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We study theoretically and experimentally Raman threshold for 1, 2, . . . , n orders Stokes in a free running
configuration. Using alternative way to solve the differential coupled equations that describe the stimu-
late Raman scattering, we find simple mathematical expressions that allow calculating the necessary
pumping power to obtain Raman threshold for nth-order Stokes and the maximum output power avail-
able in each Stokes. The theoretical calculations coincide with the results obtained experimentally.
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1. Introduction

Cascaded Raman amplification in the wavelength region
1.1–1.7 lm has been shown as a promising technique to improve
the performance in long span optical communications systems.
In order to obtain nth-order Raman amplification, several pump
schemes have been reported. The two main choices range from a
scheme on which, using commercial communications fibers as
the Raman gain medium are spliced to fiber Bragg gratings (FBG)
[1,2] to form the resonator, and as free running which use Si-doped
or Ge-doped fibers as Raman gain medium [3,4]. In this paper we
report a theoretical and experimental study of cascaded Raman
amplification in silica fiber in free running configuration. The term
cascade Raman refers to the fact that an initial intense beam cou-
pled into the fiber is sequentially-converted in Stokes components
via stimulated Raman scattering (SRS) as it propagates. The
mechanism SRS arises when a small fraction (typically �10�6) of
an intense laser beam that propagates along an optical fiber is
Raman-scattered i.e. pump photons instantaneously excite the en-
ergy of the glass lattice up to a virtual level from where it decays
instantaneously to a vibration mode that has got higher than the
initial vibration state [5]. The energy radiated by this process cor-
responds to Stokes photons. From this level, the lattice makes a
discrete return to its initial vibration state liberating phonons that
are resonant with the lattice and thus reabsorbed instead of radi-
ated. This is the spontaneous Raman scattering (RS). The few scat-
tered photons that propagate through the fiber-axis are amplified
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avez).
as long as population inversion exists. The fulfillment of population
inversion condition only requires having population in the virtual
level because this populates the high-energy vibration mode. This
is the stimulated version of the RS. Then, an intensely pumped
medium with population on the virtual level has the ability to am-
plify a Stokes signal. As the Stokes signal grows, the pump de-
creases until vanishing. Now, this signal may be sufficient to
produce the next Stokes by SRS and so on. When this sequence oc-
curs in an optical fiber, it becomes a cascaded Raman amplifier.

Taking the coupled equations that describe the stimulated
Raman scattering process [6] we study the Raman threshold condi-
tion and the highest power reached for the first Stokes wave. This
analysis is then extended for nth-order Stokes wave and we pro-
pose relationships to determine the nth-order cascaded Raman
amplification.

2. Analysis

In the case of a continuous wave regime, the pump power prop-
agation and Stokes wave in a single mode fiber in the same direc-
tion is described by the following equations [6]:

dPP=dz ¼ �aPPP � ðmP=msÞðgR=AeffÞPPPF ð1Þ

dPF=dz ¼ �aSPF þ ðgR=AeffÞPPPF ð2Þ

where PP and PF are the power of the pumped and Stokes respec-
tively, gR is the Raman gain coefficient, aP and aS are the fiber loss
coefficient at pumped and signal wavelength respectively, mP and
mS are the frequency of the pump wave and Stokes signals respec-
tively. Note that within the transparency windows of the losses

http://dx.doi.org/10.1016/j.yofte.2011.02.002
mailto:jalvarezch@ipn.mx
http://dx.doi.org/10.1016/j.yofte.2011.02.002
http://www.sciencedirect.com/science/journal/10685200
http://www.elsevier.com/locate/yofte


L. de la Cruz-May et al. / Optical Fiber Technology 17 (2011) 214–217 215
spectrum of silica fiber aP � as � a. Thus, it is possible to obtain a
solution of the couple of equations described above by means of
the following procedure: first we divide Eq. (1) with Eq. (2), second
we have to add again Eq. (1) and Eq. (2), and finally we obtain two
separable differential equations given by:

½ð�aþ ðgRPP=AeffÞÞ�ðdPP=PPÞ ¼ ½ð�a� ðmPgRPF=ðmSAeffÞÞÞ�ðdPF=PFÞ
ð3Þ

ðd=dzÞ½ðmS=mPÞPP þ PF� ¼ �aððmS=mPÞPP þ PFÞ ð4Þ

We consider that the pumping intensity moves inside the silica
fiber from z = 0 to z = L. Solutions to the differential Eqs. (3) and (4)
are given respectively by:

lnððPFPP0Þ=ðPPPF0ÞÞ ¼ ðmPgRÞ=ðamSAeffÞ½ððmS=mPÞPP0 þ PF0Þ
� ðððmS=mPÞPP þ PFÞ� ð5Þ

ððmS=mPÞPP þ PFÞ ¼ ððmS=mPÞPP0 þ PF0Þ expð�azÞ ð6Þ

where PP0 and PF0 are the pumping power and forward Stokes in
z = 0, PPL and PFL are the pumping power and the forward Stokes
power at the end of the fiber in z = L. Substituting Eq. (6) in Eq.
(5), we obtain

lnððPFPP0Þ=ðPPPF0ÞÞ ¼ ðmPgRÞ=ðamSAeffÞððmS=mPÞPP0 þ PF0Þ½1
� expð�azÞ=a� ð7Þ

To the best of our knowledge, this approach has not been taken
before, for instance Smith in his work has solved the equations for
the SRS neglecting the second term of Eq. (1) that this responsible
for the pump depletion [7].

Ignoring PF0 in the second member of Eq. (7) for the reason that
PF0� ms/mpPP0, a simple equation that governs the interaction be-
tween pump power and the Stokes power is obtained:

lnððPFPP0Þ=ðPPPF0ÞÞ ¼
gR

Aeff
PP0Leff ð8Þ

where Leff is the effective fiber length given by (1 � exp(�az))/a.
Pump power is coupled at the input end, and so the spontane-

ous Raman scattering acts as a probe and is amplified along with
the forward propagation. After some consideration we proposed
a transferred power of �10�7 to spontaneous Raman scattering,
i.e., PF0 � 10�7 PP0. The propagation of the pump power and the
Stokes signal throughout the fiber is described via Eq. (8). Two
most important points for investigation are the Raman threshold
and the maximum output power available in first-order Stokes
Fig. 1. First and second Raman thresholds.
peak. These special points are shown in Fig. 1, as A and B,
respectively.

Fig. 1 thoroughly describes the relation between coupled pump
power for Raman threshold and maximum power for first Stokes,
including the subsequent Raman threshold.

Raman threshold has been defined as the pump power level at
which PP and PF are equal at the output end of the fiber. Taking in
consideration this condition and substituting in Eq. (8), the PCr

0 crit-
ical power is obtained as:

PCr
0 ðgRLeff=AeffÞ � l6 ð9Þ

This relationship was already previously employed by Smith
[7]. Substituting Eq. (9) in Eq. (6) we find the output power at
which critical power is reached, given for

PRT � 8Aeff=ðgRLeffÞ expð�aLÞ ð10Þ

Once the Raman threshold is reached, first Stokes grows quickly
until the pump power is unable to continue transferring power. We
propose that the transfer concludes when the residual pump
power is approximately 10�6 of the first Stokes power, i.e.,
PPL � 10�6 PFL. With this assumption we estimate the pumping
power for which first Stokes reaches the higher available power
before transferring power to the second Stokes as:

P1st
MaxðgRLeff=AeffÞ � 30 ð11Þ

Substituting Eq. (11) in Eq. (6) we obtained the maximum
power reached by first Stokes peak:

PMax
1 � 30ðAeff=ðgRLeff ÞÞ expð�aLÞ ð12Þ

When first-order Stokes reaches its maximum power, it will
eventually produce the RS necessary to generate the second-order
Stokes, see Fig. 1. We now proceed to calculate the Raman thresh-
old for second Stokes by re-writing the coupled Eqs. (1) and (2) as
follows

dPF=dz ¼ �aSPF � ðms=ms2ÞðgR2=Aeff2ÞPFPF2 ð13Þ

dPF2=dz ¼ �aS2PF2 � ðmS=mS2ÞðgR2=Aeff2ÞPFPF2 ð14Þ

Following the same procedure used to derive Eq. (8), we find the
Raman threshold for second Stokes to be:

PCr1ðgR2Leff2=Aeff2Þ � 16 ð15Þ

where Aeff2 represents the effective area for first Stokes wave, gR2 is
the Raman gain coefficient for second Stokes wave, Leff2 is the effec-
tive fiber length represented for (1 � exp(�asLeff))/as and PCr1 is the
necessary first Stokes power to reach the Raman threshold of sec-
ond Stokes. Therefore, the pumping power necessary to reach the
Raman threshold of the second Stokes is given by the sum Eqs.
(9) and (15), see Fig. 1. Therefore,

PCr
2 ¼ PCr

0 þ PCr1

¼ 16ðAeff=gRLeffÞ þ 16ðAeff2=gR2Leff2Þ
� 32Aeff=ðgRLeffÞ

ð16Þ

In Eq. (16), we suppose that Aeff/(gRLeff) � Aeff2/(gR2Leff2).
In general we provide two mathematical expressions to calcu-

late the critical power and the maximum power of the nth-order
Raman amplification in a silica fiber given by

PCr
N � 16 � N � Aeff=ðgRLeffÞ ð17Þ

PMax
N � 30 � N � Aeff2=ðgR2Leff2Þ expð�aLÞ ð18Þ

where PCr
N and PMax

N represents the necessary pumping power to
reach the Raman threshold and the maximum output power of
the nth-order Stokes, respectively. With the support of Eqs. (17)
and (18) we are able to calculate the Raman threshold and maxi-
mum power of the nth-order Stokes.



Fig. 2. Free running configuration.

Fig. 4. nth-Order Stokes power evolution as function of the pumping power.
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3. Experiment and results

The first experimental report of Raman oscillation in free run-
ning consisted of a laser beam coupled by a lens into a single mode
fiber inside a Fabry–Perot resonator formed by two mirrors. It was
presented by AuYeung [8]. Recent works reports on Fabry–Perot
resonators formed without mirrors only use the�4% Fresnel reflec-
tion of the air-glass interface. With this technique Zhao and Jack-
son [4] obtained three Stokes using 500 m Ge-doped low loss
fiber, Martínez-Piñón et al. [9] reported five Stokes orders using
20 km Telecom fibers. On one of our previous works, we managed
to show use of FBG in a chained configuration inside a Fabry–Perot
resonator, which improved the SRS generation considerably [10].

In this work, in order to experimentally demonstrate our
theoretical suppositions, we employed a Telecom large effective
area fiber (LEAF) pumped at 1064 nm in a free running configura-
tion. The experimental setup shown in Fig. 2 consists of a fiber
laser operating in CW and 9.7 km LEAF fiber cavity free of mirrors,
where the Stokes signal produced is fed-back by the 4% Fresnel
reflection at the core-air interface. A power meter (PM) and an
optical spectrum analyzer (OSA) were placed to measure the power
and the signal spectrum, as shown below.

With this experimental configuration the LEAF fiber was
pumped gradually up to 6.25 W. For each pumping power we re-
cord the spectrum and output power of the transmitted signal.
The power in each Stokes was obtained calculating the area under
the curve of each one of the spectra, see Fig. 3. Then, with these cal-
culations we can observe the evolution of the transmitted power in
each Stokes versus the pumping power, see Fig. 4. The optical spec-
trum at 6.25 W coupled pump power is shows in Fig. 3; we can see
three Stokes at 1117, 1176 and 1242 nm. Note that it is possible to
see a fourth peak centered at 1314 nm but the power is quite mod-
est compared to 1242 nm.
Fig. 3. Three order cascaded Raman amplification.
Fig. 4 shows the evolution of residual pump, first Stokes, second
Stokes and three Stokes for various pumping powers. Note that at
1.22, 2.80 and 4.51 W happen the Raman thresholds for first, sec-
ond and third Stokes. And that the first Stokes reaches its maxi-
mum power when the pump power is 2.4 W that it corresponds
to a Stokes power of 0.44 W. And the maximum power for the Sec-
ond Stokes is 0.85 W.

We prove theoretically Eqs. (9) and (17) for 9.6 km LEAF fiber.
The attenuations of the LEAF fiber were 0.75, 0.66, 0.56 and
0.46 dB/km and the effective area were 46, 48, 50, 52 lm2 for the
pump power, first, second and the third Stokes, respectively. Then,
the theoretical Raman threshold for the first Stokes was
PCr

0 ¼ 1:3 W. So the necessary theoretical pumping power to locate
the third Stokes is �3.9 W, this value is very approximate to the
real value of 4.5 W obtained experimentally. The theoretical value
for the pump power where first Stokes takes its maximum power is
2.43 W, and the transmitted Stokes power is 0.45 W. Eq. (16) pre-
dicts that the power reached by the second Stokes is 0.9 W. These
values are very approximate to the value obtained experimentally.

On the other hand, Eq. (18) was applied to the second and third
Raman thresholds (�5.7 and �8.1 W) obtained by Zhao and Jack-
son [4] using 500 m long Raman fiber. For that work the estimated
values of the Raman gain efficiency and effective length are
�14.2 km�1 W�1 and �415 m, these data provide critical powers
of 2.7, 5.4 and 8.1 W to the first, second and the third Stokes,
respectively. Therefore, the critical power obtained theoretically
coincides with that result obtained experimentally.

4. Conclusions

In this paper, to the best of our knowledge, we claim a contribu-
tion to the study of Raman Amplifiers and Raman laser, consisting
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on the development of simple, new mathematical relationships
that allow us to calculate, in an accurate manner, the necessary
pumping power to obtain the Raman threshold and the maximum
power reached by nth-order Stokes, separately. With this informa-
tion should be able to optimize and design Raman-based amplifiers
and lasers that operate within the transparency windows of the
spectral losses spectrum of silica fibers. Clearly, for theoretical cal-
culations for Raman threshold and exact calculations of maximum
power level for each Stokes is in agreement with experimental
results shown above for a 9.7 km Telecom LEAF fiber. Additionally
we found that our theoretical results have large coincidence with
the experimental results of Zhao and Jackson [4].
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