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Multiple four-wave mixing self-stability in optical fibers
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The self-stability of multiple four-wave mixing (FWM) processes in the optical fibers is studied both
theoretically and experimentally. The coupled-mode equations for the complex amplitudes of four waves are
derived. The nonlinear interaction between four optical fields involves a single nondegenerate and two degen-
erate FWM processes in the third-order nonlinear mixings. The proposed models are compared to the conven-
tional coupled-mode theory of FWM processes and are proven by the experiments. The energy conservation of
four waves is achieved, and the power flow relationship between two pump waves and two created waves is
obtained. The analytic solutions reveal the self-stability mechanism of multiple FWM processes. The self-
stability prediction is experimentally testified by using a kind of photonic-crystal fiber, and such excellence can
be applied to achieve dual-wavelength erbium-doped fiber lasers with the excellent uniformity and stability.
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I. INTRODUCTION

The third-order optical nonlinear effects such as third-
harmonic generation and four-wave mixing (FWM) involve
the generation of new frequencies [1,2]. FWM is one of main
nonlinear optical processes in single-mode optical fiber [3],

degenerate or nondegenerate FWM process. In 1991,
Thompson et al. had proposed and derived the coupled-mode
equations for multiple FWM processes [17]. However, all of
these theories have some difficulty in explaining a feature of
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and leads to many applications such as parametric amplifi- —
cation, wavelength conversion, and oscillator [4—6]. The ex- g 20k -
istence and efficiency of generating new frequencies by é
FWM need special efforts to achieve phase matching [7], % 10l _
which is determined by the dispersive properties of materi- %
als. In conventional optical fibers, the dispersion profile is 2
well approximated by a group velocity dispersion [6,8]. g L >

Recently, photonic-crystal fibers (PCFs) have attracted a A
lot of interest because of their unusual optical properties and -10 1
their potential applications [9—12]. In comparison with con-
ventional optical fibers, PCFs can provide tiny core areas and 20 -
dispersion characteristics that can be strongly modified. As a
result, the significant FWMs can occur at relatively low peak -30 l 1 1 . 1
powers and over short propagation distances, and such pro- 1100 1200 I%Qa%elenglt‘},"?nm) 1500 1600 1700
cesses can be possible in a much greater frequency range. To
show the dispersion difference between conventional fibers ®
and PCFs, Fig. 1 illustrates the relationship of dispersion r —— ————r——T —
parameter D versus wavelength, where Fig. 1(a) is for the = 25 ]
typical single-mode fiber [6] and Fig. 1(b) is for a kind of g 2.0 g
PCF [13]. At the same time, such PCF provides the nonlin- 8 15[ A
earity coefficient y of ~11 W~! km™!, while y of the con- 3
ventional fiber is ~1.3 W~! km™' [6]. Therefore, the advent % Lor o TTT— ]
of PCF with the high y value and the “engineered” disper- % 0.5 | -
sion profiles suggests that there is the opportunity to develop .;‘5- ool L ’
a family of nonlinear effects that cannot be observed in stan- a - .
dard optical fibers [8,14]. o5 ]

In 1974, the phase-matched nonlinear mixing in the silica 1.0 | .
fiber was observed [15]. The typical coupled-mode equations sk ]
for nondegenerate or degenerate FWMs can be applied to Lt L L S

explain most experiments in the conventional fibers [6,16].
These theories had generally been concerned with a single
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FIG. 1. Dispersion parameter D with wavelength: (a) for con-

ventional single-mode fibers and (b) for a kind of PCF.
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FWM in PCFs in our experiments. This work has proposed a
model for multiple FWM processes where the self-stability
function of such FWM processes is revealed. Such phenom-
enon is experimentally verified and can find important appli-
cations, such as fiber lasers.

II. DERIVATION FOR COMPLEX AMPLITUDE
PROPAGATION EQUATIONS

The propagation equations for describing self-phase-
modulation, cross-phase-modulation, and FWM can be de-
rived from Maxwell’s equations by including the proper
terms of the nonlinear polarization of the fiber medium [17].
The nonlinear wave equation can be expressed as

2
V’E - @,92_1;; = MoﬁzPI;L,
c ot

(1a)

where ng=(1+x")"2, ¥V is the linear susceptibility of the
dielectric medium, and

Py =gox" i EEE. (1b)

Taking into account four optical waves vibrating at frequen-
cies wy, w,, w3, and w, and linearly polarized along the same
axis x, the total electric field of the guided modes can be
expressed as the superposition of individual normal mode,
ie.,

4

1
= 5)22 E,expli(B,z — w,1)] +c.c., 2)
m=1

where c.c. denotes the complex conjugate, X is the polariza-
tion unit vector, B3,,=n,w,,/2 is the axial propagation con-
stant and includes material and waveguiding effects in the
refractive index n,,. Substituting Eq. (2) in Eq. (1b), one can
achieve [6,17]

4

[ ,
PNL = E.XE PNL’jeXp[l(ﬂjz - w]t)] + C.C.
=

1 A .
= gsz(B)X > EEEexplilé+&+E)],  (3)
k,.m

where &=L z—wyt and k,l,n=1, 2, 3, 4 and 1%, 2", 3%, 4%,
The raised asterisk denotes that the complex conjugate is to
be taken. Equation (3) has a large number of terms involving
the products of three electric fields. For example, Py ; can
be expressed as

3
Pnii = ZEOX(3)[(|E1|2 +2 2 |Ej|2)E1 +2E,E5E exp(i6)
JFELD

+2E | E>E5exp(i0)) + E,E3exp(— i6,)
+ ZE;E3E4CXP(103) + ... :| N (43)

0y =[B(w,) + B(ws) + Blwy) = Blw)) ]z

—(UJ2+(J)3+(D4— (J)l)t, (4b)

PHYSICAL REVIEW A 72, 013811 (2005)

0, =[B(w,) + Blw3) = 2B(w)) ]z — (w0 + w3 = 2w))t,

(4c)
6, =[B(w) + Blwy) —2B(w)) ]z — (w0 + w4 — 2w))t,
(4d)
65 =[B(w;) + Blwy) — Blw,) — Blwy) ]z
- ((1)3 +wy— W — wz)t (46)

Here, 6,, 6,, 6,, and 65 are responsible for the phenomena of
third-harmonic generation, two degenerate FWMs, and a
nondegenerate FWM, respectively.

In this work, the total FWM processes include two degen-
erate processes given by 2w; = w,+ w; [corresponding to Eq.
(4¢)] and 2w,=w, + w, [corresponding to Eq. (4d)] and one
nondegenerate process given by w;+w,=ws;+w, [corre-
sponding to Eq. (4e)]. Although Eq. (3) includes many terms,
such as third-harmonic generation [e.g., Eq. (4b)], significant
FWDMs occur only if the frequencies perfectly match and the
phase mismatch nearly vanishes. Under the assumption of
quasi-continuous-wave conditions, the time derivatives can
be replaced by the quantity —iw. From Eq. (3), we can obtain

3xP w?
MO&ZPNL(wl) __X 1£[(|E1|2+2 D |Ej|2)E1

2 2
ot 8¢ J(#1)

+2E | EyEqe/ P17 4 By E3 ™12

+ 2E§E3E4e"“ﬂ} elPrimenn), (Sa)

Mo ==

PPy (@) _ 3)((3)“’%)2
ar* 8c? (

2 2

J

E)*+2 X |E| )Ez
J(#2)

+ 2E,E\E P + E3E e 4Pr:

+ 2ETE3E4eiA53Z}ei(ﬁﬂ“"?), (5b)
&ZPNL(w%) 3X(3)‘02 “
Mo > =— ) % |Es]* +2 > |Ej|2 Es
ot 8¢ j(#3)

+ E,Eje P74 2EZE1E2e"'AB3Z}ei<ﬁ3z'“}3’),

(5¢)

FP 3y w?
T Tled L 25 1,
¢ J(#4)

+ E \Ese 8P 4 2ELE 1Eze‘iAB3z}ei<ﬁ4z‘“’4t),

(5d)

where A =p(w))+B(w3)-2B(w)), ABy=PB(w))+B(wy)
—2p(w,) and ABs=pB(w;)+pB(wy)—Blw)) - B(w,). Because
of AB;=ApB,+ApB,, only two independent resonant condi-
tions should be satisfied simultaneously in Eq. (5).

The field amplitudes can be separated into transverse and
longitudinal parts, i.e., the product of functions of the trans-
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verse coordinates r and ¢ and the axial coordinate z [6,17],

E{(r) = AQur,d)IN; (j=11t04), (6)

where |A|* is equal to the power P; (i.e., P;=|A /%), y;(r, $)
is the spatial distribution of the fiber mode in which the jth
field propagates inside the fiber, and

N} = %sonoc f f lyrdrdgp  (j=1 10 4). (7)

In the slowly varying envelope approximation and under the
assumption that the transverse modes remain essentially un-
perturbed by the nonlinearity, the left-hand side of Eq. (1a)
can be simplified as [17]

2
my PE(w) . Y0
VZE((U]) _ ?T == lﬁjﬁj?x eXp[l(BjZ - wjt)]

X(j=1to4). (8)

After some manipulation from Egs. (1), and (5)—(8), we can
achieve

A .
24 iyl[<|Al|2 2> |Aj|2)A1 +2A7AAexp(iAB,2)
9z J#D)

+ A Alexp(— iABsz) + 2A;A3A4exp(iA,B3z)} . (9a)

dA ,
=2_ i'yz[<|A2|2 +2> A j|2)A2 +2A5A A exp(iAB,2)
9z (#2)

+ AjATexp(— iAByz) + 2A7A3A4exp(iA,83z)} ,  (9b)

JA . ,
Rkt i73[(|A3|2 +2 > |Aj|2>A3 + AATexp(— iAB;z2)
Jz (#3)

#2004 Agexp(- iABsZ)}, (%)

IA . .
—= i7’4[(|A4|2 +2 E |Aj|2>A4 + A1A%exp(— iAByz)
9 j(#4)

+243A,Aexp(— iA,Bﬂ)} , (9d)

where the nonlinearity coefficient y; is defined as
né and Ay are given by

né = 3)((3)/(480071(2)),

2
Aeffs< J f |¢j|2rdrd¢) / f J ll*rdrd¢  (j=1to 4).

(11b)

(11a)

Usually, the relatively small differences in optical frequen-
cies of four waves can be ignored and then 7; can be the
average value 7.
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In Eq. (9), it evolved into a single nondegenerate FWM
process (i.e., w+w,=w3+w,) and two degenerate FWM
processes (i.e., 2w;=w,+w; and 2w,=w;+w,). However,
the conventional coupled-mode equations for FWM pro-
cesses are only referred to either a nondegenerate FWM or a
degenerate FWM process [6]. Their detailed relationship and
difference are shown in Sec. V. Therefore, our model is a
self-consistent system for the complex amplitudes of the four
fields, which is associated with products of electric-field
amplitudes in the polarization expansion such as
2E, EEosy 2E, yEoEsy 2E. yEsEws, ELE,,, E2 E.

L 3>
E E,,, and so on.

w2’

III. RESULTS AND DISCUSSIONS

Let Aj:\e’Fj exp(ig;) for je{1,2,3,4}, and substitute it
into Eq. (9). After some manipulation, we can recast Eq. (9)
into equivalent real equations:

JP — —
J 1 = 7(2P2\/P1P4Sin ’02—4P1\’P2P3Sin 791
<

—4\’P1P2P3P4Sin '&3), (123)
aPZ . .
9z V(2P VP, P3sin &) — 4P\ P Pysin ¥,
Z
[ .
—4\3’P1P2P3P4Sln 193), (12b)
JP; — —
a— = y(2P1\s‘P2P3sm ’&1 +4\"P1P2P3P451n ﬂS)’
<
(12¢)
&P4 /_ . ’/— b
(9— = 7(2P2\'P1P451n 192+4\"P1P2P3P4Sln 193),
<
(12d)

where O1=AB1z+ @3+ 03—-2¢, Hh=ABrz+ ¢ +@4—2¢,, and
B3=AB32+ @3+ 04— 1~ ¢

From Eq. (12), one can easily verify that the power ex-
changes among four waves depend on their powers and the
signs of sin ¥, sin ¥,, and sin ¥;. It is worth noting that
there exist the power flows between two pump waves (i.e.,
w; and ®,) in our model. However, in the conventional
coupled-mode equations of nondegenerate FWM process
[i.e., Eq. (27)], two pump waves do not exchange energy
during the total nonlinear mixings.

It is shown that Eq. (12) displays power conservation, i.e.,

I(P;+ Py+ P3+ Py)
- =0 or
0z
P(z) + P5(z) + P3(2) + P4(z) = constant. (13)

Equation (13) demonstrates the famous Manley—Rowe rela-
tions. Besides conserving total power in Eq. (13), an addi-
tional invariant is covered in the system of Eq. (12), i.e.,
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ﬁ(Pl—Pz):_33(P3_P4)
dz 0z ’

(14)

Equation (14) shows that power flow between two pump
waves of w; and w, is thrice larger than that between two
created waves of w, and w; at any propagating distance
along the fiber. The invariance in Eq. (14) physically repre-
sents conservation between the power exchange of two pump
waves and that of two sidebands. The physical reasoning can
be explained as follows.

During two degenerate FWM processes of 2w;=w,+ w3
and 2w,=w; +w, (because two pump waves in the nonde-
generate FWM process do not transfer energy, this kind of
process is ignored here), two photons of frequency w; (or
®,) are annihilated in order to create one photon of fre-
quency w, (or w;) and another photon of frequency ws; (or
w,). Then, the energy flow between three photon w; and w,
is to produce that between one photon w; and wy, i.e.,
3(w;—w,) =w3—w,4. As a result, in the total interacting pro-
cesses, the photon-exchanging number of w; and w, is as
three times large as that of w; and w,. Taking into account
the fact of w;= w,= w;= w,, the total energy exchange be-
tween two pumps is three times more than that between two
created waves, i.e., Eq. (14).

In this work, we focus on the conditions that the powers
of frequencies w; and w, are great larger than those of fre-
quencies w3 and w,, and that the former keep the undepleted
approximation during the nonlinear interaction in the total
FWM processes, i.e.,

|A1],|As] > |A5],]A4], (15a)
A1) =14;(0)] and [Ay(2)]=|Ax(0)].  (15b)
Then, Egs. (9a) and (9b) can be solved as
Ay(2) = VPiexplif(P +2P,)z +ig(0)].  (16a)
Ax(2) = \Poexpliv(P, +2P )z +igy(0)].  (16b)

Taking into account Eq. (15) and substituting Eq. (16) into
Egs. (9¢) and (9d), we can solve as

L
A3(L)%j iyA;A%exp(— iABz)dz
0

= iyP\Poexpl2i@,(0) — ig(0)]
L expliGyPy = ABL]- 1

s 17
i(3yP,—AB)) (172)
L
A L) = f iyA Aexp(— iAByz)dz
0
= iyPy P exp[2ig(0) — i, (0)]
% expli(3yP;—AB,)L] -1 (17b)

i(3yPy—ApBy)

If 3yP,—AB,)L—0 and (3yP,—AB;)L—0, from Eq. (17),
we can obtain as
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P5(L) = Y’L*P1(0)*P,(0) and P,(L) = ¥’L*P,(0)*P;(0).

(18)
From Egs. (14) and (18), we can achieve as

P15(L) = P15(0) == 3%*L*P1(0) P2 (0)[P1(0) — P»(0)],
(19)

where P ,(z)=P,(z)— P,(z). From Eq. (19), it can be seen as
follows:

If P,(0)>P,(0), P,(0)=P,(0)>0 and P,(L)<P;,(0).
Taking into account Manley—Rowe relations [i.e., Eq. (13)],
the power of frequency w; flows into that of frequency w,
during the FWM processes.

If Py(0)>P,(0), P1(0)=P(0)<0 and Py,(L)> P 5(0),
and then the power at w, flows into that at w;.

If P,(0)=P,(0), P»(L)=P,,(0) and P,(L)=P,(L). This
result shows that the powers at w; and w, remain the same
during total FWM interaction processes.

The above results reveal the fact that these kinds of mul-
tiple FWM processes hold an important unique property of
self-stability mechanism, i.e., the energy flow transfers from
higher-power wave to lower-power wave with the self-driven
function.

With the increase of 7y, L, P,(0), and P,(0), the self-
stability enhancement for frequencies w; and w, is improved
on the assistance of two degenerate and one nondegenerate
FWM processes.

The greater the difference of P,(0)—P,(0), the greater the
difference of P;(L)-P,(L) (i.e., there is more power flow
exchanging from higher to lower power).

IV. EXPERIMENTS AND APPLICATIONS

Dual- or multiwavelength erbium-doped fiber (EDF) la-
sers have caused extensive interest in recent years due to
their potential applications, such as wavelength division mul-
tiplexer (WDM) systems, fiber sensors, and fiber-optics in-
strumentation [18,19]. However, because of the large homo-
geneous linewidth of EDF at room temperature [20,21],

Isolator EDF ["7PCF i

(O 1CODN

Pump LD ! -
Coupieig

osA|HM[ 5

~3% output

/

FIG. 2. Experimental setup for testifying the self-stability
mechanism of multiple FWM processes on the basis of dual-
wavelength EDF laser loop. EDF: erbium-doped fiber, VOA: vari-
able optical attenuator, PCF: photonic-crystal fiber, FBG: fiber
Bragg grating, PC: polarization controller, WDM: wavelength divi-
sion multiplexer, and OSA: optical spectra analyzer.

WDM

FBG! FBG2

Circulator
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SPEC Pk: 1546.652nm -6.79dBn
0.0 Y
dBm

Power (dBm)

=70.0

1535.00 1545 .000nm

Wavelength (nm)

dual- or multiwavelength EDF lasers experience cross-
saturation between different wavelengths which cause un-
stable lasing [19-24]. In order to achieve stable dual-
wavelength operation, various techniques, such as two EDFs
[24], two filters and attenuators [22] and two overlapping
cavities [19], had been employed. Even the EDF was cooled
to liquid-nitrogen temperature [19,20].

In this paper, the self-stability function of multiple FWM
processes has been experimentally proven on the basis of
dual-wavelength EDF lasers. The experimental setup is
based on the typical EDF laser loop that is demonstrated in
Fig. 2. A 51-m-long high nonlinear PCF with the flat near-
zero dispersion causes one nondegenerate and two degener-
ate FWM processes [13]. The EDF and pump LD of 1480
nm lase two waves of frequencies w; and w,. A variable
optical attenuator (VOA) is used to adjust the reflection spec-
tra of FBG2. Two Blackman apodization FBG1 and FBG2

SPEC Pk: 1546 .652nm -2.23dBm
00— T T 7T

Power (dBm)

AVG:I1 RES:0.02nm N:5001

2.00nm/D

AVG:1 RES:0.02nm N:5001
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NORMAL

FIG. 3. (Color) Output power
spectra on the gain-clamping bal-
ances between self-stability effect
of multiple FWM processes and
mode competition effect of EDF.
Pump waves at w; and w, are
lased by the cavity, and two waves
at w3 and w, are produced by the
FWM processes of PCF. Two de-
generate FWM processes of 2w,
=wy+w; and 2wr,=w;+w, and
one nondegenerate FWM process
of wi+wy=w3+w, effectively
interacted.

1555.00

are with the central wavelength of 1543.32 nm and 1546.65
nm, and the reflectivity of 59.4% and 99.5%, respectively.

In the conventional EDF cavity without additional tech-
niques or methods, only a single wave can be stably lased
[19-24]. Note that the setup in Fig. 2 is a typical EDF cavity
if excluding PCF. To suppress the mode competition caused
by the homogeneous gain broadening of EDF, introducing
self-stability function of multiple FWM processes into the
oscillator can produce dual-wavelength EDF lasers with the
excellent stability and uniformity. The balance between the
self-stability effect of FWM and the mode competition of
EDF can cause the gain-clamping function and lead to the
dual-wavelength lasing simultaneously.

Figure 3 demonstrates the experimental results on the
gain-clamping balances between self-stability effect of FWM
and mode competition effect of EDF. Waves of frequencies
w; and w, are lased by the cavity, and are called pumps. Two

NORMAL

FIG. 4. (Color) Output power
spectra without multiple FWM
processes. The PCF is excluded in
Fig. 2. Only a single wave of fre-
quency w, is stably lased by the
EDF laser cavity.

W“""

=70.0

1535.00 1545 .000nn

Wavelength (nm)

2.00nm/D

1555.00
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AVG:1 RES:0.02nm N:5001

Power (dBm)

A 1545 .bOOvmm
Wavelength (nm)
(@)

SPEC Pk: 1546.652nm -6.54dBm
0.0 [~ T ¥ T

Power (dBm)

L

1545 .000nm

Wavelength (nm)
(b)

waves at w3 and w, are created by the FWM processes of
PCF. Obviously, the powers of frequencies w; and w, are
about four orders of magnitude larger than those of frequen-
cies w3 and w,. On the other hand, from Fig. 1(b) or Ref.
[13], we can obtain that AB,=AB,~AB;=0, and (3yP,
—AB,)L=(3yP,—AB,)L=0.08 (here, y=11 W~ 'km™!, L
=51 m, and P,=P,=25 mW.l). Therefore, two degenerate
FWM processes (i.e., 2w;=w,+w; and 2w,=w,;+w,) and
one nondegenerate FWM process (i.e., w;+w,=w;+ w,) are

"The experimental results show that the power of each laser in
Fig. 3 is ~0.5 mW. Taking into account the output power ratio of
~3% and the total loss of ~1.7 dB [e.g., connector loss between
PCF and coupler, splicing loss of coupler, connecting loss between
coupler and optical spectra analyzer (OSA), and some loss of jump-
ers], each laser power in the PCF is about 25 mW.

2 .(;Onm/rDV

AVG:1 RES:0.02nm N:5001

2.00nn/D
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NORMAL

FIG. 5. (Color) Output power
spectra with the different reflec-
tion of FBG1 and FBG2 by ad-
justing VOA: (a) P;> P, and (b)
P <P,. The detailed descriptions
are same as Fig. 3, except that two
pump waves of w; and w, have
different powers. If power P(w,)
> P(w,), then P(w3) > P(w,), and
vice versa.

1555.00

NORMAL

S e

effectively interacted.

Experiments show that only a single wave of w, is stably
lased if without PCF in Fig. 2. The output spectra are illus-
trated in Fig. 4. In comparing Figs. 3 and 4, it can be seen
that the self-stability effect of FWM processes plays the key
factor to produce dual-wavelength EDF lasers in the experi-
mental configuration of Fig. 2. Such a comparison has also
verified the self-stability function of multiple FWM pro-
cesses in experiments.

From Eq. (18), it is seen that, if P,(0)>P,(0), P5(L)
>P4(L), and vice versa. But P;(L)/P(L)=P,(L)/P,(L).
Figure 5 demonstrates the experimental results, where Fig.
5(a) is for P,(L)> P,(L) and Fig. 5(b) is for P,(L)<P,(L).
The experiment results show the relationship of
P5(L)/P;(L)=P,(L)/P5(L)~37 dB, which is consistent
with the theoretical values.
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V. DISCUSSIONS

This section aims at simplifying and verifying the
coupled-mode equations in Eq. (9), and comparing to the
traditional coupled-mode equations governing FWM pro-
cesses. If |AB,| approaches zero and |AB;| and |AB,| in Eq.
(9) are great, i.e., the phase mismatching in the latter is large,
only the degenerate FWM of 2w, =w,+ w; effectively occurs
in the total nonlinear processes. The proof is as follows.
When P> P; and P,> P;, from Eq. (12d), we can achieve
as

L
V/P_4= f ’y(Pz\r/P_lsin 192 + 2\‘"P1P2P3Sin 733)(12
0

L
~ J yP,\P,sin 9,dz. (20)
0

Equation (2) shows that the power P, of frequency w, peri-
odically evolves along the fiber distance z and its periodicity
is determined by Ap,. Integrating Eq. (20), one can obtain

P, < VP3P |ABP. (21)
From Egs. (18) and (21), it is easily achieved as
P3(L)IP4(L) > L|AB, . (22)

If |AB,|>0, P5(t)> P,4(t) (here, L>1). Such a result has
also been proved by experiments (see Fig. 6) and numerical
solutions of Eq. (9). As a result, the terms including A4 (cor-
respond to P,) in Eq. (9) can be reasonably ignored, and then
Eq. (9) is simplified as

JA * .
&_Zl =iy [(JA)* +2]A,* + 2|A5])A| + 241A,A3exp(iAB2)],

(23a)
A, . 2 2 2 £ .
P =iyl (JAs]* +2|A,]” + 2|A5[)A, + AzATexp(— iAB2)],
(23b)
Ay 2 2 2 ) .
iz = iys[(JAs]" + 2|As]” + 2|41 [)A; + AjATexp(— iAB2)].

(23¢)

Similarly, if |[AB,|—0, |AB|>0 and |ABs|>0, we can
achieve the coupled-mode equations for degenerate FWM of
2(1)2: w1+ wy from Eq (9), i.e.,

0A * .
&_ZZ = i’)’z[(|A2|2 + 2|Al|2 + 2|A4|2)A2 +2A,A,A4exp(iABy2) ],
(24a)
JA * .
&_zl =in[(JA* + 2|4 + 2|A,) A, + AjATexp(- iABa2)],

(24b)
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0A . * .
(9_; = iyg[(JA4 + 2|4, + 2|45 A, + AlATexp(- iAB2)].
(24c¢)
On the other hand, integrating Eq. (9d), we can get
L
0 J(#4)
+2A3A, Ajexp(~ iAﬂ3z)]dz
L "
+ f iv4A iA%exp(— iAByz)dz. (25)
0

If only the phase mismatching for nondegenerate FWM of
W+ w,=w3+w, vanishes and other phase matching is bad,
ie., |[ABs]—0, |ABy|>0 and |AB,|>0, the last term of Eq.
(25) can be simplified as

L
J iv,A Azexp(— iABy2)dz | < |y,ATASIAR,|. (26)

0

Because of |AfB,|>0, Eq. (26) approaches zero, and then the
terms involving AB, in Eq. (9) can be reasonably skimmed.
Similarly, the terms including AB; in Eq. (9) can also be
ignored. Thus, Eq. (9) can change as

A ,
(9_Z1 - iyl[<|Al|2 23 |A<,~|2)A - 2A2A3A4exp(lA,83Z)],

J#D)
(27a)
9A .
—= i72[<|A2|2 +2 2 |Aj|2)A2 +2A 1A3A4eXP(lA,332)] ,
9z i(#2)
(27b)
| lA;2+2 > |AP)A; + 2454, A5exp(— iA )|
Y3 317+ j 3+ 2A,A,Aexp(=iABs7) |,
dz i J(#3) |
(27¢)
dA - . , -
— =iy, <|A4|2+2 > |Aj|2>A4+2A3A1A2exp(— iAByZ) |.
dz I J(#4)

(27_d)

By comparing Fig. 1(a) to Fig. 1(b), it is shown that the
dispersion property of PCFs is greatly different from that of
traditional single-mode fibers. As a result, the model equa-
tions [i.e., Egs. (23), (24), and (27)] in the conventional
single-mode fibers will not be suitable to describe the non-
linear interacting mixing in the PCFs and the model and
phenomena are covered in PCFs [8].

The key difference between our models and the conven-
tional models for FWMs is that the former simultaneously
involves three resonances while the latter only has one. To
prove the fact that our models are more rigorous for describ-
ing FWM processes than the traditional models, Fig. 6 dis-
plays the experimental results. The experimental setup is the
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FIG. 6. (Color) Output spectra
for testifying multiple resonances
simultaneously. ; and , in
(a) and (b) correspond to the
zero-dispersion wavelength,
respectively.

1564.50

Wavelength (nm)
(b)

same with Fig. 2, except that the fiber Bragg gratings (FBGs)
with differently central wavelengths replace FBG1 and
FBG2 in Fig. 2. At the same time, PCF is replaced by a
dispersion-shift fiber (DSF). The zero-dispersion wavelength
of DSF is ~1551 nm, the nonlinear coefficient 7y is
~2/W/km, and the fiber length L is ~600 m.

Figure 6 shows the output spectra for testifying multiple
resonances simultaneously. Frequencies w; and w, in Figs.
6(a) and 6(b) correspond to the zero-dispersion wavelength,
respectively. The conventional coupled-mode theory of
FWM processes failed to explain the results of Fig. 6, if
taking into account a single resonance. For example, if only
the degenerate FWM process of 2w;=w,+w; occurs, the
wave of frequency w, in Fig. 6(a) should disappear. On the
other hand, if only nondegenerate FWM process of w;+ w,
=ws3+w, occurs, the power P; of frequency ws should be
approximately equal to P, of frequency w, in Figs. 6(a) and

6(b). Fortunately, our models can overcome these difficulties
and explain the experimental results of Fig. 6. Figures 6(a)
and 6(b) experimentally prove the fact that the double inde-
pendence resonances are preferable to a single resonance in
the FWM processes of both PCF and the conventionally op-
tical fibers (e.g., DSF).

By comparing Fig. 3 to Fig. 6, it is seen that, although the
power P, of w; is approximately equal to P, of w, in both
PCF and DSF, the powers P; and P, at w; and w, are un-
equal in Fig. 6 rather than equal in Fig. 3. These significant
differences originate from the dispersion performance and
can be explained from Fig. 1 and Eq. (9). Because of A,
~AB,=~AB;=0 in PCEF, the result of P;= P, can be proven
from the coupled equations of Eq. (9). However, AB,, AB,
and AB; in DSF are different. As a result, P3>P, if AB,
—0 [see Fig. 6(a)], and P;<P, if AB,— 0 [see Fig. 6(b)].
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All of these results can be reasonably explained by our pro-
posed theory.

VI. CONCLUSIONS

In this paper, a model describing multiple FWM processes
is investigated in the optical fibers, and the corresponding
coupled-mode equations are derived. The propagation equa-
tions involve one nondegenerate and two degenerate FWM
processes. The power conservation of four waves and their

PHYSICAL REVIEW A 72, 013811 (2005)

energy flow relationship are obtained. Our proposed models
are proved by the experiments, and are compared to the con-
ventional coupled-mode theory of FWM processes. The ana-
lytic solutions show that the power flow between two pump
waves is three times larger than that between two created
waves [i.e., Eq. (14)], and that self-stability function is cov-
ered in these kinds of multiple FWM processes. On the basis
of dual-wavelength EDF lasers, the self-stability effect is ex-
perimentally proven by clamping the mode competition of
EDF. The achieved results can find a lot of applications in
fiber lasers.
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