
Abstract. A simple model of a multicascade fibre Raman
laser is considered and analytic expressions are obtained for
its output characteristics. The efficiency of the Raman laser
is shown to be determined to a considerable extent by the
lumped optical loss of the cavity. A proposal is made to
estimate the quality of optical fibres as an active medium
for multicascade fibre Raman lasers from the efficiency of
the model Raman laser.

1. Introduction

In the last years considerable advances have been achieved in
the development of multicascade fibre Raman lasers. By
pumping such lasers by radiation in the 1-mm region, highly
efficient lasing (about 50%) can be obtained at almost any
wavelength in the region from the pump wavelength to
� 1700 nm. Since the first demonstration of such lasers in
1994 [1] they attract increasing attention because of their
unique properties.

These lasers have found one of the most important appli-
cations in fibre optic communication systems where they are
used as pump sources for fibre erbium andRaman amplifiers.
Because the position of the amplification band of a Raman
amplifier is determined by the pump wavelength, fibre
Raman lasers are promising for the use in broad-band wave-
length-division multiplexing communication systems within
the entire transparency region of optical fibres.

The efficiency of a frequency converter, whose role is in
fact played by a multicascade fibre Raman laser, is one of
the most important parameters. It depends on many proper-
ties of a fibre, which represents the Raman-active medium,
and of other elements of the laser, including a pump source.
Thus, the use of germanosilicate fibres as Raman-active
media, which are commercially available, restricts the Stokes
shift of the radiation frequency in each cascade of a Raman
laser by the magnitude �400 cmÿ1. In optic communication
systems, it is necessary to obtain frequency shifts of about
1300 ^ 3000 cmÿ1 (optical Raman amplifiers operating at
1300 nm require the pumping at l � 1240 nm, while Raman
amplifiers operating in the range from 1400 to 1650 nm, as

well as erbium fibre amplifiers should be pumped even at lon-
ger wavelengths). For this reason, to obtain a large radiation
frequency shift in a germanosilicate fibre, it is necessary to
use a multicascade Raman laser containing from three to six
cascades, whose conversion efficiency decreases with increas-
ing number of cascades.

In Ref. [2], the use of a phosphosilicate glass as a Raman-
active medium in one- and two-cascade lasers was demon-
strated. The SRS spectrum of a phosphosilicate fibre exhi-
bits a narrow line with a large Stokes shift of about 1300
cmÿ1, which exceeds the Stokes shift in a germanosilicate
fibre by a factor of three. This allows one to reduce the re-
quired number of SRS conversion cascades by a corres-
ponding factor. However, optical loss in phosphosilicate fi-
bres are somewhat higher, on the average (at the modern
technology level), than that in a germanosilicate fibres. There-
fore, to obtain the most efficient configuration of a Raman
laser, one should perform simulations of lasing in each spe-
cific case.

Lasing in an N-cascade fibre Raman laser is mathemati-
cally described by a system of 2(N � 1) ordinary differential
equations with the corresponding boundary conditions at
cavity mirrors. The results of numerical analysis of some
lasers of this type are reported in a number of papers (see,
for example, [3, 4]). However, because of a great number of
parameters affecting the laser operation, the numerical meth-
ods cannot give, as a rule, a clear understanding about the
ways of improving the laser design. In particular, a compa-
rative analysis of the efficiencies of a standard three-
cascade germanosilicate fibre Raman laser and a one-cascade
phosphosilicate fibre laser producing the same frequency
shift (with the optical loss level achieved in phosphosilicate
fibres at present) has not been reported in the literature so far.

Therefore, to predict the output parameters of such lasers,
it would be desirable to have the analytic solution of the prob-
lem. However, it seems that such a solution cannot be
obtained in the general case. This attracts interest to the
choice of a model problem that would be adequate to the
real physical situation and simultaneously admit an analytic
solution.

2. Choice of the model

Consider for definiteness the linear design of a cascade
Raman laser. The three-cascade version of such a laser
design in presented in Fig. 1.

Such a laser design has been studied in many papers (see,
for example, [1 ^ 4]). A multicascade Raman laser is based on
a fibre piece having the Raman gains gi (i � 0, . . . ,N ÿ 1,
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where N is the number of cascades of the Raman laser) at
wavelengths li�1 upon pumping at the wavelength li. The
fibre is placed inside a system of N enclosed optical cavities,
which are formed by the same number of pairs of Bragg gra-
tings of the refractive index recorded in the fibre core and
serving as mirrors.

The first cascade of the Raman laser, to which a pair of
Bragg gratings blazed at the wavelength l1 corresponds, is
pumped by a single-mode laser (usually, a neodymium or
an erbium fibre laser) at the wavelength l0. Each next cascade
is pumped by the radiation from the previous cascade. The
reflection coefficients of all the Bragg gratings are close to
100%, except one of the gratings blazed at the wavelength
lN (this grating is denoted by OR in Fig. 1) whose transmis-
sion coefficient should be chosen optimal to obtain the
maximum output power.

Besides, the laser contains an additional Bragg grating
blazed at the wavelength l0, which returns the pump radia-
tion back. The Bragg gratings can be recorded both direc-
tly in the active fibre and in pieces of a special fibre, which
then are spliced with the active fibre. The optical loss at
each of the wavelengths are characterised by their own dis-
tributed absorption coefficient ai.

If z is the coordinate along the fibre axis (04 z4L,
where L is the fibre length and pairs of Bragg mirrors in
all cavities are located at points z � 0 and z � L), the gener-
ation of Stokes components in the fibre during cw lasing in a
multicascade Raman laser is described by the well-known
system of equations (see, for example, [5, 6])

dP�0 �z�
dz

� ��k0g0�P�1 � Pÿ1 �P�0 � a0P
�
0
�
,

dP�i �z�
dz

� ��giÿ1�P�iÿ1 � Pÿiÿ1�P�i
(1)

ÿ kigi�P�i�1 � Pÿi�1�P�i ÿ aiP
�
i
�
; 0 < i < N,

dP�N �z�
dz

� ��gNÿ1�P�Nÿ1 � PÿNÿ1�P�N ÿ aNP
�
N
�
.

Here, P�i ( z ) is the power of radiation at the wavelength li
propagating in the positive (�) and negative (ÿ) directions
along the z-axis, respectively (0 < i < N); P�0 is the pump
radiation power; ki � li�1=li (04 i < N ).

The system of equations (1) is supplemented with boun-
dary conditions, which specify the pump radiation coup-
ling, reflection of radiation from Bragg gratings and outcoup-
ling of the last Stokes radiation component from the cavity, as
well as the radiation loss localised at points (for example, loss
at the splicing points of fibres of different types, loss at Bragg
gratings, etc.).

Note that the system of equations presented above takes
into account only the stimulated generation of Stokes compo-
nents and neglects any other nonlinear effects. Numerous
experimental papers devoted to cw Raman lasers (see, for
example, Ref. [7] and references therein) confirm the validity
of such simplification.

The result of the numerical solution of the system of equa-
tions (1) for a three-cascade standard germanosilicate disper-
sion-shifted fibre laser is presented in Fig. 2. The laser was
pumped by radiation at 1.06 mm and emitted at 1.234 mm.
The solution of a similar problem for a six-cascade laser is
presented in Ref. [4].

Note that the radiation powers of intermediate Stokes
components counter-propagating in the cavity only slightly
differ from each other and they can be approximately consid-
ered constant, independent of z. The distinct dependence on z
is observed only for the pump power P�0 and the power P�N of
the last Stokes component, which is related to the coupling of
pump radiation into the cavity and the outcoupling of radi-
ation from it. If we assume, as is usually done in the
discussion of lasing in solid-state (not fibre) lasers, that the
pump radiation is coupled uniformly over the cavity length
and all loss in the cavities are distributed uniformly (see,
for example, [8]), the dependence on z in equations (1) will
disappear and the approximation of powers of the waves
propagating in a multicascade Raman laser by constants
will become the exact solution of the approximate system
of equations.

In this paper, we applied such an approximation to a mul-
ticascade fibre Raman laser. We assume, within the frame-
work of this approximation, that the power of all the waves
propagating in a fibre is independent of z and all radiation
loss in the fibre are uniformly distributed over its length
and are described by the loss coefficients Ai.

Note that loss in the cavities of a Raman laser can be div-
ided into three types. First, this is optical loss in the fibre
(distributed loss), which are proportional to the fibre length
and are characterised by coefficients ai. Second, this is optical
loss caused by the elements of the laser design (lumped loss).
They include, for example, loss at the splicing points of fibres

l0 l3

Output
Pump HR HR OR HR HR
radiation l1 l3 l3 l1 l0

l2 SRS-active l2
HR fibre HR

Figure 1. Scheme of a three-cascadeRaman laser:HR (OR) are Bragg gra-
tings with high (optimal) reflectivity at the wavelengths indicated; . are
splicing points of fibres.
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Figure 2. Pump power and powers of Stokes components propagating in
the cavity of a three-cascade germanosilicate dispersion-shifted fibre
Raman laser as functions of z. The pump power at the fibre input is 3 W,
the fibge length is 160 m, the Raman gain of the fibre g0 � 5.2
dB kmÿ1 Wÿ1, and the output power of the laser is Pout � P�3 ÿ Pÿ3 .
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in cavities and loss caused by the imperfections of Bragg mir-
rors. These loss are independent of the cavity length and are
only determined by the method of fabrication of the cavity
elements. Therefore, the loss coefficient averaged over a
round trip in the cavity can be written as g=2L.

The parameter g is defined as g � j lnT j, where T �Q
nTn is the total transmission coefficient that takes into

account only the lumped loss in the cavity; and Tn is the
`transmission' coefficient at the nth point of the fibre (more
exactly, of the nth short fibre piece) with lumped loss. Each
quantity Tn appears in the above product as many times as
radiation passes the corresponding laser element during a
round trip in the cavity. For example, the loss in each fibre
splicing point (Fig. 1) will enter twice into the product. For
simplicity, we will assume that g is independent of the emis-
sion wavelength.

Third, there are useful loss that are related to the
outcoupling of the Nth Stoke component from the laser
cavity. It is known that the distributed loss are aR �
j lnR (2L )ÿ1j, where R is the reflection coefficient of the out-
put mirror. In simulations, the value of aR should be chosen in
such a way, depending on the other parameters of the prob-
lem, as to provide the maximum efficiency of the laser.

We also assume, within the framework of the approxima-
tion used, that the pump radiation is coupled uniformly over
the cavity length rather than through the fibre end and that
the highly reflecting mirrors (Bragg gratings) blazed at the
pump wavelength are located at both ends of the fibre rather
than at one end, as shown in Fig. 1.

Under such conditions, the pump radiation propagates in
the fibre in the form of two counter-propagating waves with
powers P�0 and Pÿ0 . It is absorbed in the cavity or is converted
to the first Stokes component. For the total pump power
coupled into the fibre equal to Pp0, the power per the unit
length is Pp 0=2L.

Then, because all the derivatives are zero and obvious
relations P�i � Pÿi � Pi take place, the system of 2(N � 1)
differential equations (1) is reduced to the system of N � 1
algebraic equations

Pp 0

2L
� 2k0g0P0P1 � A0P0,

2giÿ1Piÿ1 ÿ 2kigi�1Pi�1 ÿ Ai � 0; 0 < i < N, (2)

2gNÿ1PNÿ1 ÿ AN � 0,

where Ai � ai � g=2L (04 i < N ); AN � aN � g=2L� aR.
For the problem formulated in this way, a certain power
P�i (which can be readily obtained analytically) and a certain
laser efficiency correspond to each set of parameters Pp 0, L,
and aR. By determining optimal values of aR and L that cor-
respond to the maximum lasing efficiency for the given dis-
tributed and lumped loss in the cavity, we can obtain ex-
pressions for the maximum attainable efficiency. Note that
all the coefficients in the system of equations (2) can be mea-
sured experimentally.

It follows from (2) that the maximum efficiency of a one-
cascade Raman laser is

Z1 �
1
k0

(
1ÿ
"

g
Pp 0

*"�
a0
g0

�1=2
�
�
a1
g0

�1=2 #2+#1=2)2

. (3)

The maximum efficiency is achieved for the optimal fibre
length

Lopt1 �
g

2�a0a1�1=2
.

The analogous relations for a two-cascade Raman laser have
the form

Z2 �
1

k0k1

�
1ÿ

�
g

Pp 0

���
a1�k0g0 � g1�

g0g1

�1=2

�
�
k0a2g0 � a0g1

g0g1

�1=2 �2��1=2�2

, (4)

Lopt2 �
g
2

�
k0g0 � g1

k0g0a1a2 � a0a1g1

�1=2
.

The corresponding relations for a three-cascade laser are
more complicated:

Z3 �
1

k0k1k2

(
1ÿ

"
g

Pp 0

*
�k0g0a2 � g1a0��k1g1a3 � g2a1�

g0g1g2

�
�

k0g0 � g1
k0g0a2 � g1a0

�1=2
�
�

k1g1 � g2
k1g1a3 � g2a1

�1=2" #2+#1=2)2

, (5)

Lopt3 �
g
2

� �k0g0 � g1��k1g1 � g2�
�k0g0a2 � g1a0��k1g1a3 � g2a1�

�1=2
.

The corresponding relations for a Raman laser with a greater
number of cascades are too cumbersome. However, they can
be used if necessary.

3. Discussion

We can make the following conclusions based on the results
obtained. The efficiency of lasers is always determined by the
lumped loss g in cavities, which characterise the cavity
design, by the distributed loss ai in the fibre and Raman
gains gi in the fibre, the quantities ai and gi being dependent
only on the fibre used.

The quantities ai and gi appear in the expressions for the
efficiency only as the ratio a=g, which has the dimensionality
of power. If the problem involves several Raman gains and
several types of characteristic distributed loss, the final
expression will contain some combination of the ratios
a=g. The expressions in angle brackets in formulas (3) ^ (5),
which we denote as hPi, contain all information on the fibre
used and have the dimensionality of power. We have for a
one-cascade laser

hPi �
"�

a0
g0

�1=2
�
�
a1
g0

�1=2 #2
,

for a two-cascade laser

hPi �
�
a1�k0g0 � g1�

g0g1

�1=2
�
�
k0a2g0 � a0g1

g0g1

�1=2( )2

,

and for a three-cascade laser

hPi � �k0g0a2 � g1a0��k1g1a3 � g2a1�
g0g1g2
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�
�

k0g0 � g1
k0g0a2 � g1a0

�1=2
�
�

k1g1 � g2
k1g1a3 � g2a1

�1=2" #2
.

The expression for the quantum efficiency of a multicascade
laser can be written in the form

Zq � 1ÿ
�

g
Pp 0
hPi
�1=2" #2

. (6)

The parameter hPi characterises only the fibre, which plays
the role of a SRS-active medium. The efficiency of the cas-
cade laser substantially depends on the optical loss in cavi-
ties, the role of the lumped loss in cavities being especially
important. If the lumped loss are absent (more exactly, very
small), the efficiency of the laser can be large (in the limit, the
quantum efficiency tends to unity).

The question arises of the relation of this model to real
laser systems. Let us compare the results of calculations
based on this model with the real parameters of a one-cascade
phosphosilicate fibre Raman laser (1.06 mm ! 1.23 mm)
studied in Ref. [9]. Fig. 3 shows the dependences of the out-
put power of this laser on the fibre length calculated using our
model (dashed line) and obtained by solving numerically the
system of equations (1) (solid lines), as well as the experimen-
tal output power measured for a certain fibre length. The
results of the numerical solution and calculations using the
simple model well agree for long fibres, while their agreement
is worse for short fibres. This is explained by the fact that the
model neglects the pump loss after a round trip in the active
fibre (the pump radiation that was not absorbed during a
round trip in the fibre escapes from the system).

The quantitative and, undoubtedly, qualitative agreement
between a real laser and a simple model allows us to use ana-
lytic expressions of the model for estimates of real laser
systems. For example, we can compare the efficiencies of
various fibres as SRS-active media when they have different
loss and gains. In particular, by using expression (3), we can
compare the efficiency of one-cascade lasers based on differ-
ent fibres, giving the preference to fibres with the maximum
efficiency and assuming that such fibres will provide the high-
est efficiency in real laser systems as well.

As an example, Fig. 4 shows the dependences of the quan-
tum efficiency nq on a0=g0 and a1=g0 calculated from
expression (3) for the pump power Pp0 � 3:5 W and the
lumped loss in the cavity g � 0:4 dB. Similarly, expressions
(4) and (5) can be used to compare the efficiencies of fibres
in two- and three-cascade lasers.

Finally, using the expressions for a one-cascade phospho-
silicate fibre laser (3) and three-cascade germanosilicate fibre
laser (5), we can compare the efficiencies of these lasers upon
the 1.06 mm! 1.24 mm wavelength conversion. The parame-
ter hP i for a three-cascade germanosilicate DSF laser equals
1.59 W, whereas for a one-cascade phosphosilicate fibre laser
this parameter is only 0.88 W. In other words, despite the
higher loss in phosphosilicate fibres manufactured at present
(g0 � 5.3 dB kmÿ1 Wÿ1, a0 � 1:45 dB kmÿ1, a1 � 0:92
dB kmÿ1), a reduction in the number of conversion cascades
substantially affects the total efficiency of the laser. Thus, for
g � 0:4 dB and Pp0 � 3:5 W, the maximum efficiency of the
phosphosilicate fibre laser is 61%,whereas that of the germa-
nosilicate laser is only 46%.

4. Conclusions

We proposed a simple model of the multicascade Raman
laser and obtained analytic expressions describing its oper-
ation. We found the factors that determine the efficiency of
multicascade Raman lasers. One of these factors is the
lumped optical loss in the laser cavity. The results of mo-
del calculations allowed one to compare readily the efficien-
cies of different fibres as SRS-active media. Using fibres with
different Stokes shifts, it is possible to compare Raman lasers
with different numbers of cascades that provide the same
total shift of the radiation frequency.
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