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The novel phenomenon of induced focusing occurring in a self-defocusing nonlinear medium is dis-
cussed theoretically. Induced focusing of a weak optical beam occurs when it copropagates with an in-
tense pump beam whose intensity peaks at a place different from that of the weak beam. The physical
mechanism behind induced focusing is cross-phase modulation that couples the two beams. The condi-
tions under which induced focusing can occur are discussed by solving numerically the coupled ampli-
tude equations which incorporate the effects of diffraction, self-phase modulation, and cross-phase

modulation.
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Self-focusing is a well-known nonlinear optical
phenomenon.' It refers to the nonlinear process that not
only counteracts against diffraction-induced natural
spreading of an optical beam but also can contract it
once the power exceeds a critical value. The physical
mechanism behind self-focusing has its origin in the non-
linear refractive index, n =ng+n,I, that increases with
the intensity / whenever n;>0. Such an intensity
dependence of the refractive index produces a converging
wave front through the nonlinear phenomenon of self-
phase modulation (SPM) as the beam propagates in the
medium. The wave-front curvature depends on the beam
intensity and can overcome the natural diverging tenden-
cy of the beam for sufficiently intense beams. The beam
is then said to be self-focused. For nonlinear media with
ny <0, SPM imposes a diverging wave front: Optical
beams then spread faster than diffraction, and are said to
to self-defocused.

One may ask if an optical beam can be focused, at
least partially, in a self-defocusing medium by copro-
pagating it with another intense beam. Although some-
what counterintuitive, I show in this Letter theoretically
that such a behavior is indeed possible under certain con-
ditions. It is referred to as induced focusing because
focusing is induced by the copropagating intense beam
which itself experiences self-defocusing. The physical
mechanism behind induced focusing is cross-phase
modulation (XPM), a nonlinear effect through which the
phase of an optical beam is affected by other copropagat-
ing beams.? XPM introduces a mutual coupling between
the optical beams. Even though such a coupling does not
lead to any energy transfer, XPM can redistribute the
energy within each beam. It will be seen later that in-
duced focusing results from such XPM-induced redistri-
bution of the electromagnetic energy within the beam
profile. Induced focusing has been recently discussed in
the case of self-focusing media®=® but has not attracted
much attention in the context of self-defocusing. In-
duced focusing of self-defocusing optical beams is a nov-
el, intriguing effect. The results presented in this Letter

indicate that it should be possible to observe it experi-
mentally.

The mathematical description of the XPM-induced in-
teraction between the two copropagating cw or quasi-cw
beams is provided by the coupled amplitude equations
which, in the paraxial approximation, take the form
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where A4; is the slowly varying envelope amplitude,
kj=2rng;/A;, and no; is the linear refractive index at the
carrier wavelength A; (j=1 and 2). The nonlinearity
coefficient n,, sometimes called the Kerr coefficient, is
negative for a self-defocusing medium. For atomic
media n,; becomes negative on the low-frequency side of
the absorption peak. In obtaining Egs. (1) and (2), the
nonlinear medium is taken to be homogeneous and sta-
tionary. Absorption is neglected but can easily be in-
cluded. The last two terms on the right-hand side of
Egs. (1) and (2) are due to SPM and XPM, respectively.
These equations are similar to those describing pulse
propagation in optical fibers?> where the diffraction terms
are replaced by a dispersion term containing 924,/9t2.
They can also be thought of as the coupled nonlinear
Schrodinger equations in two spatial transverse dimen-
sions.

It is not easy to solve Egs. (1) and (2) analytically,
and a numerical approach is often necessary. Even nu-
merical solutions require considerable computing
resources when both x and y derivatives are included in
Egs. (1) and (2). However, considerable insight can be
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gained by limiting diffractive coupling to one transverse
dimension by setting d4,;/dy =0 for j=1 and 2. This as-
sumption is justified for nonlinear interaction in planar
optical waveguides. It is expected to provide a qualita-
tive description even for bulk nonlinear media and can be
used, provided one is aware of its limitations. It is useful
to introduce the normalized variables
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The nonlinear interaction is described in terms of a sin-
gle parameter N defined by

N=k|Wo(|n2|1|/no|)l/2, (6)

where wy is the spot size and I is the peak intensity for
the beam at the carrier wavelength ;. The parameter
Lp in Eq. (3) has the physical meaning of the diffraction
length or the Rayleigh range.

Equations (4) and (5) are solved numerically by using
the split-step Fourier method.” The initial field distribu-
tion at £=0 depends on the spatial profiles of the two
beams. If we assume that the probe and pump beams
are initially Gaussian with the 1/e half-widths wo and
wy, respectively, the initial conditions are
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where Xo=xo/wo and xo is physical distance between
the beam centers for the general case in which the two
beams do not overlap completely. In the following dis-
cussion, a pump-probe configuration is considered by as-
suming that the probe beam at A, is much less intense
than the pump beam at A, (I/I,=10"%). The pump in-
tensity 7, is chosen such that the parameter N=5. The
parameter n; is chosen negative to correspond to a self-
defocusing medium. The wavelength ratio is A,/A; =0.9.
The initial width is taken to be the same for both beams
(wo=w¢). The parameter X is varied in the range 0-2.

Consider first the case of completely overlapping pump
and probe beams (X(=0). Numerical solutions of Egs.
(4) and (5) show that both beams defocus as they propa-
gate inside the nonlinear medium. Self-defocusing of the
pump beam is expected as the probe is too weak to
influence it. The probe profile is distorted significantly
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FIG. 1. Evolution of probe-beam profiles over a distance
E=0-0.5 in a self-defocusing medium (n, <0) for the case in
which the probe copropagates with a pump beam of peak in-
tensity such that N=5. The input beams are Gaussian, have
the same width wo, and are separated by wo.

as a result of the XPM-induced coupling with the intense
pump beam.® However, the probe beam continues to
spread, as expected, for n, <0.

The situation changes completely when the centers of
the two beams are allowed to be physically separated so
that the beams overlap only partially at £=0. Figure 1
shows the probe evolution over the range &£=0-0.5 for
the case Xo=1. The probe beam exhibits a complex evo-
lution pattern. In particular, it focuses initially in the
form of a narrow beam before it begins to defocus. The
spot size at £=0.5 is not much different from the input
spot size (if the relatively long tail on one side is ig-
nored). By contrast, the probe would be nearly 20 times
wider than the input beam if Xo=0. As mentioned
above, the initial contraction of the probe beam is due to
pump-induced focusing occurring as a result of the XPM
interaction between the two beams. The pump beam it-
self exhibits self-defocusing as expected for ny <0. Fig-
ure 2 shows the pump evolution over the same range
(¢=0-0.5) and should be compared with Fig. 1.

What is the origin of induced focusing? A clue comes
from the fact that this phenomenon occurs only when the
beam centers do not coincide. The pump beam distorts
the phase profile of the probe through XPM. If we
neglect diffraction for the moment, Eq. (5) can be readi-
ly solved to obtain the XPM-induced phase shift ¢ im-
posed on the probe by the pump. Neglecting a small
SPM contribution, ¢ni is given by

ONL(E,X) = —2N2(\1/Az)e ~XE )

where n, <0 was taken. As expected, XPM imposes a
diverging wave front on the probe beam, and the probe
indeed defocuses if its intensity profile peaks at the same
location as the phase profile. However, when the probe-
beam center is shifted from that of the pump beam, the
intensity and phase profiles of the probe no longer peak
at the same location. This mismatch leads to induced
focusing. The physical mechanism can be understood by
noting that the phase-front curvature 92¢ni/8X? be-
comes negative for |X| >1/v/2. The portion of the



VOLUME 64, NUMBER 21

PHYSICAL REVIEW LETTERS

21 MAY 1990

0.5

Relative Intensity

Relative Distance x/w,

FIG. 2. Evolution of pump-beam profiles under same condi-
tions as Fig. 1. The pump beam exhibits self-defocusing as ex-
pected for a nonlinear medium with n, <0.

probe beam contained in that region focuses simply be-
cause of the negative phase-front curvature associated
with it. This description is oversimplified as it ignores
the effect of pump diffraction and defocusing. As the
pump beam defocuses (see Fig. 2), the XPM-induced
phase profile changes continuously as it mimics the
pump-intensity profile. Eventually, the phase-front cur-
vature becomes positive over the entire probe beam.
This is the reason why the probe begins to defocus in
Fig. 1 for £> 0.4. This is also the reason why the probe
peak shifts toward the right in Fig. 1 as £ increases.

Figure 1 is obtained for a specific value of the pump
intensity (/N=35) and a specific ratio of the pump-probe
spot sizes (wo=wg). For such a pump beam the probe
spot size is reduced by about a factor of 4 near £=0.3
compared with the input spot size [comparison is being
made on the basis of the full width at half maximum
(FWHM)]. Larger reduction factors are possible for
higher pump intensities so that the parameter N given by
Eq. (6) is larger. The intensity profile of the focused
probe is also quite sensitive to the initial pump-probe
spot sizes and the initial separation between the beam
centers.

One may ask if it is possible to realize induced focus-
ing for the case in which the pump and probe beams are
not physically separated at the input end of the nonlinear
medium. It turns out that this is indeed possible, provid-
ed the pump- and probe-intensity profiles are different
from each other in such a way that the pump intensity is
minimum at the peak of the probe intensity. For exam-
ple, the pump-intensity distribution may correspond to a
higher-order Gaussian beam. The higher-order Gauss-
ian beams have been extensively studied and are de-
scribed by the Hermite-Gauss functions in the rectangu-
lar geometry and by the Laguerre-Gauss functions in the
cylindrical geometry.® They can be realized in practice
by using lasers which are forced to oscillate in higher-
order transverse electromagnetic (TEM) modes. For il-
lustration, we consider the case in which the probe and
pump beams correspond to TEMyy and TEM,; modes,
respectively. Restricting ourselves to only one transverse
dimension, Eqs. (4) and (5) are now solved with the ini-
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FIG. 3. Evolution of probe-beam profiles over a distance
£=0.5 for the case in which the pump beam corresponds to a
higher-order Gaussian beam. The other parameters remain the
same.

tial condition
U(0,X) =+ Xexp(—X?/8), (10)
U,(0,X) =/1,)?exp(— X?/2) , an

where we assumed w)=2wq. The pump profile (10) has
zero intensity at X =0, where the probe intensity is max-
imum. The pump intensity peaks off center at X = * 2.
Figure 3 shows the probe evolution over the range
£=0-0.5 by using parameter values identical to those of
Fig. 1 but with the pump profile of Eq. (10). The probe
beam exhibits induced focusing through the same mech-
anism (XPM), but the evolution pattern is quite
different. In particular, the probe profile remains sym-
metric and exhibits a narrow peak at x =0. The max-
imum narrowing occurs near £ =0.35 beyond which the
probe begins to defocus. Figure 4 compares the focused
probe beam at £=0.35 with the input Gaussian beam at
£=0. The FWHM of the focused beam is smaller by
more than a factor of 4 than the input FWHM. Note
also a small pedestal around the focused beam; it con-
tains the power that could not be focused by the XPM-
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FIG. 4. Comparison of the probe-beam profile at £=0.35
with the input profile at £ =0 showing induced focusing for the
case of Fig. 3.
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induced interaction between the pump and probe beams.
The amount of power contained in the pedestal is sensi-
tive to the ratio wg/wo and can be minimized by optimiz-
ing it. The origin of induced focusing is related to the
negative curvature of the pump-induced phase profile.
For the pump field of Eq. (10) the curvature is negative
over the region | X| <2. Since most of the probe ener-
gy is contained in that region, only a small amount of
probe energy appears in the pedestal seen in Fig. 4.
Induced focusing described here should be observable
experimentally by using common nonlinear media for
which n; <0. This is the case when the pump wave-
length A, is tuned on the long-wavelength side of a reso-
nant absorption line, modeled as a two-level system. An
atomic vapor such as sodium can be used together with a
dye laser that provides the pump beam. For a 100-um
spot-size pump beam, N =5 can be realized if the non-
linear index change |n,|7;~1073. Depending on the
value of n,, the peak intensity I, ~1-100 MW/cm? is re-
quired. Such intensities are readily available, particular-
ly if the Q-switched pulses are used. The steady-state
theory developed here is applicable for such pulses if the
medium response time is much shorter than the pulse
duration. Since the diffraction length Lp ~10 cm for a
100-um spot-size pump beam, induced focusing can be
observed by using samples only a few centimeters long.
In conclusion, this Letter has discussed the novel
phenomenon of induced focusing occurring in self-
defocusing nonlinear media as a result of XPM. When a
weak optical beam copropagates with an intense pump
beam, the XPM-induced interaction between the two
beams can focus the weak beam, even though the pump
beam exhibits self-defocusing. Induced focusing occurs
whenever the intensities of the two input beams peak at
different locations. We have discussed the physical
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mechanism and indicated how induced focusing can be
observed experimentally. The results obtained here also
apply to pulse propagation in nonlinear dispersive media
such as optical fibers. They suggest that weak optical
pulses can be compressed in the normal-dispersion re-
gime by copropagating them with suitably shaped pump
pulses. This conclusion is important for the field of ul-
trafast phenomena.
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