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On coupling two phase-coherent frequency-conjugate laser pulses into a microstructure fiber, we observe
phase-sensitive photon generation via four-wave mixing, and suppression of Raman emission at the middle

frequency. © 2006 Optical Society of America
OCIS codes: 190.4380, 190.5650.

The propagation of light through an optical fiber can
be considered as a continuous scattering process with
some photons scattering into other frequencies
through various nonlinear processes. Some of these
nonlinear processes have high gain and lead to many
useful applications in optical communication.'™
Among fiber optic nonlinearities, four-wave mixing
(FWM) is of special interest where two pump photons
are annihilated to create a pair of phase-coherent
anti-Stokes (w,,) and Stokes (w,) photons simulta-
neously. In the classical realm, this phase coherence
is the basis of the phase-sensitive fiber-optic para-
metric amplifier (FOPA), which provides higher gain
and more information carrying capacity than the
usual phase-insensitive FOPA.*'2 In the nonclassi-
cal realm, correlated photons are key information
carriers.”

On the other hand, high gain nonlinear processes
in an optical fiber can also be detrimental. One ex-
ample is the Raman process that scatters pump pho-
tons individually into Stokes or anti-Stokes wave-
lengths. In conventional optical communication this
causes signal loss and channel-cross talk. In quan-
tum communication Raman scattering produces
single photon noise relative to the two-photon infor-
mation state. In both cases, it would be advantageous
to suppress the Raman scattering. One Raman sup-
pression approach makes use of FWM. When FWM
phase matching is satisfied, the interaction between
the Stokes and anti-Stokes beams can suppress the
Raman gain.”_19 Raman suppression can also be
achieved by using dual (or multiple) laser pump
beams. With w,,—w;=2Q0z (Qr=13THz is the fiber
glass Raman frequency), Raman scattering can be ef-
ficiently suppressed at w=w+Qz.2>** Another ap-
proach achieves Raman suppression using fiber
birefringence.?

In this Letter we study FWM with phase-coherent
dual pump pulses.’® Coupling a pair of phase-
coherent frequency-conjugate (with respect to the
zero-dispersion wavelength of the fiber) pump pulses
into a highly nonlinear microstructure fiber (MF), we
show that photon generation at the middle frequency
is phase sensitive. When the two pump pulses are in
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phase, photons are efficiently generated at the
middle frequency by FWM. When the two pump
pulses are out of phase, the total photon count rates
drop below the Raman scattering level, showing a
suppression of both FWM and Raman scattering.
The experimental arrangement is shown in Fig. 1.
We first generated quasi-super-continuum light by
coupling an 8 ps (A=735 nm, 80 MHz repetition rate,
average power of 16 mW) laser pulse into a MF (MF,
with a length of 1 m and zero-dispersion wavelength
No=735nm as specified by the manufacturer), from
which we selected a pair of frequency-conjugate
pulses (anti-Stokes, 733 nm; and Stokes, 737 nm with
1 nm bandwidths). Using a two-pass grating configu-
ration, the two selected pulses are put back in the
same single-spatial mode. The time delay between
the two pulses can be adjusted with respect to each
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Fig. 1. (Color online) Experimental setup. MF; (1 m) and
MFy (1.7 m), microstructure fibers; FC, fiber coupler; SMF,
single-mode fiber; \/2, half-wave plate; Ml and M2, mir-
rors. Inset 1, spectra of the two selected Stokes and anti-
Stokes pulses and the collected emission at the exit of MF,
(pump and FWM spectra were taken at different pump
powers). Inset 2, photon count rate at 735 nm with 0.1 nm
bandwidth versus delay, fit with a Gaussian function
(smooth line).
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pulses do not overlap in time), while Dy, ¢ is the pho-
4000F oA
ton count rate when the two pulses overlap in time.
3000+ We see that D, depends linearly on pump power P,
20001 while D, shows a deviation from the linearity, indi-
cating the start of stimulated Raman scattering. At a
1000 .
higher pump power, Dy,,, shows a clear dependence
5 0 on P2, the signature of FWM. This is consistent with
z 5 = e = g - = e our earlier experiments, in which we have shown
% average power P (W) @) delay (%) that two-photon states can be efficiently generated at
= 1500F the middle frequency with 2wg= g+ . ™
3 3000 The FWM signal was modulated by the relative de-
1000 lay between the two pumps [Figs. 2(b)-2(d)], with a
20007 period set by the wavelength. For this FWM process
o To60L with nondegenerate pumps and degenerate output,
under the slowly varying amplitude approximation,24
" or the power flow between the Stokes (P,) anti-Stokes
0 2 iy (;j) 6 —-— (Ai) (P,s), and the FWM signals (P) can be expressed as
Fig. 2. (a) Detection rates versus average power P=P, dP; .
+P,, for Stokes—anti-Stokes pump delay optimized for E=27P VPP, sin(6), (1a)
maximum signal. Filled dots, Stokes and anti-Stokes
pumps; open dots, anti-Stokes pump only; open squares,
Stokes pump only. Dy, is fit with P at lower power and P2 dP
at higher power. Detection rates versus delay. (b) P +P, =2yP\PP, sin(0), (1b)
=15 uW, (c) 40 uW, and (d) 55 uW. Dots are experimental
data fit to a sine function (smooth curve).
dpP _—
other. The twin pulses are then coupled into a second & =—4yP\[P,P,;sin(6), (1c)

fiber, MF, (identical to MF; but 1.7 m long). The light
exiting from MF, is filtered using a second two-pass
grating configuration, selecting X\y=735nm (A
=0.1nm) light to be coupled into a single-mode fiber
for detection. In the experiment, linear polarization
is maintained parallel to the same principal axis of
the two MFs, and oriented for maximum grating
transmission efficiency.

The spectra of the selected Stokes, anti-Stokes
pump pulses, and the collected photons (at \g
=735 nm) are shown in Fig. 1 (inset 1). The photon
count rate versus the relative delay between the
Stokes and anti-Stokes pulses is shown in inset 2.
When the Stokes and anti-Stokes pulses are not over-
lapped in time, the photon count rate at \y=735 nm
is a sum of the individual Raman scattering photon
rates from the Stokes and anti-Stokes pulses. They
are indicated by the level of the wings of the Gauss-
ian curve shown in inset 2. When the two pulses are
overlapped in time, the peak photon rate increases by
an order of magnitude. This peak results from the
nondegenerate FWM process and has been used to
prepare two-photon states in our earlier
experiments. 15 The photon count rate in inset 2 is
strongly modulated. The size and frequency of the
modulation suggest that FWM is dependent on the
relative phases between the two pulses. This phase
sensitivity was examined in detail.

At an optimal delay (with maximum photon count
rate), the measured photon count rates D, .., D, and
D, for the Stokes+anti-Stokes, Stokes, and anti-
Stokes pump configurations, respectively, are shown
in Fig. 2(a) versus average pump power P. Note that
D +D,, is the sum of the individual Raman scatter-
ing processes (measurement is made when pump

where the phase difference 0=(B,+ B,s—28)z+ 8, with
0= a5+ @s—2¢, where S o, 0, and ¢; 5,4 are propaga-
tion wavenumbers and phases for Stokes, anti-
Stokes, and FWM photons, respectively. The power
flow depends on the phase difference, 6. When ¢
=—1/2, the power flows from two pump beams to gen-
erate FWM signals at the middle frequency. When 6
=mx/2, the power flows back to the pumps and the
FWM is suppressed. An analysis shows that the non-
degenerate FWM gain is a periodic function of
8(z=0), the phase of the two pump pulses before be-

ing coupled into the fiber.10-12

In a recent publication on a phase sensitive para-
metrlc amphﬁcatlon process using nondegenerate
FWM,* passwe phase tumng using a fixed-length fi-
ber resulted in a quasi-periodic modulation of the
amplification spectrum. In our experiment, the phase
difference between the two phase-coherent pump
pulses can be actively controlled by varying the opti-
cal path length, with periodic modulation of the
FWM gain shown with the modulation period set by
the wavelength.

Figures 2(b)-2(d) show that FWM signals are well
above the Raman scattering level for most delay
times, but they drop below the sum of the individual
Raman levels, D +D,, for phase differences of ¢
=mx/2, indicating that the Raman process is sup-
pressed along with the suppression of FWM. This
suggests that there is an interference between the
two Raman scattering processes induced by the
Stokes and anti-Stokes pulses.

Classically, using the electric fields of a pair of
Stokes and anti-Stokes beams and a degenerate
FWM beam, the third-order nonlinear polarization
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P(wg) for a harmonic oscillator with resonant fre-
quency o, and damping coefficient u can be derived
as

2PPPe(w? A%  (Py+P,)\P

(02— D22+ (2uAP (0P — A2+ (2uA)?

2i uA(P, - Po)\P
(W - 092+ (2u0)?

P(w,) =

e, (2)

where A=w,—wy=wy—w,. For simplicity, we assume
perfect phase-matching B+ B,s—28=0. The first term
accounts for the noninstantaneous nuclear response
contribution to FWM with a phase e'?, which is con-
sistent with the phase-dependent power flow descrip-
tion given above. The second term accounts for the
noninstantaneous nuclear response contribution to
cross-phase modulation. The third term, which is
imaginary, represents stimulated Raman scattering
when P,,>P,, and inverse Raman absorption when
P, <P,. When P, ,~P,, the imaginary term is zero,
showing that no photons are generated at wg. This is
consistent with the recent observations of Raman
suppression with dual laser beams,?* 22 in which it
was suggested that the Raman susceptibility was

canceled via Im[ ng)R(wo) + X(S3)R (wg)]=0. While in that
previous experiment, the two pump beams are sepa-
rated from oy, by A=w,—wy=wy—w;=0z=13 THz,
with pump power greater than the Raman threshold;
in our experiment, the two pumps are close to the
zero-dispersion wavelength with A=1THz, and the
total pump power is much lower than the Raman
threshold. Equation (2) also shows that while FWM
is sensitive to the phase difference between the
Stokes and anti-Stokes beams, the Raman scattering
depends only on the relative powers of the two pump
beams.

In conclusion, by controlling the relative phase and
power of two phase-coherent pump beams, we can si-
multaneously achieve phase-sensitive FWM amplifi-
cation, and Raman suppression in an optical fiber.
Compared with other similar Raman suppression ex-
periments, the frequencies of our dual pump pulses
are close to each other and the pump power is much
below the Raman threshold. The result can be quali-
tatively explained using the third-order classical
nonlinear polarization. It is of particular interest as
to how much the Raman process can be suppressed
relative to the FWM process. In our experiment, the
two pump pulses were created from a spontaneous
FWM process and were phase conjugate. Overlap-
ping them in time in a second fiber leads to phase-
sensitive processes. On the other hand, these two
pulses each individually couples to the fiber thermal
reservoir containing phonons with random phases. In
this sense, the suppression of the Raman process is
determined by the temporal overlapping of the two
pulses in the fiber, 2022 Depopulating the phonon den-
sity by cooling the fiber may further bring down the

Raman noise.® Clearly a quantum mechanical ap-
proach is needed to fully understand these processes.
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We have ongoing efforts in that direction along with
further experimental efforts. The method applied in
our experiment may have potential applications in
the development of fiber-based two-photon sources,
phase-sensitive fiber parametric amplifiers, and effi-
cient suppression of Raman scattering in optical and
quantum communications.
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