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Abstract. A novel set of normalized coupled nonlinear dif- pump powers under the assumption of fiber single-mode op-
ferential equations drawn after Von der Linde et al. is usectration at the wavelengths of the beams involved in SRS.

to describe stimulated Raman scattering in optical fibers. The In Sect. 1 a description of the theoretical model employed
numerical solutions of the differential system lead in a naturain the calculation of Stokes modes output powers is reported.
way to the calculation of the ratio between Stokes and pumfi is an extension to fiber resonators of a model first intro-
powers at the output end of the fiber. The model is exploitediuced by Von der Linde et al. [10, 11] for the description of
to deduce the optimum performances df.@64m pumped Raman amplification of light pulses in €3Sn Sect. 2 a com-
third-order cascaded Raman laser operating at the wavelengihrison is made between the results of the simulation of fiber
of 1.24um in cw regime of operation, whose output shouldlaser performances obtained using this model and those ob-

be useful in pumping &.31-um fiber amplifier. tained by a previously described model which relies on a set
of coupled nonlinear differential equations in terms of beam

PACS: 42.60D: 42.80 effective powers [12]. In Sect. 3 our conclusions are finally
presented.

Since the majority of terrestrial optical communication sys-1 Theoretical model
tems currently operate at wavelengths closé.&um, there

is a need for amplifiers that regenerate the signals travel;, a preceding paper [12] the single-pass evolution of pump

ling at this wavelength. Very few proposals have been adﬂnd higher order Stokes beams of the Raman laser has been

vanced, (\;vithou'i_?uccegs, a(rj\d it zi%p:sars éhafllt ev_edn thf_ebrecen ¥scribed in terms of effective powers that take into account
p;%plf:e fg‘p' |r-],:frs ase l;)” h é)ped uoride :Aers 1, the finite width intensity distributions of the beams involved
(PDFAs) [1,2] suffer a number of disadvantages. A techy, gpg through the calculation of the beam power fraction in
nique proposed earlier, based on stimulated Raman scatterifiey, finer core. The definition of effective powers relies on the
(SRS), has been re-examined and found to be still a rqgqyction of effective core areas which appear explicitly in
bust candidate for amplification of the signal transmitted aj o <ot of the nonlinearly coupled equations which describe

1.31pm. o _ _ SRS within that model.
Raman amplification of the signal 281 m requires the Another way to take care of the finite beam width is to

availability of a pump source dt24um. Fiber laser emis- ; ; ;
) p ' X start directly from the set of nonlinearly coupled equations for
sion at this wavelength can be obtained through a third-ord eam intensities [13]:

Raman cascade pumped byNd*3-doped double-clad fiber
laser output atl.064um [3-5] in high-deltaGeQ-doped dlp Vp
silica fibers, where feedback is provided by low-loss, high-E = —ng_ lpls; —aplp
reflectivity fiber Bragg gratings (FBGS) [6]. 2

A number of papers employing this scheme have redls =grlpls _gRﬁk le. — e |
cently been presented [7—9] and shows that SRS indeed offer§z P Vg, T2 T
arugged and reliable alternative to PDFAs. A novel theoretdls, Vs,
ical model is presented for the analysis of fiber laser perfor—g, = JRlale = Or7=lsls —asls
mances in the following. dl USG

The numerical solution of this model allows us to calcu-—2 — ORrls,ls; — gR_SG lggls, — sy lss
late the ratio between Stokes output powers and fiber—coupledjz Vsy

dls,

* Corresponding author dz ORlszlyy —agylsy (1)
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wherel;, v, oj, i =p, 81, - .. , &4 represent the beam intensi- In terms of theK’ functions the set of differential equations
ties, the frequencies, and the attenuations at pump and highessumes the following form:
order Stokes modes wavelengths, respectively.

We now introduce the following adimensional parame-dKj Vo o,
ters: a9z - _E KpKs, exp(—as, L)
dKéﬂ_ I vw! USJ_ / /
Z =zRlpO,1) 4z - Ksz1 exp(—apl) — = Ksl KSQ exp(—as,L)
,3|=01|/gR|p(07r)7 i:pvsls"'vs47 (2) 7 2
dKg,

V
_ o _ _ ——2 = K{ KL, exp(—as L) — —2 KL KL exp(—as; L)
wherez is the longitudinal coordinate of propagation along dz Vs
the fiber axis,|,(0,r) is the pump intensity distribution at dKg, L Vsy o,
z=0 andgr is the Raman gain coefficient at the pump wave- g7 — KeKe 8XP(—agl) = =K Ky, expl—as, L)
length. The initial pump intensity distribution is regarded as s S
a function of the radial coordinate in a plane normal to the__% _ k' K’ exp(—as,L) . (6)
beam direction of propagation as a consequence of the asdZ B %
sumption of laser single-mode operation. The beam intensi-

ties are then replaced by the following normalized intensity! "€ gain and loss coefficients for the functions are deter-
functions: mined both by the attenuation coefficients and by the fixed

fiber lengthL.
The main parameters we are interested in are the ratios be-

Ki(D)=1(2D)/1p0.1) i=psi.... % (3)  tween Stokes beams output powers and fiber-coupled pump
power:
which allow us to put the differential system (1) in the follow-
ing form: P (L)
i= (7
Po(0)
dK,

__% _
dz = vy KpKsy = BoKp The pump intensity distribution on the fundamental mode can

dKsg, Ve, be approximated by a Gaussian function,
a7z = KeKa == Kg Ky =B Ky ,

dK 52 Ip(0. 1) = 1p(0, 0) exp(—2(r /wp)*) , (8)
—F = Ky Kg = 2K, Kg, = B, Ks, . .

dz Vs wherewy is fundamental modal beam radius [14], and the
dKg, Vsy power ratios at the output end of the fiber can then be calcu-
gz — KeKe—~“KeKy —faKe lated as:

S4

dKg, 0
e S _ 15(0, NK;(1,(0, r))rdr

57 = KeKe = BaKs, @y Jo 1p(0.DK;(Ip(0.1)) ©)

Jo~ 1p(0, )r dr
Both the adimensional paramef&and the normalized atten-
uation coefficient®;,i =p, s1, ..., & depend on the pump
intensity distribution az = 0.
It is possible to solve the differential system (4) distin- 1p(0.0)
guishing the two following cases: P Jo" T Kj(hdl (10)
) (0,00

By changing the variable of integration, the power ratios can
be written as follows:

1. the normalized intensitiek are calculated for a given
value of incident pump intensity as a function of the dis-
tance of propagation along the fiber axis;

2. the normalized intensity functions are calculated fo
a given fiber length as a function of incident pump inten-
sity.

Since our scope is to analyse the effect of a definite beam  p (L) ZKi(Z2)dZ
; L DR ' : o _Jo ™
intensity distribution over the fiber cross section we choséij = P.(0) Z

to deal with the second case. In what follows the numeri- P f

cal integration of the differential set of nonlinearly coupled ; PR .
equations (4) will be given assuming a fixed fiber length aé/vhere the upper extreme of integration is given by:
a function of the initial pump intensity values. If the fiber ,,
length is fixed, the differential system can be set in a mor(,Zf =Z&Ip(0.0). (12)
practical form by an appropriate change of representation.
define a new set of functiont§’ given by:

wherel (0, 0) is the pump peak intensity at= 0. A further
rchange of the variable of integration allows the power ratios
to be directly evaluated in terms of the adimensional parame-
ter Z.

: (11)

W o : . :
3?he normalized intensity function§(Z) which are requested
for the calculation of the power ratios can be obtained by in-

, tegrating the differential system (6) between 0 afydand
Ki=Kiexp(gi2). () inverting (5).



The initial conditions for the normalized intensity func- o4
tions in the new representation have been approximated

follows: 0351 ]
Proise o3 i
Ki=1 K. = (13)
p S ff
RST(0) |
2
©
where Phoise IS the spontaneous emission contribution to g °2f \ 1
Stokes mode power [12] arf™(0) represents the effective § N

fiber-coupled pump power. The numerical integration of the ©°1s- oy
differential system, subjected to appropriate boundary condi K TS e
tions for each Stokes component, has been performed usit  °if / e

either a standard Runge—Kutta numerical integration metho v T

or a stiff integrator, giving results in substantial agreemen °%p / 7 7
in both cases. In Fig. 1 the nomalized intensity functiéhs // e

are plotted vsl,(0,r) for a 800-m-long fiber sample with % 05 1 15 : ‘

2 3

a26% Ge, dopant concentration] in the fiber core, a max- pump peak intensity [W/m?] x 10"
imum index difference\ of 0.036 and a cutoff wavelength of Fig. 2. Power ratiosh at the output end of 800m 26% GeOy-doped
0.98um. The value of Raman gain coefficient has been defiber sample with €.98-um cutoff wavelength and 0.036 maximum index
duced from [15], taking into account the inverse dependencgfference as a function of pump peak intensityzat 0
on pump wavelength [16], the linear dependenceGa,
dopant concentration [17] and the fact that the Raman gain
coefficient forGeG; fibers is about eight times higher than for present at the end of the fiber, all the others being vanishingly
SiO; fibers [18]. Note that the value reported in [15] is aboutsmall.
half the value reported in [19] in order to account for the ef-  For the simulation of beam propagation of the cascaded
fects of polarization scrambling. By making use of (11) thefiber Raman laser, the initial conditions for the beam succes-
Stokes-to-pump power ratios have been obtained as a funsive passages in the resonator cavity have been determined by
tion of pump peak intensities (Fig. 2). averaging the normalized intensity functidd®btained from

If we compare the results reported in Fig. 1 with those inthe numerical integration over the previous passage between 0
Fig. 2 we observe that power ratios rise to a maximum valuandZ;. As it is evident from (7)Z; is a function of the pump
within the range of pump intensities where tke functions  peak intensity value.
have substantial values and for laser intensities beyond this In the forward propagation passages the pump peak in-
range they are inversely proportionallig0, 0). tensity value is fixed for a given input pump power whereas

The results reported in Fig. 2 differ from those obtainedn the backward direction it has to be determined from effec-
by integrating the nonlinear differential system for the ef-tive residual pump power after reflection off the cavity output
fective powers [12] in that the pump and the Stokes modesmirrors.
powers show up simultaneously at the fiber end. In the for-
mer case only one Stokes beam, or at most two of them, are

2 Results of the simulations
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Fig. 1. Normalized intensities vs pump intensities a& 0, Ip(0,r) for

version efficiencies, thresholds, and figures of merit obtained
within the model described above have been plotted against
fiber cavity length for two fiber samples with different dopant
concentrations. The plots are reported in Figs. 3 and 4 for two
different values of the third Stokes output coupling coeffi-
cient, the relevant fiber parameters being specified in each
figure caption.

The figure of merit has been defined as the ratio be-
tween slope efficiencies and threshold powers corresponding
to a given fiber length:

| ffici
o  Slope efficiency (14)
P

The slope efficiency behaviour as a function of fiber length is
determined by the cavity losses: as a matter of fact slope ef-
ficiencies are lower foR0% output coupling configurations
and, for a given value of third Stokes output coupling, for the

a800m 26% GeOy-doped fiber sample with 8.98-um cutoff wavelength ~ MOSt strongly doped fiber samplle. which i.S al_so characterized
and 0.036 maximum index difference by a faster decrease of slope efficiency with fiber lengths. The
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threshold decrease with fiber lengths is exponential: thresh- For a20% third Stokes output coupling, the optimum res-
olds are lower for the most strongly doped fiber sample whiclonator performance (determined by the maximum value of
features both higher Raman gain coefficient and smaller cotthe figure of merit) corresponds to a fiber lengtdoD mof
areas. For both values of third Stokes output couplings ththe most strongly doped fiber sample. This cavity configura-
optimum resonator performance is obtained using the mosion features a threshold d53 mW and a slope efficiency
strongly doped fiber sample. of 51%. For a4% output coupling, the optimum resonator
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Fig. 5a—d. Comparison between the cal-
culated values ofa slope efficiencies,
b maximum conversion efficiencies,
¢ thresholds,d figure of merit vs fiber
length for a third-order cascaded Ra-
man resonator with4% third Stokes
output coupling within model Idashed-
dotted ling and model Il éolid line).
Fiber parametersp = 18%, A = 0.026,
Ac=1pm

Fig. 6a—d. Comparison between the cal-
culated values ofa slope efficiencies,
b maximum conversion efficiencies,
¢ thresholds,d figure of merit vs fiber
length for a third-order cascaded Ra-
mam resonator with20% third Stokes
output coupling within model Idashed-
dotted ling and model Il éolid line).
Fiber parametersp = 18%, A = 0.026,
Ae=1pm

Grubb and co-workers using8®0-m-high deltaGeG-doped

most strongly doped fiber sample. This cavity configuratiorfiber and a20% third Stokes output coupler [7] whereas for
features a threshold d60 mW and a slope efficiency of a 4% output coupling the calculated value of threshold is
51.1%. The calculated values of the parameters defining thalmost halved and slope efficiency is slightly lower [7]. In
fiber laser performance for a0% output coupling are in Figs. 5 and 6 the performance parameters calculated with the
good agreement with the performance parameters obtained byodel described in the present work (model II) are compared
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with those obtained within the previously reported modela 26% GeO-doped fiber sample both f@0% and4% third
(model I) for the most strongly doped fiber sample. As showrStokes output couplings. The values calculated within this
in the figures the main differences between the two sets ahodel are in good agreement with the reported experimen-

calculated values are as follows.
1.

tal values of slope efficiencies and thresholdsZ@¥ output

The slope efficiencies obtained within model Il showCoupling: for a4% third Stokes output coupling the calcu-

a roughly linear decrease with fiber lengths within thelated fchreshold vaIug—:- is even much lower than the reported
range of fiber lengths taken into consideration in the sim&xperimental value (it is almost halved).

ulations whereas those calculated within model | feature It is our opinion that this model provides a more realis-
a rapid decrease with fiber lengths for small fiber lengthgic description of the performance of a cascaded fiber Raman
and a slower decrease for longer fiber lengths; laser than the previously reported model since it relies on
The calculated thesholds within model Il are considerably differential system where the functions to be integrated
lower than those of model I; are the conversion efficiencies of the pump intensity com-
The maximum conversion efficiencies calculated withinponents across the fiber section, thus being more sensitive
model Il reach higher values than those calculated withirio the effective spatial intensity distribution than a model
model | but show a faster decrease with fiber length fowhere the beams are approximated by plane waves with con-
long fiber lengths. stant intensities across planes normal to the beam direction of

The apparent contradiction between these results is a coRfoPagation.

sequence of the fact that our model predicts third Stoke
linear power scaling within the range of input pump pow-
ers taken into consideration (up 3% W) only for relatively
small fiber lengths. By increasing the fiber cavity length the
range of input pump powers over which the resonator featur
linear power scaling narrows. In fact, by increasing the fibe
cavity length, the fourth Stokes Raman thresholds decrease1
resulting in a rapid depletion of the third Stokes beam. This
fact may be regarded as a consequence of the use of fibers
with both high dopant concentration and extremely small core
areas (the fiber core diameters being less tham for the
most strongly doped fiber sample).

ica

3 Conclusion

A redefined model for the description of a third-order cas-
caded Raman laser operation has been reported where the fi-
nite width beam transverse modal distribution has been taken

into account. The set of normalized nonlinearly coupled dif- &
y P 7. S.G. Grubb: Proc. OSA OAA '95 Davos, SaAl-1 (1995)

ferential equations descnbmg SRS has been mtegratEd fOI’8: E. Dianov, D.G. Fursa, A.A. Abramov, M.M. Bubnov, A.M. Prukhorov,

a number of fibers of different lengths corresponding to dif-
ferent laser cavities.

The results have been compared with those obtained9:

within a prevously reported model where the beam propa-

main differences between the two sets of calculated values

arise from the presence of lower threshold powers, slope efi2.
13.
14.

ficiencies, and maximum conversion efficiencies.
The lower values of maximum conversion efficiencies are
a consequence of the fact that our model predicts linear power

scaling of third Stokes output power only within a limited 16.

range of input pump powers; the decrease of third Stokes

maximum conversion efficiencies with fiber length is faster 17-

for the most strongly doped fiber sample. The results of th
simulations show that maximum conversion efficiencies of

fiber-coupled pump power up ®0% are reachable both for 19

3.

4.
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