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We report on the observation of cw backward-wave generation using degenerate four-wave mixing in a nonresonant
medium. The interaction took place inside a 3-m-long CS,-filled 4-um i.d. optical fiber. With a pump power of
only 6 mW inside the fiber, a backward-wave conversion efficiency of 0.45% has been observed, which is in reason-

able agreement with theoretical predictions.

The generation of time-reversed wavefronts via de-
generate four-wave mixing has been the topic of many
recent theoretical! and experimental? investigations.
Potential applications of this interaction include active
filters? and real-time holographic devices.*#5 Being a
third-order nonlinear optical process, this phenomenon
generally requires high-laser-beam intensities and long
interaction lengths in order to be observable. These
conditions become less constraining when the interac-
tion takes place in media possessing resonance effects,57
which, however, impose constraints on the wavelengths.
To overcome these drawbacks, we have recently pro-
posed performing four-wave mixing inside an optical
fiber.2 Because of the ability of the fiber to maintain
high light intensity over long interaction length, even
small incident light powers are sufficient for nonreso-
nant nonlinear phenomena®1® and devices!! to be
studied. Jensen and Hellwarth!? reported a substantial
reduction in the pump powers necessary for the obser-
vation of four-wave mixing in a waveguide structure
that was composed of a CSs-filled glass capillary of
0.4-mm diameter. A high-power @-switched laser was
still required to observe this effect in their experiment
because of the large diameter of the glass tube.

In this Letter, we report on the observation of cw
backward-wave generation in a nonresonant medium
inside an optical fiber. A backward-wave conversion
efficiency of 0.45% was observed at a pump power of
only 6 mW present inside the fiber.

The experimental apparatus is shown in Fig. 1. Be-
fore discussing experimental details, we present an
outline of both the geometry and the theory involved.
The experiment consists of detecting a backward-
traveling wave that is generated as a result of a degen-
erate four-wave mixing interaction within a 4-um i.d.,
3-m-long CSo-filled optical fiber. Incident upon the
ends of the fiber are counterpropagating pump fields
Ep and Epg, which are primarily coupled into the
lower-order fiber modes. An input probe field, E;, is
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also simultaneously incident upon one end (z = 0) of the
fiber; this probe field can in general excite many fiber
modes. All three waves and the generated backward-
wave, E,, are of the same frequency, w. E; and E, can
be expanded in terms of the eigenmodes &§;(x,y) of the
fiber as

Ei= ;% Bp(2) 6 (x3)
exp [— %az + i (wt — Bmz)] +ce (1)
and

E = ’; Ay(2) 6)(x,y)

DO =

exp [%a(z — L)+ i(wt+ mz)] +c.c., (2)

where A; and B,, are the amplitudes of the /th and mth
eigenmodes and §;,, are the corresponding propagation
constants. « is the intensity attenuation constant of
the fiber, which is assumed to be mode-independent,
and L is the total length of the fiber. The two pump
fields are assumed to be ideally coupled into the low-
est-order mode and are depleted only by linear fiber
losses. Thus we have

1
Ep = §Ap1 61(x,y)

exp [—%az + i{wt — 512)] +cc (3)
and

1
Eyo=-Ap 61(x,y)

2
exp [%a(z —-L) + i(wt + Blz)] +cc., (4)

where Ap,; and Ay are the amplitudes of the two pump
fields. Because of the presence of a third-order non-
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Fig. 1. Three-beam experimental arrangement. @ repre-
sents a mechanical chopper.

linear susceptibility, x®, the two pump fields couple
together with the probe field to form a nonlinear po-
larization, which coherently generates a backward wave,
E,. E, inturn, will interact with the two pump waves
to produce a nonlinear polarization, resulting in the
amplification of the probe field. It can be shown that
under the prescribed conditions each mode in the inci-
dent probe wave couples most strongly to the same
mode of the backward-going wave. The amplitudes of
the modes of the fields E; and E, are related by

dd, _ ix* exp(—az) By* (5)
dz
and
dB;* .
—, = irexplalz — L)] 4, ®)
where
27w
K* = o x® Ap1dps, (7

¢ is the velocity of light, and n is the medium’s refractive
index. The solution for the backward-going field, E,,
at the input end of the fiber, using Egs. (5) and (6),
subject to the appropriate boundary conditions,? is
given by

—2ik* tan(k,L)exp (—% aL)

= F;*
Er(x,,0) o tan(keL) + 2k, *(%.%,0),
(8)
where
1 \27]1/2
= 2 _ _(L .
Ke [IKI exp(—al) (2 a)] 9

The backward-going wave is thus recognized to be the
time-reversed, phase-conjugate replica of the input
probe wave. ‘

In our experiment, sketched in Fig. 1, the pump and
the probe waves originated from a cw single-transverse
and longitudinal-mode argon-ion laser, operating at a
wavelength of 5145 A. The laser output had a 10-m-
long coherence length, which ensured the coherence of

“the nonlinear interaction over the entire fiber length.
The two fiber ends and the objective lenses were care-
fully aligned to allow maximum coupling of the two
linearly polarized pump beams into the lower-order
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fiber modes. Typically, 50% of the incident light was
coupled into each end. Each fiber end was securely
positioned inside a stainless steel CSa-filled cell (not
shown in the figure). The CSs inside the cell was under
a nitrogen pressure of 4100 Torr, which prevented the
liquid from boiling when illuminated by the focused
pump beams. The probe beam, whose power was
roughly equal to that of the pump beams, was intro-
duced nearly parallel to the forward-going pump beam,
E,;1, and was coupled into the fiber by the same objec-
tive lens. Since the probe beam was slightly separated
from the on-axis pump beam, the coupling efficiency
was typically a factor of 5 lower than that of E;. All
the beams were chopped (at 57 Hz) to reduce the duty
cycle (and consequently to inhibit the degradation of
CSy) of the optical fields as well as to allow the usage of
temporal-discrimination techniques for the detection
of the backward signal. The probe beam also passed
through an optical isolator consisting of a linear polar-
izer and a quarter-wave plate before coupling into the
fiber. This isolator served two functions. First, it
minimized any spurious Fresnel reflected probe signals
from interfering with the backward-going wave. Sec-
ond, being a polarization-dependent phase aberrator,
the isolator would pass only the conjugate probe field,
which could correct for this phase distortion. Hence
the conjugate reflection of a right-hand circularly
polarized field, which is also a right-hand circularly
polarized wave, will be passed by the isolator in contrast
to a left-hand circularly polarized wave, which is the
result of a Fresnel reflection.

Because of the proximity of the probe and pump
fields (constrained by the aperture of the objective lens),
additional background noise arose from both the for-
ward-going pump, E; (via Fresnel reflections), and the
counterpropagating pump, Eyo (because of the residual
throughput from the fiber). Attempts to reduce these
background-noise sources via polarization discrimina-
tion were not utilized because of polarization scrambling
of the fields within the 3-m-long fiber. In order to ex-
tract the conjugate signal from the background by using
temporal discrimination techniques, the pump beams
and the probe beam were chopped with different “on”
durations, as shown in Fig. 2. The conjugate wave was
generated only in the time interval when both the
pumps and the probe passed through the chopper.
During the interval when the beams did not overlap in

UMY |«——}-PrROBE ON

~{-+-PUMPS ON

ARB. UNITS

L1
100 s/ DIV

Fig.2. Temporal profile of the detected light intensity using
the geometry of Fig. 1. The structure in the initial 20 usec is
caused by the detector—amplifier response.
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time, the light detected was due to the Fresnel reflection
of E and the residual throughput of E, plus residual
Fresnel reflections of the probe wave that leaked
through the isolator. The conjugate signal was ob-
tained by subtracting the signal detected during the
nonoverlapping time intervals from that of the over-
lapping time interval. The conjugate signal disap-
peared when either pump beam was blocked. For an
input power of 6 mW in each pump beam within each
fiber end, a conversion efficiency of 0.45% was observed.
Forn =1.628,a = 2.5 X 10~3cm™~1,10 and (27rx®)/n =
1.1 X 1071 sy, '3 Eq. (8) predicts a conversion efficiency
of 0.23%. The discrepancy between the theory and the
experiment can be attributed to the rough estimate of
the conjugate signal as well as the values of o and x®
used in Eq. (8).

The pump powers we used were well below the
threshold for both stimulated Brillouin scattering and
Raman scattering.¥ The backward wave was observed
only when both pump waves and the probe wave over-
lapped in time, even at a larger pumping power; thus
other nonlinear effects, such as optically induced bire-
fringence or thermially induced index-of-refraction
changes, could not have generated the signal that was
observed. Although there is polarization scrambling
inside the fiber, a simple consideration of the magni-
tudes of the various third-order susceptibility tensor
elements!5 shows that the dominant backward-wave
signal is indeed proportional to the complex conjugate
of the probe signal.

In a separate experiment, we used only two waves, E;
and ¥ ps, which were chopped with different duty cycles.
In this case, a 1.6-m-long, 7-um-i.d. CSs-filled fiber was
used. Before entering the objective lens, E,; passed
through a crosshair made of fine wires, so that its dif-
fracted wave had additional structure surrounding the
central spot. The purpose of the crosshair was to divert
some energy of Ep; to higher-order fiber modes. The
light in the higher-order modes essentially served as the
probe wave, as mentioned in the previous experiment.
A backward-going wave was also detected, as in the
previous case. With Ep; blocked, a bright spot was
observed that was due to the residual light from E o
emanating from the fiber. When both E,; and E 3 il-
luminated the fiber, we observed additional spatial
structure in the form of a peripheral ring, which was not
due to the Fresnel reflection of Ep;. At higher pump
powers, distinct dots were seen that surrounded the
central bright spot. This indicated that a backward-
going wave with its energy mainly located in the
higher-order fiber modes was generated.

In conclusion, we have demonstrated cw backward-
wave generation by four-wave mixing in optical fibers.
In addition, we have observed the ability of a phase-
conjugate interaction to correct for polarization-de-
pendent aberrations and distortions, such as optical
component birefringence. We note that the lifetime of
the CSs-filled fiber was rather short (of the order of a

few hours), especially when subjected to continuous
laser-beam illumination. Other Kerr media, such as
benzene or possibly a mixture of CS; and benzene, could
perhaps alleviate this problem and thus yield potential
practical device applications.
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