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Abstract: We present a simple novel technique that determines with precision the Raman
gain efficiency for telecom fibers. The method is supported by a mathematical relation,
which is the solution for the coupled differential equations that govern the stimulated Raman
scattering. This technique is valuable due to its simplicity and consists of measuring the
residual pump and the Raman scattering signals at the stimulated Raman scattering
threshold. Our technique was proven for different fibers; as a result, we found that the rate of
pump power to stimulated Raman scattering at threshold is lower than ~16, which is the
historically used value.

Index Terms: Fiber nonlinear optics, stimulated Raman Scattering, Raman laser, Raman
amplifiers.

1. Introduction

The design of Raman fiber lasers and Raman fiber amplifiers is an area of study that suffers
continuous changes due to new approaches and applications raised in industry, in modern research
laboratories, in telecom systems, in the medical field, in applications such as laser guiding stars for
astronomical observations and LIDAR [1]-{3]. The coupled differential equations that govern the
stimulated Raman scattering that use these models have been widely known and put into practice
for decades. The variables involved in these processes such as the Raman gain coefficient and the
effective area, have been studied with analytical solutions and experimental techniques. However,
the first proposed analytical solution so far, allows interplay between these variables at the specific
point called Raman threshold, but this solution comes from several assumptions [4]. And thus, this
leads to a mathematical equation that relates the variables approximately. For this reason, to
calculate the exact values of the Raman gain coefficient and the effective area other techniques
parallel to the Raman threshold technique have been developed. Some techniques for measuring
the efficiency of the Raman gain use methods based on optical time domain reflectometry [5]-{8],
and others, by analysis of Raman threshold [9]-[12].

In this paper, we take a mathematical equation that relates the Raman gain with experimental
variables [13]. This formula comes from an analytical solution to the set of differential equations
governing the stimulated Raman scattering. With this simple technique it is possible to accurately
estimate the Raman gain efficiency.
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Fig. 2. Intensity spectra of five pump powers for 1 km 1060-XP fiber.

2. Theoretical Analysis

The stimulated Raman scattering (SRS) in silica fibers is governed by a set of nonlinear differential
equations that describe the pump power propagation in a single direction and the SRS in both,
forward and backward directions [14]. In order to describe the technique that allows us to calculate
with high precision the Raman gain efficiency (gg = 9,/Aett), We use one solution to these
equations considering only forward propagation [13]:

Pr PPO) 9
In(—FrPo) _ Srp | 1
(PFO 220) = S Pty (1)

where Ppg and Pp are respectively the coupled input and output pump powers, Pgq is the Raman
scattered signal (RS) at the pumping end and Pg at the output. RS is the seed for the growth of
Stokes signal. Leff = (1 —exp(—al))/a stands for the interaction length of pump and Stokes
signals. Eq. (1) describes an exponential energy transfer from pump power to Stokes power.

In a free-running configuration pumped such that RS just appears at the output, Pr = Pgj as the
fiber is completely transparent; i.e., the gain equals the fiber loss. At any pump power, in the fiber
output (see Fig. 2) the relation between the output coupled pump power Pp and the coupled Raman
scattering signal (Pro) may be quantified by:

PP OAPOW?B(dBm) (2)

Pro
where APower = Pp — Prp. When RS just appears at the output, the net gain of the Raman
amplifier is zero (g, = 0); i.e., the Raman gain coefficient equals the fiber loss coefficient:

g = as. (3)
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Fig. 3. Pump and Stokes powers in 1 km of 1060-XP fiber span.

Practically, under these conditions the pump signal only suffers linear attenuation and thus the
relationship between the residual pump power Pp(L) and the coupled pump power Ppy is:

Pp = Ppoeial'. 4)
Now, substituting (4) in (2), it is possible to numerically establish a relationship for Ppg/Pro given by:
@ _ 10AP0W%(dBm)eaL. (5)

Pro

And finally, in the Raman threshold when the residual pump power is equal to the first Stokes power
at the output (Pp = Pg) the Raman gain efficiency can be written as:

9r PPO> 1
=2—=Inl=—]|=—— 6
dr Aetf (PFO PcrLett (©)
where Ppy was changed by Pcg (the critical power).

3. Experimental Setup

Fig. 1 shows the free-running experimental setup used to obtain the value of the Raman gain
coefficient of the optical fibers under test. A 1064 nm CW fiber laser (FL) pumps a fiber and at its
end an optical spectrum analyzer (OSA) is recording changes in the emission lines when the pump
power is varied. A power meter (PM) measures the average power of the output signal. S1 stands
for a splice between the fiber laser and the fiber under test.

With this experimental configuration the pump level was gradually increased to find the Pgg, and
critical power. When the pumping power is released, instantaneously spontaneous Raman
scattering occurs. The pump increases and the energy transfer to the signal Stokes starts, we stop
pumping until finding the Raman threshold.

4. Results

With the experimental setup of Fig. 1, three commercial fibers were tested: 1060-XP, SMF-28, and
True Wave fiber. Fig. 2 shows the spectral composition of the signal delivered by a 1-km 1060-XP
optical fiber. The —18.3 dBm level corresponds to the residual pump Pp(L). At the lowest pump
power Ppg, only spontaneous RS occurs with signal from 1090 to 1130 nm, its maximum level is
around —68.5+ 1 dBm. We take this level as Pgg, the difference is APower =50.2 + 1 dBm.
Moreover, the fiber loss is 1.5 dB/km at 1064 nm given by the manufacturer, substituting these data
on equation (5) yields Pgy=6.76 x 1078 +1.74 x 107¢ Ppy (~27 £5.7 uW), such that
In(Ppo/Pro) = 11.9 4+ 0.3. The output powers Pp and Pg dependent on Ppg are plotted in Fig. 3.
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TABLE 1
Raman gain specific values
Fiber Span In(Ppo/Pro) Pcr [W] o [dB/km] gr WKm™
1 km 1060-XP 11.90+£0.30 6.693 1.50 2.10+0.05
1 km SMF-28 12.00 + 0.38 7.640 0.88 175+ 0.09
1km True 12.11 £ 0.46 5.310 1.00 2.55+£0.10
Wave
5 km True 12.11 £ 0.46 1.600 1.00 2.55+0.10
wave
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Fig. 4. Intensity spectra of five pump powers for 5 km True Wave fiber. Note that in the inset, the growth
of the Stokes signal occurs at 1121.4 nm. At 0.73 W, the pump power exhibits the lowest level of RS,
and the signal is evident in 0.90 W.

The inset exhibits (in linear scale) the spectrum that corresponds to Ppg = Pcr = 6.693 W. With
these values gg = 2.1 W 'km ™.

We choose to Py as the minimum value of the Stokes signal or the maximum value of the
spontaneous Raman scattering. Note that in the inset of Fig. 2, the growth of the Stokes signal
occurs at 1115 nm. At 2.9 W exhibits the lowest level of RS, and the signal is evident in 3.3 W.

At discrete pump levels the spectrum was recorded and the output power measured. The power
of each signal was estimated by comparing the area under the curve of each component with
respect to the total area of the spectrum. Curves constructed with these data show the evolution of
the power transferred to the first Stokes (see Fig. 3). The inset is the Raman threshold that
corresponds to the intersection of the residual pump and Stokes signal. Note that this happens at
6.693 W.

The same experiments were made for various fibers with the results shown in Table 1.
Attenuations «, at 1064 nm, were measured with the cutback technique [16].

For example, Fig. 4 exhibits the spectra for 5 km of True Wave fiber. From this, APower =
47.6 +£2 dBm, ap =1 dB/km, Pcgr = 1.6 W. Substituting these data on equation (6) yields
gr =2.55 W 'km™".

Additionally, using the equation of scaling of the Raman gain efficiency [16] for the True Wave
fiber, we obtain gg(1116 nm) = 1.8 W~ 'km~". Which is approximate to the recently reported value
gr(1116 nm) = 1.86 W~ Tkm™' [15], i.e., there is a difference ~4% between the two results. On the
other hand, with the traditional relationship of Smith [9] the Raman gain efficiency is 3.36 W~ 'km™"
at 1064 nm pump power, ~25% larger than our result.
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On the other hand, using the equation of scaling of the Raman gain efficiency [16] for the SMF-28
fiber, we obtain gg (1455 nm) = 0.37 W~ 'km~" and gg(1480 nm) = 0.34 W~ 'km~'. Which are very
close to gr(1455 nm) = 0.42 W~ 'km~" and gr(1480 nm) = 0.39 W~ 'km~" reported by [17].

5. Conclusion

The technique reported in this work is useful to determine one of the most important parameters in
the design of Raman lasers and amplifiers; it is versatile, simple and can be applied to any fiber. As
we shown it is only required get the beginning of SRS and the critical power. For the True Wave
fiber our result is very approximate to previously published data.
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