH B AR n] DL48 31 NLSE:

04 lﬁ d°4 LR
— —_—t = — A=iy|A A (2.1
P ﬂlaf 2az+z inA| (2.18)

(2 18) AT o FIAELR I BB y 43 02 T OB ET o B3 e = 2 SR Mk v A
Fm, H

n2w0
o (2.19)
T =1-Fz, TLHERQ.18)2):
if, 0’4 «
_a~ S tsAE iy|4[ 4 ..(2.20)

222 FTEEEAAPIERLE
SCEFEOLAS PR T B A RO LR YT, B b Ve AT R 1 2 A
XHEOGER BBkt EE AR, 6 P AR i T R AL

0A(1, z)
dz

:%fG(t—l',z)A(z',z)dl' .21
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SRR B — TR, RS RAT A IS R, B Gty 2) s

)I (w)exp(—iar)dw ..(2.22)

—co

G(t,z)=g,(z) exp( IA
HTBEAE R LRedFatbBK, L2 TUER:

G(t,z)=g,(z)exp(-E, ! E,,) T g(w)exp(—iot)dw ...(2.23)

HRE, = [|d(e2)dr, FRKRZIKRGEE, £, NMAEREEE, g()RAMS

SRR, 30 FRORTRBEK QAN GO IO R, BRI
wRH:

Hw)= ! zl—(w_wg) (2.24)
1+(0—-w,)’T? Q2 o

g

A Q2 AMAW R HEE2DR. 2.23)RAMQ.24)X -

A(z) g A(t,z)+%w . ..(225)
ot 2 Q, or
Hrh,
g=8,(2)exp(-E, ! E,,) ..(2.26)

2 (2.25) N F50(2.20) AT AR B IS S5 e 4t H AR TR (2.27), vy &
I NLSE, BFRJy4: 2 - 031 /7% (GLE:Ginzburg-Landau Equation).

. 2 _ 2
B_A+1ﬂ28/71:g o, 178/71
o 29T° 2 2QPar°

M LT #1(2.20) 0 F1(2.27)30 0T LLE Aot MG & . Huke. &R 3k
L4 S S IR DUATIAE NLSE 5 2o 5 i 645 (4 B J7 395 7T LA NLSE 3
K, TR X EAEE S FERA T TR BOLR N NEE
F1ERLRE, fln, FEEILT . R ROBE BRI, T E ARSI
HEF Rme, T Bk g 010 |/ 2.1 FoR A9 EF NLSE J5 g
FEGEITHUEE SR AR R IR AR FE L7 AR R s TR g s R
HERFRY

+iy|4 4 .27
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Figure 2.1 (a) Spectral and (b) temporal evolution of conventional soliton
mode-locking trough beating dynamics, (¢) Spectral and (d) temporal evolution of
conventional soliton mode-locking trough beating dynamics and transition bound

State.
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3.1 BIF :

ARG A RO B A S EE. et AR, BIEFEEMmA,
TATERRL BN T E2REARSI ESS5Usg 5 ZRAIS A,
AR B P4 14 6 B B % (Dispersion map), BUBGLFBOGE WAk v LR R AE
5 M 119 4% 5 AT (Conventional soliton). & #y & H Il T (Dispersion-management
soliton) MIFEELIN T (Dissipative soliton) 113114,

ERFEOHT, BN RN OB SIEL MR [BE T4, 7™
ERREE AN Kelly B RESIF!, ZRFINFEHREL, H£50
FRKAMEEE—EERET 0.1 20, HEGIFRkoP RIS, AR
ToV- P AT B 7E R IE AT B = AR IO R LR A RS, R AME RO IR SR MEAR RS <41 h Ik
MR SRE%, FRASTICF Ik kEHR, R A IEREIE
BERER T, FEEL FERME. HAS . BiRE L ROGRE IR S5 AR 2L FE A 7T BA
TESCAF BB N AR TF U2, MR TR L Boes, I
LB T AP RE B AR 2 R kU G0 A R R S,
15 B U 2 B e 2 AN Bk P 3806 T o BRAERRI A 7= A6 BE A, 336 100 nm
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B VR 2 R B E AR E RS OGS TTE M R B (HEE T SERT R 3R 1
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BEIEI %, YRR P RIERIRY . . B RS A Q BRI

TEDMGHAT T VEMIGIRER « TR T BRI I (O IE 3 RGO 38
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3.2 fRGINFRABAFNE R
321 XERE

G F IR BOEAR SIS B B B 3.1 AWM. ZRoLSEPE —BK
%1 3.5 m BB L4 (EDF: Erbium-doped fiber). 1< 980 nm A9l SARBOER
ok — A IR B SC M = & — & {F (PI-TIWDM: Polarization-independent
tap-isolator-wavelength-division multiplexer)¥} EDF #TZR il . X =H —afFbk
THBESEABRMThEE LA, A SR (R BRI AE IR 1 A0 5 38 B R s 7
10%RERE . BOLH A B HMOBA AR BEDEL(SME: Single mode fiber), K&
KA 4.5 m. EDF 1 SMF £ 1550 nm &b A9 505 305 7 8-9 ps/(nmekm)F1 17
ps/(nmekm), BT LA A8 G B09—0.06 ps®e —NFETBRKAE i 15 A AT d AR
U R (SWNT-SA: SWNT-based SA)TEBINAS PIENBUER M, KLl i B ik
£, fFH—AWIRIEHIZ2(PC: Polarization controller)Z ™1 i P B9 £k 14 XU AT 5
DA B A BRI RCR « — DT B BB TE LD M =& — 845 B =l
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I SRR A 2, e L T =843 S b F BRI AR 075 9 9 4 GHz,
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Figure 3.1 Setup of the conventional soliton fiber laser and the measurement system.
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Figure 3.2 Typical conventional soliton mode-locking. (a) Spectrum in linear coordinates, (b)

autocorrelation trace, (c) oscilloscope pulse train, (d) frequency spectrum.
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Figure 3.3 (a) Single pulse captured by oscilloscope, (b) oscilloscope captured pulse which passed

through DCF, (c¢) comparison between DFT-captured and OSA-captured spectra.
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Figure 3.4 Real-time observation of the evolution processes. (a) Temporal information without

DCEF, (b) spectral information captured by DFT.
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Figure 3.5 (a) Real-time evolution of conventional soliton mode-locking, (b) beating dynamics, (c)

Temporal evolution of the soliton.
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Figure 3.6 Change of energy during the evolution process (corresponding to Fig. 3.5(a)).
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Figure 3.7 (a) The buildup dynamics of stable conventional soliton with transient bound state, (b)

field autocorrelation of the momentary bound state, (c) change of the relative phase between both

solitons.
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FR 5 — AT AR WA«

3.2.4  RSARS HHET FZRI RN
BOGERIE ARGk B FEL 3 AT R 7R D9 -
E(t) = E (1) *expli(a¥ — kz + ¢,)] ...(3.2)
He, Eo(r), o oo AR BIZHE AR RIRIEE LS . AMRMYIaHA,
Hr R HO9:

p=2F_2m0 _o .(3.3)
A c c

TEFRSE DU AT, (RIS AR E — A SR B R B K 36 9 KA B 2R A0 3 ok o R —
65 B 4555 A Bk B8 290 BE RD B R Bk (R k), TR Bk b R B D ik 4 R
AT LG5 R s A0 T Bk :
E ()= E, (1) *expli(@t — kz + ¢,,)] ..(3.4)
E,(1) = E,, () *expli(art — k,z + 9,)] ...(3.5)
He E\(@), Ex0), 5338 WRD ik A0 B2 2 ik e B R iR IR 2%, BLTWEP kA B0 £
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Figure 3.9 Typical dissipative soliton mode-locking. (2) Spectrum in logarithmic coordinates, (b)

Spectrum in linear coordinates (c) autocorrelation trace of the dissipative soliton.
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Figure 3.11 (a) Pulse evolution captured directly by oscilloscope, inset 1: pulses in unstable

mode-locking state, inset 2: Q-switched mode-locking stage, inset 3: dissipative soliton pulses in

stable mode-locking state, (b) evolution process captured by DFT technique.
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Figure 4.2 (a) Typical oscilloscope trace of stable double-soliton mode-locking; (b} corresponding
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close-up of the beating dynamics.

0P 5.5)F TR, 28K 3000 Bl AR, ARSRZ S A — SR bk 0 3 ko
FELE GO PO B T RS, O SRS A R SE, 1T S AR BB SRR A
AT, il ERGEGIAE . 7F 4500 BA AN ERRRSITASER, ARET
@53%%%ﬁﬁ,Eﬁﬁﬁ*ﬁﬁ&%%%?%%ﬁﬁﬁi%ﬁ%&%ﬁﬁm
FATREE o X% T b i 5 A I Bk R 06 B ] R B AR R AR, I 1) AR LA

63



WA SRR T I T IR A AT

JHBA IS 4582038001 WA s 5@ LLE L, FEIROOs s e Rt
BB ik BRI AT R S 25907 T B S Ja B 1 PROROGRE R BEAT 9
(@

124

Time (ps)

3000 4000 5000 6000 7000

Roundtrip

®) 24—

- ,

9 1.6

g

3 0 8 | /-\\ "’OSTE

2z \

5 00 o

<

%08 N , '

4000 5000 6000 7000

Roundtrip

B 5.6 MRTE S5 Brosiis ot 125 R AL 10 () B AT SR XA RS 2L 4k .
Figure 5.6 (a) The field autocorrelation and (b) the relative phase of bound state corresponding to

the process shown in Fig. 5.5.
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Figure 5.7 (2) The evolution of bound state with oscillating relative phase and temporal interval,

{(b) 7 spectra of bound state in one period, (c) spectrum of bound state captured by OSA.
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Figure 5.8 (a) The field autocorrelation of the bound states corresponding to the evolution process

shown in Fig. 5.7, (b) the interaction plane of the bound solitons.
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Figure 6.1 Schematic diagram of the fiber laser and measurement system
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technique, (b) autocorrelation trace of the output pulse.
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Figure 6.3 (a) The spectra of the bound state captured by OSA and DFT technique, (b)

autocorrelation trace of the bound state.
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Figure 6.4 (a) Eevolution dynamics from bound state to single pulse state, (b) corresponding field

autocorrelation, (c) interaction plane of the bound statel*".
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Figure 6.6 (a) Spectral evolution from a stable bound state with T = 6.783 ps to the single pulse

&
S
o

Relative phase ¢ (rad)

state, (b) relative phaseand temporal separation of bound states as a function of cavity

roundtrips®*,

CRIF AT A R DI R AR B S A R D R PR R 7.6 mW Y, I35 £ ARG PC,

B LATE 5 A 3R A5 B A AR A B9 A X A 2 A48 58 B 8] 1B) KR (1=18.18 ps) it R fgk o 4
Ao BIEIHR[138])F B XX PR AY R AT 7RI . B 6.7(a) I
4000 B EoR 1 IXFP AR MR A A MBS, RO T A LUEN
WAL, HESUO T A — B R X0 BT A8 TAE 1 b 4240 )
MESE, WE 6.70)FR. B 6.7(a) R T WA R AE A 58 Bk etk
RERGEEAE TR IRUIE, FEIZATE] 4000 B LUE G R IRGE S s

7 BB 8 e s /N, [RIEE, PRI T f B ) (8] B 7 A K, # LR

76



%6 & WAS SRS

Fﬁﬂﬂﬂﬁiﬂ e 1% W AR BTN izulm(e)%um(b)ﬁﬁm FEARF I RIRAST,
SEF O ES AT LU B VR 2 ) [B) (B R AN AR XS M AL AN RIRIBR 43S . B 6.7(c) W 18
WA RRT B—FMRERESHBANNE, TLUEHA SR IGE T & LA
BT R W R A AW AR b o X 3 B IR AS T IR AT IR A X AR
(L AN 6] ()RR E R AE B i 3e . W 6.7(H TR, BEERIE IR EIBR 204 9.37 pss
FUAMBE ~0.28 #ATEANIEIRY, XS TE 6.7(d)Fr =M E/ENFm
I RTHASUE RSN B 6.7(DIB R T A v AL 72 o W A ) I 1) ] Rea o
FBTRHNEN, EEAENE, ARTIHRIWTEEeLE, £x4
LB R A A B A R A i B TR TR I . B 6.7(d) T P s AR B
ST AR I M R AR TV AL I AR X — R . I R B AR AL A AR AR SR A A O
R T PN ELAE A 90T ik 2 R R 7E B R e B S i S 5.

® (b) 180
G Tntensity (a.u.) 17 e
£1573 0 = | )
S £
5,156 2, £
5 2 3
o 155 E
: &
S 154 -17

3000 6000 9000 12000 -17 0 17 0
Round-trips

Intensity (a.u.)
e |

Round-trips

[
o
o
N
=
E0l3
=
(5]
2
[:h]
>
=

W

3000 6000 9000

2 (e) Round-trips 200

w24 w12 U VSYEIITUUR——
‘E 21 E 3 ~0.28 ps

(})Qf 0 1500 3000 4500 6000 % 0 1000 2000 3000 4000

Round-trips Round-trips

B 6.7 () B AR (U BV R o 57 B SR 28 265 30 B e bR 25 T O B AL, (o)A B AR EL A
%?E,@Eﬁ&%ﬁﬁﬁﬁﬂ%%ﬁﬁW@%ﬁﬁ%@%%ﬁ%ﬁﬁﬁ,@ﬁ@%ﬁ%
BUE, () F(E)FTME LI TR AP BTN HE L B B Bk v ] e 0 0 B 11 2R 4L 200,
Figure 6.7 (a) Spectral evolution from a bound state with evolving phase to single pulse state, and
(b) the corresponding interaction plane, (c) bound state with changing relative phase and vibrating
separation evolves into single pulse state, and (d) the corresponding evolution trajectories, (e) and
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field autocorrelation, (c) change of the relative phase during the transition stage.
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