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Abstract

A comprehensive and accurate numerical model is presented based on basic coupled

equations to describe multi-Stokes Raman lasing performances in optical fibers. Though much

work has been done on this, there are insufficiencies and shortcomings more or less in the

literatures after analysis of them. These insufficiencies are also pointed out in this paper. The

interactions between forward and backward traveling waves together with interactions between

Stokes at different orders are all taken into account in this model. Effective core area for the

interaction between multi-Stokes has also been obtained. The numerical solution of the

differential system will lead in a natural way to calculate Stokes powers at the output end of the

fiber. The proposed model is important for the design of CW cascaded Raman fiber lasers.
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0 Introduction

In recent years, CW (continuous wave) multi-
Stokes Raman fiber lasers have attracted much
interest because they can provide suitable pump
sources for Raman amplifiers operated in optical
=4 For

Raman fiber lasers with a silica single mode fiber

communications example, cascaded
pumped around lpm can generate radiation at
wavelength of 1. 24 ym for the 1. 3 pm Raman
amplifier through three-fold Stokes conversion.
[t can also generate radiation at wavelength of the 1. 48 ym
: pumping fiber

amplifiers or pumping Raman amplifiers in the

for remotely erbium-doped

1. 55 um spectral window by sixfold Stokes

(4~ Such a laser consists of three and

conversion
six pairs of Bragg gratings for 1. 24 ypmand 1. 48 ym,
respectively, since germano-silicate fibers have a
small Stokes frequency shift of ~ 440 cm™'.
However, for a phosphosilicate fiber the first and
the second Stokes orders at 1. 24 ym and 1. 48 pm
can be obtained’™*!. Regardless of what kind of
fiber, optimization of the

conversion efficiency in multi-Stokes Raman fiber

power /quantum
lasers requires numerical modeling, since there
multiple-boundary
Stokes

exists complex nonlinear,

power transfers between the different
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orders. The first numerical model of Raman fiber
laser was presented in 1979 by Auyeung and

[10]}

Yarivt'®, only considering the first Stokes wave.

Several other theoretical models have been
presented after. In ref. [11], effective core area
was associated with the interaction between the
pump and the ith Stokes mode. In ref. [12], a
numerical model was implemented to describe 1064 nm
pumped Raman fiber laser at 1240 nm. In ref.
[13], the single pass evolution of the pump and
Stokes beams in a fiber cavity was considered and
the Raman gain coefficient gr was unchangeable for
any the Stokes order. In ref. [14], effective core
area was the constant for all the Stokes order. An
elaborated coupled-equation analysis of Raman
fiber laser was described in ref. [15], but there
exist some shortcomings, which will be discussed
in the next section. In this paper, we present a
comprehensive, accurate numerical model based on
nonlinear-coupled equations for a multi-Stokes
Raman fiber laser. In addition, we obtain a general
expression for the effective core area for the
interaction between multi-Stokes in contrast to the

model referenced in ref. [11].
1 Theoretical model

The basic coupled equations for a CW Raman

laser is
dI,
d*z‘:gRIPIs—asIs o
dI
E‘ZE:"C‘:{‘gRIstW%Ip

where a, and q, represent the fiber loss at the signal
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and pump frequencies w, and w,, respectivelyt'™,

I. and I, represent the signal intensity and pump
intensity, respectively, and gy is the Raman gain
coefficient.

For a two orders cascaded Raman laser, the
second-order Stokes wave is generated pumped by
That is, the mutual

interaction exists between the pump wave, the

the first-order Stokes wave.

first-order Stokes wave and the second-order
Similarly, in the n orders Raman
fiber laser, the kth-order Stokes interacts
simultaneously with the (£#—1)th and (£+1) th-

order waves traveling in both directions. That is,

Stokes wave.

cascaded Raman generation can be viewed as an

fundamental stimulated Raman

( SRS)
generated Stokes wave acts as a pump to produce

iteration of

scattering processes in which each

the next one. So, by taking into account the
coupling between both co-propagating and counter-
propagating waves, the evolution of the pump and
Stokes intensity along the fiber length can be
described, in steady state, by a set of ordinary

nonlinear differential equations as follows

dly _ - . o1 —yqE
e Tl q: XL g +ID I
dIsk slz

=TFaulZ gt (I Flar D IE £
dz =Taa val Tt rr1) T 2

k lk(Isk 1+Isk—1)lsji sk=1,",n

dIz
dz

In the above system, I, represents the kth-order

—:F(le:; igR 1 n(Isn 1_'_1;7;*1)137:1

Stokes intensity ( + stands for forward and-for
backward propagating) v, its frequency and g& !**
its Raman gain, which is related to the dopant
concentration of the Raman fiber and the two

B8] The zero-order of above

frequencies y,—; and v,
parameters represent the pump. Here spontaneous
Raman scattering which is often correct in most
cases is neglected.

In general, the intensity term I, with the
appropriate subscripts in (1) and (2) varies with
respect to an (r, @, z) cylindrical coordinate
scheme. However, since the weakly guiding
transverse mode LP; is axially symmetric, it is
independent of §. In addition, it is assumed that
the radial dependence of the intensity terms
remains constant as the waves propagate along the
fiber. That is, the depletion and growth in
intensity take place only in the z-direction. Thus,

we have

L,(r,0,2)=f;(r,®I1,(2) (3)
where f (7, 0) refers to the radial variation in
intensity and is dimensionless, I(z) refers to the
axial variation in intensity and has the dimension of
power/area.

In practice, power is often used instead of
intensity. If consider the variations of pump power

P, and signal power P, along the fiber,it gets

2 oo
P, (z)= gd@i I,(r,0,2)rdr=

o

T oo

I,(2) » [d8] fo (ry®rdr=1,(2) A,
. “4)
Psk(z)zid@flsk(r,ﬁ,z)rdr:

0

2p 0
I,(2) idﬁifsk(r,ﬁ)rdr-: I1,(2)A,

Define I'y—1,. as
2x

Fy—1,6= idﬁjfskfl (rs® fory@Drdr, k=1, ,n(5)

Now ,integrate (2) with respect to r and @ to
obtain coupled equations in terms of power with

respect to length

dP§—$a prxl ‘”‘g (PS+P ) Pf

d ’ Vs1 A Asl 8 *
dP Vsk Psk,sk+1 k k1

d :|:a5kP Vsk+1 AskAsk+l (P§k+1

I — (6)

sk+l)Psk—m k 1k(Psle 1+Psk*1)P§z
dstr:r _ + anvl sn —1,n

o = TauPa i‘Asn A8k (Pos
P;,I)st; (k:19"',7l)

where P, represents the kth-order Stokes power.
Following Urquhart'!*, define effective core
area for the interaction between the (k—1)th-order
Stokes wave and kth-order Stokes wave as
=1,k AskﬂAsk:

eff F
sk—1,sk
x oo

[40] fumr (a0 rr « i"deffsk (O rdr

o

= sk=1,yn (7)
({d@({fsm (rs®) fu (ry®rdr
Then, (6) can be simplified to
de: 0,1
L= FaPi :F:—"l g% (PL+POPE
dPz + _
dzk _q:askP :il Akﬁk+1 (P:k+l +Psk+l) *

(8

stii‘gl: 1[Z(P§k 1+P-;71)stli yk=1,,n

eff

+
dPsn ::Fas,,Pgi,.i‘gR

dz o e

This set of equations is very similar to Eq. (1) in

(Pw +PL_ )P
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ref. [15]. However, note that there are mistakes in
Eq. (1) of ref. [15], i.e. s the superscripts of two
important parameters A. and gy are incorrect. For
example, when £=1,gk ' in Eq. (1) of ref. [15]

becomes g}, which is meaningless in practice.

2 The effective core area

As for the effective core area A., a typical
method for obtaining it is to follow the procedure
described in ref. [117, cited in ref. [15]. However,
the model used for the stimulated Raman scattering
in ref. [11] is different from the model here.
Specifically, in ref. [11], there is no mutual
coupling of the Stokes modes, and A. dependents
on the pump and the kth Stokes wave. In our
model, A% '*

Stokes wave and its pump light, i, e. the (k—1)th-

is associated with the kth-order

order Stokes wave in the fiber.

Now derive the effective core area A% " in our
model. If the radial variation of intensity is that of
the weakly guiding analysis, one must resort to
numerical integration. However, for single-mode
fibers, the fundamental mode field distribution can
be well approximated by a Gaussian function

V. (r)=exp (—r* /o) D
where w; represents the spot size of the mode field
pattern, i. e. , the half width at 1/e* maximum for
the ith beam. Note that «;, can be obtained by
fitting the Gaussian intensity distribution to the
exact distribution as deduced from the resolution of
the eigenvalue problem for weakly guided
modest'™. Then, f(r,8 has the form

fi(r,® =exp (—2r" /i) aom
From (10) and (7), the effective core area
k1% can be shown to be
A, A,
’;{f"’*=ﬁ:%<w2ﬁ+wik> (1D

[18]
’

Following Marcuse one has the following

empirical expression for o
1.619 | 2. 879
%g(o. 65+W+—‘/T

where g is the core radius and V is the normalized

) (12)

waveguide parameter. At each wavelength, the
guided modes of the fiber have a different V-value
and consequently a different spatial distribution.
Here, it is assumed that the generated Stokes
beams are fairly far from the cutoff wavelength. If
the pump wavelength is below the cutoff, within
the linear polarization (LLP) approximation we can
assume that the pump power is distributed on two
transversal LLP modes.

The system (8) can be solved using a standard

Runge-Kutta integration method or so-called
shooting method with boundary conditions, or a
collocation software for boundary-value ordinary-
differential equations, which are mentioned in
some papers, for example, in ref. [14] and ref.

[157, and thorough discussion are not given here,

3 Conclusions

It has presented a comprehensive, accurate
numerical model for optimizing the power/quantum
conversion efficiency of multi-Stokes Raman fiber
takes into account all

lasers. This model

interactions between forward and backward

traveling waves. A general expression has been

obtained for the effective core area, which is

critical for describing the intcraction between the

kth-order Stokes wave and the (% — 1) th-order

Stokes wave,
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