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Induced focusing and spatial wave breaking
from cross-phase modulation in a self-defocusing medium
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The spatial effects of cross-phase modulation on a weak probe beam as it copropagates with an intense pump
beam through a self-defocusing medium are investigated. Experimental results are presented that demon-
strate induced focusing, beam deflection, and the spatial analog of optical wave breaking. The experimental
results are in good qualitative agreement with theoretical predictions.

The nonlinear Schrbdinger equation (NLSE) is a
powerful tool for describing nonlinear pulse propa-
gation.`" In the temporal domain, the NLSE has
been successfully used in describing the evolution of
pulses in optical fibers. Pulse compression,5'6 soli-
ton formation,3' 7 soliton dragging,8 and optical wave
breaking9"0 are some of the diverse physical phenom-
ena that have been investigated. In the spatial do-
main, the NLSE describes an equally rich set of
physical phenomena that have not been so thoroughly
investigated. Of interest in the spatial domain is
the evolution of the transverse intensity profiles of
the interacting beams as they copropagate through a
nonlinear medium. A beam-deflection technique
for measuring the optical nonlinearities of materi-
als"' 3 is based on this nonlinear evolution. It has
recently been predicted theoretically' 4 that the pres-
ence of a strong pump beam can induce focusing
and deflection of a weak probe beam even in a self-
defocusing medium. In this Letter we report our
experimental observation of induced focusing, beam
deflection, and the spatial analog of optical wave
breaking. The experimental results are found to be
in good qualitative agreement with the theory of
Agrawal.1 4

A schematic illustration of the experimental ar-
rangement is shown in Fig. 1. Intersecting within
a nonlinear medium are a strong pump beam and a
weak probe beam. The centers of the two beams
are coincident at the entrance face of the medium.
In this experiment, sodium vapor is used as the non-
linear medium. The sodium cell is 5 cm long and is
heated to a temperature of approximately 2500 C,
creating a number density of approximately 2 x
10i' cm-3 . An excimer-pumped dye laser with a
pulse width of approximately 10 ns is detuned by
several Doppler widths to the defocusing side of the
D2 resonance. The output of the dye laser is spa-
tially filtered to produce a smooth spatial beam pro-
file. The beam is then split into a strong pump and
a weak probe beam. The energy of the pump beam
is in the range of 10-100 pJ, and the probe beam is
kept at least 1000 times weaker. The beams are
gently focused with a 700-mm focal-length lens so
that the beam waist is slightly behind the cell. At

the front window of the cell, the beams have approxi-
mately a 1-mm spot size and an angular separation
of approximately 20. The intensity profile of the
probe beam is recorded by an optical multichannel
analyzer placed approximately 1.3 m after the
sodium cell.

Typical experimental results are shown in Fig. 2.
In this case, the frequency of the beams is detuned
by 28 GHz to the defocusing side of the sodium reso-
nance. The energy of the pump pulse is approxi-
mately 20 6aJ. In Fig. 2, the transverse intensity
profile of the probe beam is shown for the cases in
which the probe beam has propagated through the
sodium cell without the pump beam [Fig. 2(a)] and
with the pump beam [Fig. 2(b)]. Figure 2(b) illus-
trates that (1) most of the energy of the probe beam
is induced to focus to approximately one half of its
original spot size, (2) the focused lobe is deflected
away from the pump beam by approximately 2.5
times its original beam radius, corresponding to a
deflection angle of approximately 0.3°, and (3) the
profile of the probe beam has developed an oscilla-
tory wing. This oscillatory wing is a manifestation
of the spatial analog of optical wave breaking.

Under our experimental conditions, the sodium
vapor can be modeled as a Kerr medium where the
evolution of the pump and probe beams is described
by the following coupled nonlinear Schrddinger
equations:

aA, _ a2Al = ikn 2 (JA1f 2 + 21A 2 12 )A,
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where A, and A2 are the slowly varying envelope am-
plitudes of the probe and pump waves, respectively;
k = 2wrno/A; n2 is the nonlinear refractive index;
and x and z are the transverse and longitudinal coor-
dinates, respectively. For simplicity, the model
treats the evolution in only one transverse spatial
dimension. The forward four-wave-mixing terms
have been neglected since they are not phase
matched for our experimental arrangement. The
nonlinear refractive index of the sodium vapor for
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Fig. 1. Schematic illustration of the experimental setup.
The dashed line is the path of the probe beam when the
pump beam is blocked.
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Fig. 2. Experimental realization of the transverse inten-
sity profile of the probe beam (a) before and (b) after it co-
propagates with the pump beam through the sodium cell.

large detunings is given by"5

8v, 2NA4

= no2 ch3(w - co) 3 (2)

where N is the number density, A. is the dipole
moment, and coo is the resonance frequency. For
the results shown in Fig. 2, the value of the nonlin-
ear refractive index is approximately n2 = 1.5 x
1010 cm2 W-1. The results of a numerical simula-
tion based on Eqs. (la) and (ib) are shown in Fig. 3.
For this simulation, the value of n2 is taken as

6 x 10-10 cm2 W-1 , which is well within the range of
estimated experimental values. In order to achieve
the best agreement between the experimental and
the theoretical results, the initial spot size is as-
sumed to be three times smaller than the best esti-
mate of the spot size for the results in Fig. 2. This
difference is most likely due to the one-dimensional
nature of the model. The theoretical predictions
are in good qualitative agreement with the experi-
mental results. In particular, the theory predicts
beam focusing and deflection as well as an oscilla-
tory wing in the transverse intensity profile of the
probe beam.

These three features can be understood intu-
itively. One might naYvely expect the pump beam to
enhance the defocusing of the probe beam since the
sign of n2 is negative for our experimental condi-
tions. However, more important than the absolute
sign of n2 is the sign of n2 relative to the sign of the
curvature of the pump profile. Whenever the probe
beam interacts with a section of the pump beam
where these two signs are opposite, the pump beam
will act as a positive lens and will hence induce fo-
cusing of the probe beam. For our experimental ar-
rangement, where the beams are incident at a finite
crossing angle, the probe beam moves in the nega-
tive x direction relative to the pump beam and
therefore interacts mainly with the wing of the
pump beam. Since this wing has a positive curva-
ture, and because the sign of n2 is negative, the probe
beam is induced to focus.
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Fig. 3. Results of a numerical simulation of the trans-
verse intensity profile of the probe beam (a) before and
(b) after it copropagates with the pump beam through the
sodium cell.
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Fig. 4. Instantaneous nonlinear phase shift induced by a
Gaussian beam in a self-defocusing nonlinear medium
and the corresponding contribution to the x component of
the propagation vector.

In order to understand the beam deflection' and
the oscillatory wing, we need to consider the incre-
mental nonlinear phase shift induced by the pump
beam and the shift's contribution to the transverse
propagation vector k. of the probe beam as shown in
Fig. 4. The centers of the two beams are initially
coincident. Owing to the incident angular separa-
tion, the probe beam slides to the negative x direction
across the pump beam on propagation through the
cell. The rightmost wing of the probe beam inter-
acts with nearly the entire intensity profile of the
pump beam, and therefore the net phase shift and
the beam deflection are small. The leftmost wing
of the probe beam interacts with only the leftmost
wing of the pump beam and therefore is deflected
slightly to the left. The central portion of the probe
beam interacts mainly with the left half of the pump
beam and therefore experiences the most beam de-
flection. This central portion of the probe beam in-
terferes with what was initially (at the entrance
face) the leftmost wing of the probe beam, and their
interference is responsible for the oscillatory nature
of the wing of the deflected probe beam.

The differences between the theoretical and ex-
perimental results can probably be attributed to two
causes. First, the theoretical model assumes that
the incident pump and probe beams have Gaussian
profiles. However, as can be seen from Fig. 2(a), the
actual probe beam profile (as well as the pump beam
profile) used in the experiment deviated somewhat
from a Gaussian profile. Second, a more funda-
mental limitation is that in the theoretical model we
treat the evolution of the beams in only one trans-
verse dimension. (It would be computationally cum-
bersome to treat the full three-dimensional nature
of the interaction.) For this reason, only qualitative
agreement between the theory and the experiment
is to be expected.

An interesting analogy can be drawn between the
effects described above and those studied in an opti-

cal fiber. The spatial effects presented here result
from the interplay of cross-phase modulation and
diffraction, whereas the temporal effects seen in a
fiber result from the interplay of cross-phase modu-
lation and group-velocity dispersion. If the
analogous fiber experiment were performed, the
probe pulse would be compressed as our probe beam
was focused, the probe pulse would be delayed as our
beam was deflected, and the tail of the probe pulse
would develop rapid oscillations because of optical
wave breaking, analogous to the oscillatory wing of
our probe beam.

In conclusion, we have investigated the spatial
analogs of some well-known temporal effects in the
propagation of short pulses in optical fibers. Our
experimental results show that the presence of an
intense pump beam can induce focusing, deflection,
and the spatial analog of wave breaking in the trans-
verse intensity profile of a weak probe beam as the
two beams copropagate through a self-defocusing
medium. The experimental results are in good
qualitative agreement with the predictions of our
theoretical model.

This research was supported by the sponsors of
the New York State Center of Advanced Optical
Technology and by the University Research Initia-
tive program of the U.S. Army Research Office.
Jeffery J. Maki thanks the U.S. Air Force Weapons
Laboratory (currently the Phillips Laboratory) for
financial support.

References

1. G. P. Agrawal, Nonlinear Fiber Optics (Academic,
Boston, Mass., 1989).

2. V E. Zakharov and A. B. Shabat, Sov. Phys. JETP 34,
62 (1972).

3. A. Hasegawa and E Tappert, Appl. Phys. Lett. 23, 142
(1973).

4. J. Satsuma and N. Yajima, Prog. Theor. Phys. Suppl.
55, 284 (1974).

5. G. P. Agrawal, P. L. Baldeck, and R. R. Alfano, Opt.
Lett. 14, 137 (1989).

6. J. E. Rothenberg, Opt. Lett. 15, 495 (1990).
7. L. E Mollenauer, R. H. Stolen, and J. P. Gordon, Phys.

Rev. Lett. 45, 1095 (1980).
8. M. N. Islam, Opt. Lett. 15, 417 (1990).
9. W J. Tomlinson, R. H. Stolen, and A. M. Johnson, Opt.

Lett. 10, 457 (1985).
10. J. E. Rothenberg and D. Grischkowsky, Phys. Rev.

Lett. 62, 531 (1989).
11. A. C. Boccara, D. Fournier, W Jackson, and N. M.

Amer, Opt. Lett. 5, 377 (1980).
12. W B. Jackson, N. M. Amer, A. C. Boccara, and D.

Fournier, Appl. Opt. 20, 1333 (1981).
13. A. L. Smirl, T. R Boggess, J. Dubard, and A. G. Cui,

Proc. Soc. Photo-Opt. Instrum. Eng. 1307, 251 (1990).
14. G. P. Agrawal, Phys. Rev. Lett. 64, 2487 (1990).
15. D. Grischkowsky, Phys. Rev. Lett. 24, 866 (1970).
16. Y Li, D. Y Chen, L. Yang, and R. R. Alfano, Opt. Lett.

16, 438 (1991).


