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The amplification effect on stimulated Brillouin scattering (SBS) and Rayleigh scattering in the backward
pumped G652 fiber Raman amplifier (FRA) is studied. The pump source is a 1427.2-nm fiber Raman
laser whose power is tunable between 0 — 1200 mW, and the signal source is a tunable narrow spectral
bandwidth (< 10 MHz) external cavity laser (ECL). The Rayleigh scattering lines are amplified by the
FRA and Stokes SBS lines are amplified by the FRA and the fiber Brillouin amplifier. The total gain of
SBS lines is the production of the gain of Raman amplifier and that of Brillouin amplifier. In experiment,
the SBS gain is about 42 dB and the saturation gain of 25-km G652 backward FRA is about 25 dB, so the

gain of fiber Brillouin amplifier is about 17 dB.
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The main scattering mechanisms exploited for dis-
tributed optical fiber sensor (DOFS) are Rayleigh, Ra-
man, and Brillouin scattering. In contrast to Rayleigh
scattering, there is a difference in frequency between the
incident light and the scattered Raman and Brillouin
light. Components which get energy in the scattering
process and therefore have a higher frequency are referred
to as anti-Stokes ones, and those which lose energy and
have lower frequency are referred to as Stokes compo-
nents. Recently, the dependence of Brillouin power and
frequency on temperature/strain has been used as the ba-
sis for distributed temperature and strain optical sensors.
The main regimes that are used to measure distributed
temperature and strain are spontaneous Brillouin scat-
tering and stimulated Brillouin scattering (SBS). Bril-
louin optical time domain reflectometry (BOTDR)M,
which in principle is similar to conventional Rayleigh op-
tical time domain reflectometry (OTDR), exploits spon-
taneous Brillouin scattering and requires access to only
one end of the sensing fiber. The position of measur-
ands in the fiber is determined by using the time in-
terval between launching the pulsed light and observing
the backscattered light. The spatial resolution is de-
termined by the pulse width and detection bandwidth.
Other techniques, such as Brillouin optical time domain
analysis (BOTDA) and Brillouin optical correlation do-
main analysis (BOCDA), exploit SBS and generally rely
on access to both ends of the sensing fiber. Distributed
sensors based on BOTDA were described by Horiguchi
et all?. Recently, Raman amplification and Brillouin
amplification are used to make a comb fiber laser!). In
this letter, we discuss the Raman amplification effect on
Rayleigh and Brillouin scattering, which is utilized to
compensate signal loss to extend sensing range. It is a
basic research of DOFS.

In classical theory of Brillouin scattering, the process
of SBS can be described as the nonlinear effect be-
tween light and hypersonic acoustic wavel¥. In a simple
quantum-mechanical picture, a photon of the incident
field (called the pump) is annihilated to create a photon
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at a lower frequency (belonging to the Stokes wave) and
a phonon with the right energy and momentum to con-
serve the energy and the momentum. The frequencies
and wave vectors of the three waves follow

QB = Wp — Ws, (1)
kb = kp - kS7 (2)

where wp, and ws are the frequencies of pump wave and
Stokes Brillouin scattering wave, k, and ks are the wave
vectors of pump wave and Stokes Brillouin scattering
wave, (g and kp, are the frequency and wave vector of
the acoustic wave, respectively. Then we can get

QB = lVp |kb| sin (9/2) (3)

where v}, is the frequency of Stokes Brillouin scattering
wave, 6 is the angle between pump wave and Stokes Bril-
louin scattering wave. Because there are only forward
and backward directions in optical fiber, there should be
only backward scattering in optical fiberl5!.

If the decay of acoustic wave is exp (—I'gt), where I'y
is the decay factor, and then the Brillouin scattering gain
coefficient has a Lorentzian profile

(I'e/2)*

Q) = . 4
gB( ) dp (Q — QB)Q + (FB/Z)Q ( )
The peak value of Brillouin gain coefficient is
2m2n"p?
gp = g, (5)
C)\ppol/bFB

where pi1o is the longitudinal stretch-optics coefficient,
po is the material density, A, is the pump wavelength, n
is the refraction index. In the continuity condition, the
Brillouin coupling equation reads!*

dlg

dz = gBIpIs - aslsv

dl w

d_; = _w_prIpIs - apIpa (6)
S

where I, and I are intensities of pump and signal waves,
os and oy are fiber loss coefficients at the pump and
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signal wavelengths, w;, and ws are angular frequencies of
pump and signal waves, z is the length of optical fiber.
If the fiber loss « is neglected, then

I5(0) = Is(L) exp(gB PoLett/ Aett — L), (7)

where I5(L), I5(0) represent the intensities of signal light
at z=0 and z = L, Py = I,(0)Aes is the pump power
when z=0, A is the effective section, and the effective
fiber length is

Legr = [1 — exp(—al)]/a. (8)

The threshold Hoower P;y, of Brillouin scattering can be
obtained from![®

9B Pin Lot/ Actt = 21. 9)
The gain of Brillouin scattering, determined by the ratio

of output power to input power, G = Pout/Pin, is given
as

Gp = exp(gp PoLett/Actt)- (10)

In the continuity condition, the Raman coupling equa-
tion reads!*

dl

dz = gRIpIs — gl

drf, w

d_zp = —w—pgRIpIs —aplp (11)

where ggr is the Raman gain coefficient.

When the signal and pump waves propagate at the
same time in the single mode fiber and the time-shift
frequency is in the bandwidth of Raman gain spectrum
of pump light, the signal light is amplified during prop-
agating in the fiber because the pump light generates
stimulated Raman scattering (SRS). It is called as Ra-
man amplifying effect. In the Raman amplifier, the sig-
nal intensity is

I,(L) = I5(0) exp(gr o Lets — s L). (12)

Because of the fiber absorbing attenuation of pump light,
the effective fiber length Letr becomes

Letr = [1 — exp(—apL)]/cp. (13)

If there is no pumping, I;(L) = Iyexp(—asL), so the
amplifier gain is

Gr = exp(grPoLett/Actt), (14)

where Py = Iy At is the power of pump source.
In the experiment, the amplifier gain G = Pout/Pin.
The noise figure of amplifier is

F‘:PASE/hl/Bo—I—l/G'7 (15)

where Pagg is the power of amplified spontaneous emis-
sion (ASE), By is the bandwidth, v is the frequency of
signal light.

The measuring experimental setup(® of Brillouin scat-
tering effect is shown in Fig. 1. It consists of signal

source, isolator, 1 x 2 bi-directional coupler (BDC), op-
tical spectrum analyzer (OSA), and backward pumped
S-band fiber amplifier (25-km G652 single mode fiber,
pump-signal coupler, and pumping fiber laser). The
signal source is a tunable semiconductor external cavity
laser (ECL). Its wavelength is 1520 nm, the tunable range
is 80 nm, the range of tunable output power is from —7
to 3 dBm, the bandwidth of signal spectrum is less than
10 MHz, and the signal-to-noise ratio (SNR) is better
than 45 dB. The isolator prevents 1550-nm light from
returning into the ECL. The loss coefficient of the single
mode fiber is 0.22 dB/km. The pump-signal coupler is
a 1427/1520 nm coarse wavelength division multiplexer
(CWDM). The pump source is a fiber Raman laser with
the wavelength of 1427.2 nm, bandwidth of 0.067 nm,
and output power tunable between 0 — 1200 mW. The
OSA has a spectrum range of 600 — 1700 nm, a resolution
of 1 pm, and a dynamic range of 60 dB.

Figure 2 shows the amplification Rayleigh scatter-
ing spectrum when the backward pump power is 600
mW. The Raman gain is 20.05 dB. Figure 3 shows the
amplification Rayleigh and Brillouin scattering spectra
when the backward pump power is 1100 mW. The first
and second order Stokes Brillouin scattering lines and the
first anti-Stokes Brillouin line have been observed. The
central wavelength of backward Rayleigh line is 1520.028
nm and the shift of the first Brillouin scattering line is
85 pm (10.6 GHz). The Raman gain of Rayleigh line is
25.6 dB and the total gain of the first Stokes Brillouin
line is 37 dB.

The power and gain of Rayleigh scattering and Stokes
Brillouin scattering in the backward distributed fiber
Raman amplifier (FRA) under different pump pow-
ers are shown in Table 1 and Fig. 4. The gain
of Rayleigh scattering is nonlinearly dependent on
the pump power of the FRA. The gain saturation
phenomenon of Rayleigh scattering is present and
the power is transmitted to Brillouin scattering, as

G652 fiber
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Fig. 1. Experimental setup of SBS in the FRA.

10.0

~40.0F £ - iX
.._.,.’-.f'f// \-\«.A-,.._

10.0 dB/div

-90.0

1
1520.05
0.05 nm/div

1519.80 nm 1520.30

Fig. 2. Amplification Rayleigh scattering spectrum.
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Fig. 3. Amplification Rayleigh and Brillouin scattering spec-
tra.
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Fig. 4. Gain of Rayleigh scattering and Stokes Brillouin scat-
tering of FRA under different pump powers.

Table 1. Power and Gain of Rayleigh Scattering and Stokes Brillouin Scattering of FRA under Different
Pump Powers

Py (mW) 0 500 600 700 800 900 1000 1100 1200

Pr (dBm) —21 —-7.9 —0.95 1.24 2.97 4.54 4.62 4.6 3.86

Gr (dB) 0 13.1 20.05 22.24 23.97 25.54 25.62 25.6 24.86

Pp (dBm) —54 —53 —50 —46 —36 —25 —17 ~12

Gg (dB) 0 1 2 12 22 29 37 42
shown in Fig. 4. The total gain of SBS is about 42 References

dB, which is much larger than the Rayleigh gain. The
Rayleigh scattering line is amplified by the FRA.

Practically, the Stokes SBS lines are amplified by the
FRA and fiber Brillouin amplifierl” %, The total gain
Grotal is the production of the Raman gain Gr and the
Brillouin amplifier gain Gg,

Grotal = Gr - GB. (16)

In experiment, the saturation gain of SBS is about 42
dB and the saturation gain of 25-km G652 backward
FRA is about 25 dB, so the gain of Brillouin amplifier is
about 17 dB.

In conclusion, the amplification effect on backward
SBS in the backward pumped S-band distributed G652
FRA at 1520 nm pumped by the power-tunable fiber
laser has been observed. In experiment, the Stokes SBS
lines are amplified by the FRA and fiber Brillouin am-
plifier. The total gain is the production of the Raman
gain and the gain of Brillouin amplifier. The gain of
the first order Stokes SBS line is about 42 dB and the
saturation gain of 25-km G652 backward FRA is about
25 dB, so the gain of Brillouin amplifier is about 17 dB.
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