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We discuss the maximum achievable time delay of stimulated-Brillouin-scattering-based systems that rely
on the superposition of gain and loss spectra. As we will show, the time delay can be enhanced up to 8.5
times if the gain is superimposed with a broad loss and 9.5 times if two narrow losses are superimposed at
the wings of the gain. Furthermore, we show that the parametric interaction between the different pump
waves is negligibly small. Our theoretical analysis does not include pulse distortions that are accompanied

by the delay. © 2008 Optical Society of America

OCIS codes: 060.0060, 060.4370, 190.0190, 190.5890.

The alteration of the group velocity of optical pulses
(slow and fast light) offers a way to many very inter-
esting applications. Among these are time resolved
spectroscopy, nonlinear optics, radio frequency photo-
nics, and optical signal processing. The effect of
stimulated Brillouin scattering (SBS) has especially
attracted much recent interest since it offers many
advantages over other slow light methods. Recently,
it was shown that photonic crystal and nonsilica-
based fibers with a large Brillouin gain coefficient
can slow down and accelerate light in a few meters of
fiber length [1,2].

On the other hand, the natural Brillouin gain in an
optical fiber has several serious disadvantages: (i) the
pulse delay is accompanied by a distortion of its
shape, (ii) only very small data rates can be delayed
since the gain bandwidth is very narrow, and (iii) the
time delay is coupled with an amplification of the
pulses. By a modulation of the pump wave [3] or a su-
perposition of several gains [4] and losses [5,6], which
will be produced simultaneously by different pumps,
most of the disadvantages can be circumvented [7].
However, since the studies that investigate the limits
of SBS-based delay lines are restricted to the classi-
cal setup where the pulse will be delayed within a
gain spectrum [8-10], the limits of these new ap-
proaches are not clear. Here we will enhance these
studies to the new setups where a gain is superim-
posed with one [5,6] or two losses [7] with respect to
the maximum achievable time delay.

A pump wave generates a gain for counterpropa-
gating pulses if they are downshifted in frequency by
the Brillouin shift. For upshifted counterpropagating
pulses the same pump wave generates a loss. Gain
and loss both have a Lorentzian shape (see inset a in
Fig. 1 for the gain). In the line center the gain is g
=gpPpLx/ A s, Wwhere gp is the peak value of the SBS-
gain coefficient, Pp is the input pump power, and L
and A are the effective length and area of the fiber.
Owing to the high dispersion and the accompanying
group index change, in the center of the gain band-
width the pulses will be delayed by At=g/ vy, with y as
the half 3 dB bandwidth of the Brillouin gain. But,
since a gain is involved, the delay is accompanied by
an amplification of the pulses. Here the gain respon-
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sible for the time delay will be called time-delay gain
grp, whereas the gain responsible for the amplifica-
tion is the amplification gain g4. For one pump wave
both are the same and the delay line can be repre-
sented by a SBS-based amplifier.

If no counterpropagating pulses are present the
amplification gain amplifies the noise in the fiber. If
this gain is above a certain threshold a backscattered
Stokes wave will be generated and amplified. The
amplification reduces the pump power and therefore
the gain. Hence, the maximum available amplifica-
tion gain is restricted by the threshold of Brillouin
scattering. For a low loss uniform fiber the threshold
gain is [11] ga7;,=19. For a modulated pump wave the
SBS peak gain gp is reduced. However, for a reduced
gp the pump power Pp can be increased by the same
amount. So, we assume that—if enough pump power
is available—the maximum amplification gain in the
line center stays the same with and without the
broadening. As in every amplifier, the amplification
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Fig. 1. Maximum time-delay gain and time delay for a

Lorentzian gain (solid curve and inset a), a gain superim-
posed with a three times broader loss (dotted curve and in-
set b), and a gain superimposed with two losses at its wings
(dashed curve and inset c). Please note that only for the
first case does the time-delay gain equal the amplification
gain. The insets show the normalized gain as a function of
the normalized frequency (w—wpg)/y with wp as the fre-
quency of the Brillouin shift and y as the Brillouin gain
linewidth.
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reduces the pump power and the gain. Therefore, the
amplification becomes saturated. If pump depletion
and the attenuation in the fiber are ignored, the
maximum amplification gain can be written as [10]

exp([1-é€lgarn) — €
1-¢ ’

with é=P(L)/Pp. For very low output pulse powers
P(L)— 0, the maximum amplification gain equals the
threshold gain g4 nax=8a7,=19. In Fig. 1 (left) the
maximum amplification gain is shown with the solid
curve for a standard single-mode fiber with an at-
tenuation of @=0.209dB/km, gp=2Xx10"11m/W,
A.5=86 um?, and a length of L=50.45 km. Since only
one pump wave is present the amplification gain
equals the time-delay gain. Owing to the amplifier
saturation the maximum induced gain depends on
the power of the input pulse. Since a broadening of
the gain reduces the time delay, the maximum delay
can be achieved for the natural SBS bandwidth
v/ (27) =35 MHz. The highest achievable time delay
is shown in Fig. 1 (right).

If the gain is superimposed with a broad loss (see
inset b in Fig. 1), the delay can be decoupled from the
amplification [5]. The loss can be produced by a sec-
ond laser with a center frequency that is downshifted
in frequency by twice the Brillouin shift and broad-
ened by a direct modulation with a noise signal. The
loss directly reduces the amplification gain; it is g4
=g,—-g,. But the time delay is a function of the phase
change. The corresponding time delay is [7] At
=g1/v1—82/ v» with g, 5 and v, 4 as the SBS-gain coef-
ficient and the linewidth of the gain and loss, respec-
tively. So if the loss is much broader than the gain
v9>> 1, the time delay is only slightly reduced.

The second laser produces a loss that is upshifted
in frequency by the Brillouin shift. But at the same
time, for a downshifted counterpropagating signal, it
produces a gain. Therefore, the maximum loss that
can be produced by the laser is limited by the Bril-
louin threshold. However, since the loss generated by
the second laser compensates the gain generated by
the first, the gain g; can be made higher. In the maxi-
mum, the gain g; can be increased by gy7;,=19. With
this method we achieved very high time delays up to
around 100 ns [6]. The dotted curves in Fig. 1 show
the maximum gain induced by the higher frequency
pump and the corresponding time delay for a loss
that is three times broader than the gain spectrum.

Since the loss has to be much broader than the
gain, this method requires very high pump powers,
especially for broad gains. If the gain is superim-
posed with two narrow losses at its wings (see inset ¢
in Fig. 1) the delay will be decoupled from the ampli-
fication as well. The two losses can be very simply
produced by a second laser that is externally modu-
lated in a suppressed carrier regime [7]. If we assume
that the gain and losses have the same bandwidth
and both losses are equal, the amplification gain is
ga=81-89/2 for a frequency separation between the
losses of 2 X 5=2 X /3. Since two gains are produced
simultaneously by the loss laser, the maximum loss is

8a max:1n< (1)
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again restricted by the SBS threshold. Therefore, in
the maximum g; can be increased by gy7,/2=9.5.
Hence, the highest gain induced by the higher fre-
quency pump is smaller as shown by the dashed
curve in Fig. 1 (left). However, contrary to the afore-
mentioned method, the time delay will not be de-
creased but increased by the losses. The time delay in
the line center is [7] A¢=(g;+0.25g,)/y. Therefore,
this method requires less pump power but can result
in higher time delays. In our experiments we
achieved time delays of more than 120 ns [7].

If the gain is superimposed with one or two losses,
two or three strong pump waves propagate into the
same direction. This can result in a parametric inter-
action between the waves via the third-order nonlin-
ear susceptibility x®. In consequence, the pump
waves generate new mixing products. Since the mix-
ing products counterpropagate to the pulses, the
signal-to-noise ratio will not be decreased by this pro-
cess. But the new generated waves could reduce the
maximum pump power and therefore the gain and
time delay. If a loss is superimposed with a broad
gain, two strong pump waves interact. In this case,
only two new waves are generated via four-wave mix-
ing (FWM). In Fig. 2 (inset a) the two pump waves (1
and 2) separated in frequency by two times the Bril-
louin shift 2wy and the mixing products are shown.
According to the condition for the conservation of en-
ergy w;,=w;+w;—w,, k#1i,j and i,j=1,2, the new
waves 112 and 221 are upshifted and downshifted
from pump waves 1 and 2 by twice the Brillouin shift.
Assuming that the pump waves are not depleted, the
output peak power of the new generated waves is [12]

D 2
P;j,= (gVLeff> P.P;Pre Ly, (2)

with D=3 if two pump waves (i=j# k) and 6 if three
pump waves (i #j # k) are involved; 7y is the nonlinear
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Fig. 2. Summarized power of all generated FWM products
for a two- (dotted curve) and three-wave interaction
(dashed curve). The insets show the optical output powers
of the generated waves and the pump waves for the two-
(inset a) and three-wave interactions (inset b) and a pulse
input power of —60 dBm.
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coefficient; P;, P;, and P}, are the input peak powers of
the pump waves; and 7 is the efficiency of the mixing
process that depends on the phase matching between
the involved waves. Here we assume the worst case,
which means that all waves are perfectly matched
(7=1) and copolarized. The dotted curve in Fig. 2
shows the summarized power of the two mixing prod-
ucts for the parameters given above and vy
=1.2W1km™!. Since the maximum pump power of
Py can increase with a decreasing input pulse power,
the power of the mixing products increases as well.
But the pump power reduction by this process is neg-
ligibly small.

If the gain is superimposed with two losses, we
have a three wave interaction. This results in nine
mixing products, which are shown in inset b of Fig. 2.
Furthermore, three of the mixing products (231, 132,
and 123) are stronger than the others since they are
generated with D=6. However, according to the dis-
cussion above, for the two loss case the maximum
pump power P; can only be half as high as for the one
loss case. Owing to this the summarized power of all
generated mixing products is not very much in-
creased, as shown by the dashed curve in Fig. 2.
Therefore the parametric interaction can be ne-
glected for both cases.

In conclusion, we have shown that the maximum
time delay of a SBS-based slow light system depends
on the input pulse power and on the gain induced by
the higher frequency pump wave. The time delay can
be enhanced if the gain is superimposed with a broad
loss. If the loss is three times broader than the gain,
the time-delay enhancement is between 8.55—for a
1 mW pulse—and 1.9 if the input pump power is
-60 dBm. However, the method requires very high
optical powers for the loss. This problem can be cir-
cumvented if the gain is superimposed with two nar-
rowband losses at its wings. Contrary to the broad
loss case, the losses at the wings enhance the time
delay in the center. Since the losses have a narrow
bandwidth, which does not have to be broadened for
broad gains, the method requires much lower optical
power. For the given parameters we have a time-
delay enhancement of 9.5 and 2 times for a 1 mW and
a —60 dBm pulse. Since the Brillouin process is much
more effective than the parametric interaction be-
tween the pump waves, the pump power reduction
owing to FWM can be neglected. Therefore, a further
enhancement of the time delay can be achieved if ad-
ditional pump sources are included. Of course, the
different pump waves can be generated by an appro-
priate modulation of one laser source. If a third pump
wave is downshifted to the first by 4 times the Bril-
louin shift, its generated loss can compensate the
gain produced by the second pump. If the third pump

laser is modulated like the second, it can compensate
the gains of the one and the two loss case. Hence, if
we neglect the wavelength dependence of the SBS
gain, the maximum loss generated by the second la-
ser can be doubled. For the given parameters this
would result in a maximum time delay for the
—60 dBm pulse of 180 ns for the one loss case and
193 ns for the two loss system. The delay is always
accompanied by pulse distortions. The maximum
time delay for a given application is restricted by the
tolerable amount of these distortions. The distortions
can be reduced by a broadening of the gain and a re-
duction of the higher-order terms of the complex
wave number. But even if enough pump power is
available, this reduces the achievable time delay. At
the same time, broad and high gains lead to a high
amount of amplified spontaneous emission (ASE),
which will be added to the signal. If the gain is su-
perimposed with two narrowband losses, the time de-
lay is enhanced by these losses. Therefore, higher
time delays at broad and rather low gains are pos-
sible with this approach. At the same time, the band-
width of the group index can be made flat [7], which
reduces the higher-order wavenumber terms. Hence,
the last method has the potential to delay high data
rates with low distortions.
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