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and show that the Raman gain enhances the optical delay up to 35%.
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Slow and fast light (SFL) propagation has been demonstrated over the past few years using Raman-assisted narrow-
band optical parametric amplification (RA-OPA) in optical fibers [1]. With this technique, large delays and delay tuning
ranges up to 160 ps have been achieved in a 2-km standard telecommunication fiber. Recently, we have theoretically
demonstrated that large optical delay and advancement can also be obtained by using vector OPA in polarization-
maintaining or highly-birefringent (Hi-Bi) fibers [2]. More specifically, we have shown that the optical delay can be
one order of magnitude larger than that previously obtained by scalar OPA with similar parameters, which may repre-
sent a significant improvement. However, our theory did not account for the Raman gain that plays a crucial role for
the optical delay.
The aim of the present work is to give a complete theoretical investigation of the optical delay in Hi-Bi fibers by
including both the parametric and Raman gains. With this theory, we demonstrate significant enhancement (35 %) of
the optical delay that can be achieved when the vector OPA gain matches the Raman frequency shift. Let us consider
the Raman-assisted parametric amplification of a weak signal pulse by a pump pulse polarized at 45◦ of the birefrin-
gence axis of a polarization-maintaining fiber (PMF). The fiber has a birefringence parameter δ = ∆n/c, a nonlinear
coefficient γ , and a anomalous group velocity dispersion (GVD) coefficient β2 < 0. To be optically delayed, the signal
pulse must be polarized along the slow axis and located in the anti-Stokes gain band because of phase-matching. If we
take into account the Raman gain (only the real part of silica Raman susceptibility) in the OPA theory of Ref. [2] as in
Ref [1], we can expressed the resulting complex gain in high gain regime as
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, gR the Raman gain, κ = δΩ+ β2Ω2 + γP the phase mismatch, and P

the pump power. The real part of gs provides the RS-OPA gain while its imaginary part induces a time phase shift on
signal pulse that leads to the following group index variation ∆ng and to the time delay ∆tNL as

∆ng = c
∂ℑm(gs)

∂Ω
and ∆tNL =

∫ 0

L

∆ng

c
dz (2)

Fig.(1)(a) compares the theoretical results obtained from Eqs. (1) and (2) for OPA delay (blue curve) and RA-OPA
delays (red curve). The parameters used here are γ = 5W−1.km−1, δ = 2ps.m−1, P = 4W . The GVD parameter β2 is
tuned from −15 to −60 ps2/km to show the optical delay versus the frequency shift. It clearly appears that, whereas
1 ps of delay per meter of propagation can be obtained in the OPA case, 1.35 ps/m can be reach in the RA-OPA case
near the Raman gain peak. Moreover, the evolution of the Raman-assisted OPA relative to the OPA one clearly reflects
the Raman gain, which proves the strong influence of the Raman effect. Therefore, the RA-OPA allows one to obtain
a significant enhancement of the vector OPA optical delays.
To verify our analytical predictions, we performed numerical simulations of the nonlinear Schrödinger equation by
taking into account the real and imaginary part of the silica Raman susceptibility [3]. A 10 ns square pump pulse
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polarized at 45◦ of the birefringence axes is injected into a 400 m long PMF with a 1 ns signal pulse frequency shifted
from the pump to the peak of the parametric gain. The parameters used in simulations are the same as in the previous
analytical case. The analytical predictions are obtained from Eqs. (1) and (2) including the weak and strong gain
regime. Fig. (1)(b) shows a good agreement between the analytical and numerical results. Furthermore, in case where
only vector OPA is taken into account, the pulse signal experiences a frequency independent optical delay of 250 ps.
Note that this delay is lower than the expected 400 ps (1 ps/m), the difference being due to the weak gain regime at the
beginning of the propagation. On the other hand, the RA-OPA optical delay clearly presents a frequency dependence,
as shown in Fig. 1(a). More precisely, near the Raman gain peak, the optical delay reaches 350 ps, i.e. 35 % higher than
in the OPA case. It is interesting to mention that, even if the signal is located in the anti-Stokes gain band, i.e. in the
Raman absorption band, the optical delay nevertheless increases. It is also interesting to note that the real part of the
Raman gain, only included in the numerical simulations, which acts on the phase of the signal does not significantly
influence the optical delay.
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Fig. 1. (a) analytic RA-OPA optical delay versus frequency detuning in high gain regime. (b) Ana-
lytic (solid curves) and numeric (dashed curves) optical delays obtained with OPA (blue curves) or
RA-OPA (red curves) including the weak gain regime.

To conclude, we theoretically demonstrate that combined effect of Raman gain and vector OPA leads to large optical
delays experienced by signal pulse frequency shifted to maximum of parametric gain in Hi-Bi fibers. The Raman gain
may improve the optical delay up to 35% at the peak of Raman gain.
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