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The generation of Stokes—anti-Stokes pairs with frequency shifts up to 5000
cm~! has been observed in laser-pumped optical fiber. The observed effects are
explained in terms of phase-matched four-photon mixing.

PACS numbers: 42.80.Mv, 42.70.Ce

The ability of glass fiber lightguides to withstand intense light over long distance
makes them uniquely suitable for research on certain nonlinear effects. They are pre-
sently being used in very active research on such nonlinear effects as stimulated
Raman scattering,? stimulated Brillouin (or “stimulated Mandel’shtam—Brillouin’)
scattering, and the optical Kerr effect.> Stimulated parametric four-photon mixing
is a nonlinear process in which two pump photons wp and wy, are converted into
Stokes (ws) and anti-Stokes (w4 ) photons (wa > wp >ws); from energy conserva-
tion we have wp; +wp, =wa +wg. This four-photon process requires a phase
matching; the corresponding matching condition is written in terms of the wave vec-
tors as Kp; +kp; =ka +kg. In a medium exhibiting a normal “material” dispersion,
phase matching is impossible in a collinear interaction of plane waves because the
condition kp +kg > 2k;, always holds. In glass fibers the different modes have differ-
ent propagation constants 8., (Fig. 1a), so that if the photons wy, w4 , and wg pro-
pagate in different modes it may be possible, in principle, to achieve phase matching
by offsetting the dispersion of the medium by a modal dispersion. In a glass fiber, a
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FIG. 1. a—Normalized effective refractive index b for various LP modes as a function of the
characteristic parameter V = 2ava (n? ~n2)/?. Here a is the fiber radius,” byyn= Bmnlk -n,)/
(n, -n,);and Ay =n, -n, is the difference between the refractive indices of the cladding and the
core; b—~the normalized group delay d(bV)/dV for various LP modes as a function of the charac-
teristic parameter V' (Ref. 5).

stimulated parametric four-wave process of this type with frequency shifts Av <400
em~! has been observed and analyzed® (AV =V -V, =Dy -g)-

The phase-matching condition for a glass fiber is
Bp + B~ By = Byy = A K(AD) +f CAD) =0, 1)

where AK(AV) describes the dispersion of the medium, and
- - d(b, V) dibgV) ),
f(AV)=21TAnEbA+bS bpl-bp2) +< T - 77 Av 1.(2)

For the present experiments we selected glass fibers with a Si0, + GeO, core
and a Si0, cladding with An~4.5X 107 and 2a~9 um. The fiber was pumped
with a second harmonic from a neodymium garnet laser (Ap, =532 nm) operating un-
der periodic-pulse conditions with #=12.5-25 Hz and Tpyise = 15 1s. For this wave-
length A, the parameter V' of the fiber is V'~ 6. The laser beam was coupled into
the fiber with the help of an objective; a second objective at the exit from the fiber
sent the beam either to a monochromator, for spectral measurements, or to a diffrac-
tion grating and then to a screen or to photographic film.

Figure 2a is a photograph of the near field of the beam emerging from an ~6-m-
long fiber after spectral decomposition by a diffraction grating. In addition to the
pump frequency (p), we see an anti-Stokes component (A) withvp >vpand a
Stokes component (S) with g <vy,. The field distributions of these components
correspond to LPg; and LP; modes, respectively, and the frequency shift is Av
=Vp -Vp=Vp-Vg~ 105 cm 1. By varying the angle at which the beam entered the
fiber, and thereby exciting different groups of modes preferentially, we obtained dif-
ferent Stokes—anti-Stokes modal compositions with different shifts Av” [in Fig. 2b,
A(LP;) and S(LP,; ) with AP ~110 ecm™ ;in Fig. 2¢, A(LP3;) and S(LP3,) with
AV ~67 cm™t]. In all the photographs in Fig. 2 the Stokes components are slightly
more intense than the anti-Stokes components, and there is some spectral “smear-
ing,” apparently due to a variation of the diameter of the fiber along its length.? In
the cases studied, the Stokes component always corresponds to a mode of higher or-
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FIG. 2. Photographs of the stimulated, parametric, four-photon emission at the exit from a glass
fiber ~6 m long after spectral decomposition by a diffraction grating. p, A, S—Near fields of the
pump, anti-Stokes component, and Stokes component, respectively.

der than that corresponding to the anti-Stokes component. One of the pump pho-
tons is propagating in the same mode as the Stokes photon, while the other pump
photon is propagating in the same mode as the anti-Stokes photon. In this case, Eq.
(2) simplifies:
d(b, V) d(bo V)
( A—) = 2 A ( A e S A~ . ' 2 h
f (Av 7An 7 17 v )

Constructing the function AK(AV) [expression (1)] from data on the dispersion of
fused quartz,® allowing for the very low GeO, content in our fiber, and knowing the
experimental values of AV, we found the corresponding value of AK(AV), which is
equal to - f(A7) at phase matching, for each case (Fig. 2). Accordingly, by knowing
only An and measuring AP, we were able to calculate the difference between the -
group delays for the different modes from (2°) and thus estimate the parameter V
from Fig. 1b. For cases a, b, and ¢ in Fig. 2, we found values of 6, 5.5, and 6.1, re-
spectively, for V. The apparent reason for the differences in these values of Visa
discrepancy between the actual index profile of our fiber and the stepped profile

for which the results in Fig. 1 were calculated.

In fibers with lengths in the range 0.3-1 m we observe the generation of two
Stokes—anti-Stokes pairs corresponding to LP;; modes with approximately equal
frequency shifts, AV ; ~1950 cm™ and AV, ~2100 cm™ (Fig. 3). The direction of
the lobes of the LP;; modes of one pair is orthogonal to the lobe direction of the
other pair. In contrast with stimulated parametric four-photon processes with small
values of Av (Fig. 2), there are no significant differences between the intensities of
the Stokes and anti-Stokes components within each pair. The pump power corre-
sponding to the generation threshold was measured at the exit from a fiber 0.6 m
long and found to be ~1 kW. Two cases may actually correspond to the given ex-
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FIG. 3. Photographs of the stimulated, parametric, four-photon emission at the exit from a fiber
0.6 m long after spectral decomposition by a diffraction grating. p, A, S—Near fields of the
pump, anti-Stokes, and Stokes components, respectively. a—General view (the spectrum of sti-
mulated Raman scattering is seen at the right of the pump); b—Stokes and anti-Stokes compo-
nents with a better spectral resolution than in photograph a.

perimental situation, in which the Stokes and anti-Stokes photons are propagating in
the LPy; mode: 1) Both of the pump photons are in the LPy, mode; 2) one of the
pump photons is in the LPy; mode, while the other is in the LP;; mode. The fre-
quency shift AV calculated from (2), with allowance for the functional dependence
AK(AD) and the data in Fig. 1a, agrees well with the experimental shift for case 2)
but is approximately twice as high as the experimental value for case 1). It should
be noted, however, that in case 2) the overlap integral of the fields of the four modes
involved in the process (the polarization of the mode is taken into account) is zero;
this integral determines, in particular, the efficiency of the stimulated parametric
four-photon mixing in a glass fiber.*

The generation of two Stokes—anti-Stokes pairs with different values of Ay
(Fig. 3) is evidently a consequence of different values of the phase constants § for
the LP,;; modes, which may in turn be a result of birefringence in the fiber, i.e., the
lifting of the degeneracy between the two orthogonal polarizations of the LP mode
because of an ellipticity or anisotropy of n; in the lightguide core.” Further evi-
dence for this conclusion comes from the fact that we were able to achieve preferent-
ial generation of one of the two Stokes—anti-Stokes pairs by using a A/2 plate to ro-
tate the polarization direction of the laser beam at the entrance to the fiber. Even
further, when we used a fiber with a definitely low birefringence” we did not observe
a splitting of the LP;; mode. We do note, however, that the polarization of the LPy,
modes generated in our case was elliptical in all cases.

We also observed generation of Stokes—anti-Stokes pairs with Ag 696.7 nm,
A 430.3 nm (AV ~4400 cm™'); A\g & 721 nm, Ay ~421.5 nm (AP ~4939 cm ™).
In this case four or five modes, distributed over the spectrum, participated simultan-
eously in the generation. In the anti-Stokes region, for example, we found the LP4,;
and LP,; modes, which, incidentally, do not propagate in this fiber at the pump fre-
quency because of the cutoff condition (Fig. 1a). The coherence length of the stimu-
lated parametric four-photon mixing, which is limited by the inhomogeneity of the
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properties of the fiber along its length, turned out to be extremely large for large
values of AV (~0.5 m), albeit much smaller than in the case of stimulated parametric
four-photon mixing with small values of A7 (more than 5 m).

We note in conclusion that by using fibers with different parameters this four-
photon mixing could be exploited to generate coherent light with new frequencies.
From a different standpoint, the method is convenient for selective excitation of in-
dividual modes, and it furnishes valuable information on the characteristics of the
fiber (the phase constants, the group delays, the birefringence, etc.).

We thank A. N. Gur’yanov and D. D. Gusovskil for fabricating the fibers.
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