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An analytical approach for the design of cascaded Raman fiber lasers is presented. The model computes the values of the pump and !
powers at the fiber laser output based on the boundary conditions, the invariants resultanting from the analysis of the coupled differe
equations, and assuming that the sum of the forward and backward Stokes waves resonated inside the cavity is constant. The mo
applied to Raman fiber lasers based on five nested cavities and compared with published results based on numerical models obtaining ¢
correlation.
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Presentamos una aproximaeianaitica para el dis&o de hseres Raman de fibégptica con configuradin en cascada. El modelo calcula

los valores de las potencias de las ondas de bombeo y ondas Stokes en el extremo de sadidladiefibra usando las condiciones en la
frontera, las invariantes resultantes dedlesis del sistema de ecuaciones acopladas, y suponiendo que la suma de las ondas Stokes reson
dentro de la cavidad es constante. El modelo se utiliza para analizar el casc&adendRdman de fibi@ptica con cinco cavidades anidadas,

y los resultados, se comparan con los obtenidos mediagtiedms nuraricos en la literatura logrando una buena corrélaci

Descriptores: Fibrasopticas; aseres de fibraakeres Raman en cascada: modelado.
PACS: 42.55.Wd; 42.55.Ye

1. Introduction Bragg gratings spliced on both ends of the Gadped sil-

ica fiber. Coupled power equations describing the interac-
Raman Stokes generation in silica-based fibers is now an efion among n-Stokes waves inside the nested cavities are ex-
tablished technique for the generation of laser light in thepressed as [7]:

transparency range of optical fibers, particularly in the wave-
length range of 1.1-1,8m. Nested [1], chained [2], ring [3], dPy (2) _ Ang1 + -

. . . + 9n,n+1 (Pn+1(z) + P, +1 (Z))
and composite [4] cavities have been used for the generation ~ dz An
of cascade Stokes waves with multiple output wavelengths. + - _ +
Most of these sources are thought to be used as pump sources Entn (Pna(9) + P () —oa] PRG), ()
for discrete and distributed Raman amplifications, as well awhere P (2) is the power of the nth-Stokes wave propagat-
remote pumping of Er"-doped fiber amplifiers, in long-haul ing in the forward or backward direction,, is the loss co-
telecommunication fiber systems. The multiple output Stokegfficient at the wavelength of the nth Stokes wave, and the
wavelengths are generated among the Raman gain bands Riman gaiy,, 11 is defined by
the optical fiber, and they are selected to provide flat and
broad gain over the optical band of interest {Band, S-band, Grns1 = gr/An(pm) @)
M-band, L-band, and/or t-band). Several numerical mod- " Apnyr

els for single [5-8] and multiple [9] output wavelengths cas- heregy, is the Raman gain coefficient,, is the wavelength

caded Raman lasers have been published. Analytical mode the n pump wave for the n+1 Stokes wave, ang, ., is
have also been published for single cavity Raman lasers [10 he effective interaction area between the pl'Jmp’and Stokes

and smgle.wavelength gascaded Raman fiber Iagers [11]. Waves. The effective interaction area is related to the mode
contrast with the numerical modeling of Raman fiber Iaser?Iield radii W,, through [12];

which obscures the physics of the process, analytical mo

i i i Us
els permit a better understanding _of the_param(_aters affecting Appi1 == (W2 4+ W2,). (3)
the fiber performance through a simple inspection of the so- 2
lutions. In this paper, we use an analytical approach for the From relation (1), we can obtain the following constant
solution of the coupled power equations that describe the inndependent of distance z [10]:
teractions and performance of cascaded Raman fiber lasers.

K, =P (2)P; (2) 4

2. Model We will consider the following boundary conditions for
the resonated waves:

Figure 1 shows a schematic diagram of a Raman fiber laser i m .

with five nested cavities, consisting of high reflection fiber Pl (zy') = RnPy (27)) (5)
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GeO;~doped fiher Output where it is assumed that all the resonated Stokes waves are

HR FBG's  coupler over the laser threshold.

PRI AR }L' T' The main assumption of our model is that the sum of
i 1 At fa s s the forward and backward resonated waves is approximately
FIGURE 1. Schematic diagram of a five-nested cavities Raman constant for all the resonated Stokes waves. This assumption
fiber laser. was already used in Ref. 13 to obtain an analytical model for
two cascades Raman fiber laser. In addition, we assume that
the pump wave suffers strong depletion, so that we may ap-
proximate the integral over the cavity length L of sum of the
forward and backward pump waves as follows:

Pump HR FBG’s

Py (zpt) = R, Py ("), (6)

whereR,, andR), are the mirror reflectivities at the input and
output side of the nth-cavity, respectively. The length of the L

nth-cavity is given byL,, = 22%* — zi", where the notation / Pj 4+ Py )dz ~
accounts for the possibility of chained or composite cavities.

In the case of a nested cavity fiber Raman laser, we will have

Zin = 0y 0% = L. We will assume that = 0 stands for ) . )
the pump wave that is not resonated. Under the assumption of a small-signal regime for the last

Stokes wave that is not resonated, we found that the integral
over L of the sum of the forward and backward portions of
such wave may be approximated as

Py (0)
Lg0(P 4+ Pr) +ao

©)

0

The general solution of Eq. (1) is given by

z

PE&=PE ) explF 5 g [ (P4 P ) de

in
Zp

ign_l,n/(P:_l—kPn l)dz—an(z—sz) . (7

For the resonated Stokes waves we have the following os-

L
/ (P + P, 25/ (0)
) gvz—l(P;—l +Pn_—1) — Qp

x sinh[gn,_1(P,_; + P,_;) —a,].  (10)

n

cillation condition Relations (9) and (10) are useful to link the complete set of
Jout equations arising from the resonance condition [Eq. (8)] for
~ Anp Y n _ each laser wavelength. In order to simplify as much as pos-
Ty, It / (P + Pria) dz + gn1n sible the analytical solution, we only use Eq. (10) as an ac-
zin cessory condition, so that after obtaining adequate relations

we assume that,p ~0 (where m corresponds to the Stokes

out
Zn

Pt 1 i out g wave following the last resonated Stokes wawe, m=n+1).
/ (P “1)dz=—3zln (R R") + anln, (8) From Egs. (8) to(10), using the last approximations and
zin rearranging, we obtain the following set of coupled equa-
|  tions,
A2 n _ 1 , A1 n
_)\791 (P2 —|—P2 )L—OQL—F iln(RlRl) )\ go(P +P —|—a0 +goP0 —0 (11)
1
—22gy (P + Py )L+ gi(Pf 4+ P7)L—asL+ $In(RaRy) = 0.
Ao 3 3 14 1 2 21ty
: (12)
— : Yn—2 (Py_1 + Py 1) L+ gn-3(Py_3+ P, 3)L —ap2L + 5In (R, 2R}, _,) = 0.
(gM (Bf s+ Pra)L-0,altim (Ran;1)> (gus(Py + Pry) — ) =0, (13)
Relations (11) to (13) can be easily modified taking into account different cavity lengths. By using,
P y(L) + P,_y(L) = P,/ (L)1 + R}, _y), (14)
and
Ptransmztted P;:_ 1(L)(1 ~ R 1) (15)
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we found that the transmitted power for 1-cavity, 2-cavities, 3-cavities, and 5-cavities Raman lasers can be written as:

Py (0)
(1/2) ln(RlR’l) — O[lL
£y (0)

&%)

g0

- )

g0

(16)

hl(R]) _ % (17)

(

Aog1

g1 (Ag0/Xog1) el — (1/2)In(RyR})] 4 aoL
Py (0)

gL 91) '
IH(RQ) - OLQL . )\Oglal

(

A1g2 (A2g1/A192)[as L — (1/2) In

Ag (1 — Ry)

A2g30ia

AoA2g1gzan ay

).

(18)

+
(R3Ry)] — In(Ry) + o L 9oL A19092

1)\293 ID(RQRI2> }1H(R4Rﬁl)

P5fcav —

out

{

A39294  A1ga
1\

As (1+RE) | AMAsgogaga
1 )\2)\39294&1[1
x P (0 (
0 (0)/ 2 Aor2g193
71 A3g4 ln(RgRé) . 1 )\4 IH(R5R3)
4 Aog3 4 Ao

1 Asgaasl
2 Aogs

)}

2%

+ o1 asL ——

2 g4L

1 /\1)\39294 ln(RlR'l)
AoA29193

2 A3gogalL

4

(19)

Relations (17) to (19) show the dependence of the Ra-

man fiber laser output on the parameters of the cavities,

pump power, Raman gain, mirror reflectivities, wavelengths,
loss, and fiber length. The model neither includes the effect
of amplified spontaneous emission nor Rayleigh backscatter-
ing that affect the effective power transfer among successive

— pure SiO,
5 mol% GeO,
22 mol% GeO,

Stokes waves.

3. Raman gain

The peak Raman gain for pure silica at frequency shift

13.2 THz is estimated from the following relation [14]:
gr(SiOy) = 0.99 x 10713 /X [m/W], (20)

where\ isin um. For random or depolarized pump evolution,

" m/W]

I

1.0

g, [x1 0"

0.5

0.0 Vi 1 1 1 1
) 10 20

Raman shift [THZz]

40

the Raman gain coefficient must be reduced by a factor of 2JFIGURE 2. Raman gain spectrum as a function of frequency shift

Pure GeQ has a peak Raman gain coefficient at 12.59 THz
~ 7.4 times than that of silica [15]. By assuming a linear
change in the Raman gain coefficient with Gegdncentra-
tion, we found

9r(SIO; — GeQy) = (1 — Xino1%)gr(SIOy)

+Xmol%gR(GeQ)- (21)

for several values of Ge3-doping.

where we have assumed thai(GeG,) ~ 7.4 gr(SiO,) at

the peak value of the Raman gain for $j@hich has been
reduced by a factor of two to take into account the random
evolution of the polarization state of the pump and Stokes
waves.

Figure 2 shows the change in Raman gain spectrum for sev-

eral values of Ge@—doping.

4. Five-cascades Raman Fiber Laser

By using Eq. (21), we found that even a small concentra-

tion of GeQG, (3.15mol%) shifts the peak of the Raman gain

Now, we use relation (19) to model a Raman fiber laser

towards 12.59 THz. In fact, the peak Raman gain frequencgonsisting of five cavities starting from a pump wave-
shift, measured experimentally, is found at 13.2 THz. Frome€ngth at 1.Lm. The output wavelength of this laser is

Egs. (21) and (20), the depolarized peak Raman gain for
GeO,-doped fiber may be estimated from:

. 4 10713
(S|02 _ GeQ) — %

X (]. + 6.49815Xmol%) )

peak
IR

(22)

Rev. Mex. k5.51 (4)

at 1.427 ym, similar to that of Ref. 5. We assume a
fiber with 22 mol% of Ge@. The parameters of the fiber
are the following: 22 mol% Gef) relative index differ-
ence An=0.032, cutoff wavelengthh.=1.07um, loss coef-
ficient of 3.00 dB/km (C=3.787 dB/knum), 1.83 dB/km
(C=4.326 dB/knum), 1.54 dB/km (C=4.398 dB/kmm),
and 0.79 dB/km (C=4.559 dB/kmm) at 1.064:m, 1.24;m,

(2005) 391397
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TABLE |. Values of the effective area, Raman gain coefficient and loss coefficient used in the simulations shown in Figs. 3-10, for the
simulation and optimization of the five cascaded Raman fiber laser.

Wavelength Effective interaction area 10~ *?m?) Raman gain10 W 'm™1) Loss coefficient ¢ 1075 m™1)
1.1 8.178 9.479 595.64
1.153 9.008 8.210 493.44
1.276 9.970 7.060 404.84
1.347 11.086 6.028 375.79
1.427 12.401 4.260 307.63
1.523 - - 244.33

1.3 um and 1.55um, respectively. The values of the coef- The background losses (gray losses) at the gratings may
ficients C of the loss values are used to correct the loss cdse accounted for by correcting the mirror reflectivities by a
efficient for wavelength close to the respective wavelengthfactor of effective transmittance. The value of such factor
assuming an inverse dependence on the fourth power of theill depend on the wave to be considered and the relative po-
wavelength (Rayleigh scattering)e., o = C/\* [16]. sition of their cavity mirrors with respect to the other mirrors.

In Table I, we show the calculated effective interactionFigure 4 shows the same graphs as these of Figs. 3, but now
areas [Eq. (3)], the Raman gains [Eq. (2)], and the absorpwe assume that after the wave pass through any mirror, it suf-
tion losses at each wavelength. Here, we calculated the moders from an excess loss of 2%. This excess loss results in a
field radii W; using the empirical relation from Marcuse [17]: reduction in the reflectance value of the mirrors. As can be
1.619 2.879) seenin Fig. 4, the maximum slope efficiency does not exceed

V372 + V6 (23)  42%, while the optimum cavity lengths are longer.

where a s the core radius, and V is the normalized waveguid
parameter, calculated from the relation

8. Comparison with Numerical Models

V =2raNA/A. (24) In Ref. 7, there is a comparison between the exper@mental
values obtained by Grubbt al. [18], and those obtained

Here NA is the numerical aperture of the fiber, and is usuthrough numerical simulation. The numerical simulation is
ally given as data from the fiber manufacturer. done by the numerical integration of Eq. (1), without any ap-

Figures 3 shows the changes in the slope efficiencyroximation, by using collocation software for the two point
(Pout/Ppump) Under several conditions: pump power, outputboundary value problem [7]. In the experimental measure-
reflectivity, and fiber length. Figure 3a shows that for an ideaiment, the laser consists of five cascades pumped at 1117nm
cavity with HR mirrors of 98% and an output mirror reflec- by a diode-pumped, cladding-pumped3¥ifiber laser, and
tiviy of 25%, the optimum fiber length for 5W is around 32m. the fiber length was of 800m. Authors, in Ref. 7, use the
In Fig. 3b we assume a fixed pump power of 5W and outparameters of Table Il to compare with experimental results
put reflectivities of 10, 20, 30, 40, and 50%. For an outputin Ref. 18. The measured threshold for an output reflectiv-
reflectivity of 10% we found an optimum length of 56.5 me- ity of 20% was of 660mW. [Here, the term output reflectiv-
ters. Similar low values for the optimum cavity length wereity refers to the reflectivity of the FBG output operating at
found by G. Vareilleet al. [5], i.e, 60m for HR=98% and the wavelength corresponding to the fifth Stokes wawg](
R,.:=10%. The difference may be due to the higher effec-Through the numerical simulation, authors in reference [7]
tive area used by the authors (@?), and because they use predict a threshold power of 720mW and a slope efficiency
the same value of effective area for all Stokes waves. Theiof 42%. In fact, we found that the slope efficiency corre-
model also predicts that the efficiency (ideal) increases as wgponding to the plot given in Fig. 9 of Ref. 7 is of 39%, and
decrease the fiber length. As can be seen in Figs. 3a artle output power predicted at 4W of pump power is of 1.29
3b, the optimum length will depend on the value of the fixedW, while the measured value is of 1.4 W. By using our analyt-
parameters,e., pump power, output reflectivity, etc. ical model, assuming a high reflectance mirror with 99% of

In addition, if we fix the cavity length we may set an opti- reflectivity and the same output reflectivity and cavity length,
mum reflectance for a given power and/or an optimum pumpve found a threshold power of 640 mW and a slope efficiency
power for a given output reflectivity. For ideal conditions of 36.5%. Figure 5a shows the comparison between the re-
(equal photon density for the pump and fifth Stokes, and nosults obtained through numerical simulation in Ref. 7 and
losses) the maximum slope efficiency is of 77%. We can sethat obtained through our analytical model. The agreement
in Figs. 3-6 that the slope efficiency does not exceed 60%hetween both plots is rather good, with just a 5% difference
i.e, 22% lower than the maximum possible under ideal conin the output power predicted by both models at 4W pump
ditions, due to the HR=98% and the optical losses. power.
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FIGURE 3. (a) Slope Efficiency as a function of cavity length, assuming an output mirror with 25% of reflectivity and several values ¢
pump power. (HR=98%). (b) Slope Efficiency as a function of the cavity length, assuming a pump power of 5W for several values of ou
reflectivity. (HR=98%). (c) Slope Efficiency as a function of the pump power for a fixed cavity length of 100m, and several values of t
output reflectivity. (d) Slope Efficiency as a function of the output reflectivity for a fixed cavity length of 100m, and several values of tf

pump power.

In Ref. 5 there is another numerical simulation of a six-
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(No gray losses)
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cascades Raman laser, pumped at 1064nm. The authors 3$g e 11. Parameters of the five cascaded Raman fiber lasers used

sume the same effective areas for all Stokes waves and thatiji$the numerical simulation of Ref. 7

no detailed information about the losses coefficient at each

wavelength. For a pump power of 10 W,R=10% and Wavelength (nm) g/Acss (MW) ! agdB/km)

HR=98%, they predict an optimum cavity length of 60m,
while for HR=90% the optimum length is predicted to be
170m. Figure 5b shows the optimum lengths predicted by
our model, and Fig. 6 shows the conversion efficiency as a
function of the pump power for both cavity lengths, assum-
ing the same parameters of Ref. 5, showing a good agreement
between the predicted lengths.

1117 5.20¢1073 2.12
1175 4.7%1073 1.75
1240 4.3%1073 1.54
1310 3.951073 1.17
1389 3.5%107? 2.63
1480 3.0%10°3 0.76
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FIGURE 4. (a) Slope Efficiency as a function of the cavity length, assuming an output mirror with 25% of reflectivity and several values
of pump power. (HR=99.5%). (b) Slope Efficiency as a function of cavity length, assuming apump power of 6W and several values of the
output reflectivity. (HR=99.5%). (c) Slope Efficiency as a function of the pump power for a fixed cavity length of 113m, and several values
of the output reflectivity. (d) Slope Efficiency as a function of the output reflectivity for a fixed cavity length of 100 m, and several values of

the pump power.
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FIGURE 5. (a) Comparison between the results obtained through numerical simulation in Ref. 7 and that obtained by our analytical model.
(b) Output power in a five cascades Raman fiber laser as a function of the cavity length, showing the optimum lengths. The parameters used

in the simulation are the same as in Ref. 5.
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6. Conclusions

We have presented an analytical approach for the analysis and
design of cascaded Raman fiber lasers. The model uses the
oscillation condition for the resonated Stokes waves gener-
ated inside the nested cavity Raman fiber laser, assumes that
the pump is depleted in a single pass, and that the sum of the
forward and backward laser Stokes waves is constant. Us-
ing these approximations, we have derived relations for the
output Stokes power of a 1-, 2-, 3-, and 5-nested cavities Ra-
man fiber laser. The formulas show the explicit dependence

o 1 2 3 4 5 6
1064
P

IN (W)

of the output power on the fiber parameters (length, loss, Ra-
man gain coefficient, etc.), fiber Bragg grating reflectivity,
Stokes wavelengths, and input pump power. The model was

FIGURE 6. Conversion efficiency as a function of the pump power compared with numerical results obtained from literature for
for a five cascaded Raman fiber laser. The parameters used in the-nested cavities Raman fiber lasers showing a good agree-

simulation are the same as in Ref. 5.
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