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We describe optical profile manipulations by another beam through spatial cross-phase mod-
ulation in a nonlinear medium. Spatial modulation instability, induced focusing and induced

all-optical waveguide are demonstrated.

I. Introduction

Nonlinear pulse propagation in bulk media can lead
to substantial modifications in the temporal, spectral
or spatial characteristics of a given input pulse. It has
been redlized earlier that when a pulse propagatesin a
Kerr-type medium! there is a perfect analogy between
the spectro-temporal behavior of the pulseshape with
the spatial behavior of the pulse spatial profile?. This
analogy has been realized back in 19693, in optical pulse
compression, and fully exploited more recently®.

The Kerr effect leads to the self-phase modulation
(SPM) of a pulse, which affects its spectral width by
broadening it, without affecting the pulse temporal du-
ration. The amount of spectral broadening depends on
the pulse intensity, interaction length and the nonlin-
ear index of refraction, ny, which can be positive or
negative and is a characteristic of the medium. When
acting on the spatial domain, the Kerr effect leads to
self-focusing, if ny > 0, or saf defocusing, if ns < Q o
a beam propagating in a nonlinear material. An inher-
ent effect acting on the beam profile is the diffraction,
which aways broadens the beam width. In the time
domain, the group velocity dispersion is responsible for
the pulsewidth broadening, and even though it can be
positive or negative, aways leads to pulse broadening.
One natural question then arises: can one control the
pulse duration and/or profilesuch as to avoid pulse dis-
tortion? The solution relies on the generation of "soli-
tons" - either temporal solitons or spatial solitons. Op-
tical solitons have been predicted back in 1973° and first
experimentally verified in the time domain seven years
later®, while spatial optical solitons were predicted in
19647 and first verified in 1985%. Physically, optical
temporal solitons exist due to the balance between a
positive (negative) nonlinearity and negative (positive)
group velocity dispersion and are described by the non-
linear Schrodinger equation, which can be written in a
normalized form as® :
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where A isthe pulse envelope, 8, is proportional to the
group velocity dispersion, T is the time in the coordi-
nate system moving with tlie group velocity, Z is the
coordinate along the propagation direction in the non-
linear medium and y = ﬂﬂ% where wq is the center
frequency, c is the speed of light, A.s; is the effective
core are and n, is the nonlinear index of refractive.
For optical fibers (where optical solitons were first ob-
served) n; > 0 and B, can be positive (A < 1.3um) or
negative (A > 1.3um). In optical fibers, solitons exist
for n, >0 and B, <O0.

A similar equation describes the spatial solitons,
and can be written as:

57 = 3% 5ar ~ K ArA (2)

where A is the envelope amplitude, K is the light
wavevector and X is the transverse spatial coordinate.
Rigorously, one should write two transverse dimensions,
but eq.(2) can be well applied for spatial solitonsin pla-
nar waveguides, as demonstrated by Aitchison et al.!?.

Sofar we have described afew self-effectsof the light
propagating in a nonlinear medium, whereby a single-
beam or single pulse is required. Other self-effectsin-
clude the self-bending of a beam profile, first proposed
in 1969!* and recently observed using CW beams!2.
One can catalogue the analogy between space-time in
nonlinear pulse propagation, as in Table 1, where the
physical effects occurring in each domain are compared
side-by-side. References are given to quantities not
mentioned in thistext. A new question can then be gut
forward: what happens when two pulses (or two beams)
of different wavelengths propagate together through a
nonlinear medium? In the time domain, it has been
shown both theoretically and experimentally, in bulk
media'® and optical fibers!* that the derivation of the
propagation equation leads to a pair of coupled NLSE
from which a term due to a cross-phase modulation
(XPM) arises. It is because of this term that one
pulse (or beam) affects the other through the nonlin-
earity, even though there is no energy change. Sev-
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eral features due to XPM have been demonstrated in
the temporal domain including modulational instabil-
ity induced by XPM?!5, picosecond pulse generation®®,
optical wave breaking and pulse compression!?. In the
spatial domain, at least two demonstration have been
described so far, which is the induced bending and
focusing'®1%, In what follows, we describe experimen-
tal results demonstrating recent predictions of spatially
induced focusing and bending?®, induced modulational
instability?! and, furthermore, we will show that an
all-optical channel waveguide can be created through
XPM, which may sustain a beam propagating with-
out distortion of its profile. An important point to
stress here is that all these phenomena occur in a self-
defocusing medium, which is particularly intriguing for
observation of aiocusing effect!.

I1. Spatial Cross-Phase Modulation

The XPM effect can be described by aset o propa-
gation equations whose derivation can be found in ref.

[9,13]. In the spstial domain and in the paraxial ap-
proximation, these equations take the form?° :
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where the indexes 1,2 indicate the two beams, nq; 5 are
the corresponding refractive indexes and all the other
terms have the same meaning as in eg. (2). Equations
(3) and (4) can be numerically solved by the split-step
Fourier method (see ref. 9). To simplify the equa-
tions, only one trsnsverse coordinate is taken into ac-
count, which is experimentally justified by the use of
planar waveguide geornetries. Several regimes regard-
ing the two beams have been analyzed in [20,21], and
here we will be only concerned with the pump-probe
regime, i.e., one strong beam which suffers nonlinear
self-effectsand induces, through X PM, nonlinear effects
in the probe beam, and a weak beam which does not
affect itself neithe: the strong pump beam.

If we consider both the pump and probe bearns to
have Gaussian profiles with half-widths, Wy and W{,
with wavelength ratio A;/A, ~ 0.9, and choose n,
to be negative, the effect of the strong beam on the
wesk beam is shown to be determined by how much
the beams profile overlap. For total overlap of both
beams, it has be=n predicted that the probe beam
broadens, but siniultaneously it creates spatial side-
bands, asshown in figure 1, calculated using the param-
eters of ref. {21]. I the bearns are partially overlappeci,
the result is totally different, and a shift concomitant
with a narrowing of the pulse profile is predicted, as
shown in fig 2, calculated using the parameters of
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ref. [20]. Even though the medium is self-defocusing
to both pump and probe beams, figure 2 shows that
a profile compression occurs, and this is due to the
combination of both XPM, which distorts the probe
bearn profile, and the fact that there is a spatial mis-
match between pump and probe beam at the input of
the sample. The pump beam itself defocuses, and the
portion of the probe bearn contained in the wings of
the pump beam profile sees a negative phase-front cur-
vature, which leads to a focusing of the probe beam. In
the next section, we describe the experimental details
and results for the observation of such effects.
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Figure 1.: Evolution of probe beam profilesfor different
propagation distances (¢ = 0;01;0.2). The input bearns
(widths: Wy) are Gaussian and their overlap is perfect
(efter ref. 21).
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Figure 2.: Evolution of probe beam profiles over a dis-
tance ¢ = 0- 0.5. Theinput beams are Gaussian, have
the same width W, and are separated by W, (after ref.
20).

III. Experimental Results

The experimental scheme used is shown in fig. 3.
The second harmonic of a Q-switched and mode-locked
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Table | - Space-Time Analogy

Spectro-Temporal domain

Spatial Domain

(Ref.) (Ref.)
Propagation direction r [1] Propagation direction z {1
Time T 1) Transverse position z or y [1
Temporal envelope {A(t) x exp ('2‘7:;)} 1} Profile {(A(x) x exp (— i;:_;,i) } 1)
Dispersion 1] Diffraction 1
Compression 1] Focusing 1
Broadening 1] Defocusing 1
Self-phase modulation 1] Self-focusing/defocusing [1]
Spectrum [1,20] Far fidd profile (1,20]
Cross-phase modulation [20,21] Induced focusing/defocusing Jan21]

Nd:YAG laser was used. Each Q-switched burst con-
sists of about 20 pulses of 80ps duration separated by
10ns. The available average (peak) power was 200
mW (~ 360kW) and the Q-switch repetition rate was
200H z. Thelaser beam was split through a beam split-
ter BS1 (~ 10% reflection at 532nm) and the weakest
part was used to generate, through stimulated Raman
scattering (22) in a 14m long monomode fiber, radia-
tion Stokes shifted to longer wavelenghs. A filter isem-
ployed to separate the wavelength corresponding to the
first Stokes at 544nm, which was used as the weak probe
beam. The remaining strong beam at A; = 532nm was
spatially filtered and combined, through the beam split-
ter BS2, to copropagate with the probe beam. A careful
adjustment of the temporal overlap between the pulses
was done. The power of the pump beam was controlled
using a A/2 waveplate/polarizer (P) combination be-
fore the spatial filter (SF). The beams overlap on the
sample was adjusted using the output objectives of the
fibe (x40) and the spatial filter (x60). The measured
beams waist at the sample position was 90um for the
pump and 120um for the probe beam. The Rayleigh
lengths were ~ 5cm and 8cm, respectively.

1064nm =1 . |Q-SWITCHED & MODE-LOCKED
Skl I Nd YAG LASER
532nm
BS, 2 "
T_’_{JED C:H]_ \ M2
| m i
TO DATA
ACQUISITION SYSTEM
544nm
Fy
\ \Y/ BS2 ..
N ST |
X2 P SF 532am

Figure 3.: Experimental set-up. Sis the nonlinear sam-
ple used (Corning glass CS 3-69). M; and M3 are mir-
rors. The other symbols are explained in the text.

A commercially available semiconductor doped glass
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Figure 4.: Evolution of the pump beam profile exhibit-
ing self-defocusing after propagation through the sam-
ple (Corning glass CS 3-69; length = 5cm).

(Corning CS 3-69), 5¢m long, was used as the non-
linear sample. This material, well known for its large
nonlinear response x(3 ~ 10~3esu has been wdl char-
acterized [22-25]. For the wavelengths used in this work
Rex® is negative and much larger than its imaginary
part [25).

The beams profile were analyzed using alinear 1024
- photodetector-array, whose output was sent to a dig-
ital oscilloscope and transfered to a micro-computer.
The diode array was placed ~ Icm behind the sample
in order to measure the near-field profile of the trans-
mitted beams. The probe beam was weak enough not
to be affected by self-defocusing, while the pump beam
is strong enough to be self-defocused. Thefilter F3 was
used to block the pump beam.
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Figure 4 shows the pump beam profile after propa-
gation through :he sample. The presented results, ob-
tained for two incident pump intensities, show aspatial
broadening by = factor of 2 due to the negative non-
linear refractive index of the sample. For intermediate
powers smaller troadening factors were observed.

To examine the XPM effect imposed on the probe
laser by the strong beam, we analyzed the probe beam
profile as a fun:tion of the pump intensity and as a
function of the spatial overlap between both beams.
The two beams were aligned to copropagate along the
sample. A carefiil adjustment of the beams overlap d-
lowed to move the pump laser across the profile of the
probe beam, such as to either properly overlap, or to
overlap only in the wings of the beams profile.

PROBE BEAM PROFILE

=25 00 25

Figure 5.: Transverse probe beam profile after propa-
gation through the sample in the presence of the pump
bearn. The centzrs of the two copropagating beams
are coincident. Pamp intensities: (a) O; (b) 28kW; (c)
56&W; (d) 84kW (e) 112kW.

Figure 5 shows the weak beam profile when it is ex-
actly overlapped with the strong beam as a function of
pump beam power. As predicted in ref.[21], when the
pump beam is present the probe spreads but unlike in
Figure 4, simmetrically displaced lateral spatial lobes
at +0.5W, are observed when the pump beam power is
112kWatts. This is, to our knowledge, the first obser-
vation o such an effect which is the spatial equivalent
of ref.[15] for the time domain. Detection of larger peak
separation was linuted by the available power. In this
situation the probe is too weak and does not influence
the pump beam in a significative way. Figure 6 shows
the probe beam profile when the beams are overlapping
partially. As can e observed, a profile "compression”
(focusing) of the srobe beam by a factor of 2 occurs
and ashift of 0.5W% was measured. Thefocusing of the
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Figure 6.. Transverse probe profile after propagation
through the nonlinear medium without the pump beam
(dashed line) and with the pump beam (solid line). The
beams copropagate along the sample and the overlap
occurs only in the wings of the beams profile.

probe beam occurs, as mentioned before, as a result of
the XPM induced phase-shift imposed on the probe by
the pump. It isimportant to notice that, for the same
conditions, the pump beam exhbits self-defocusing as
illustrated in Figure 4. This effect is related in nature
to the self-bending effect [11,12] since both arise from
the Kerr nonlinearity. Notice however that in our case
the underlying physica mechanism exploits the XPM
between two beams rather than a self-action process.
Theoscillatory wing in Figure 6 is the spatial analog of
optical-wave-breaking [17].

Figure 7 shows the results of a further experiment
performed to demonstrate the potential of the herein re-
ported effectsto applications of spatial beam deflection
modulation. The results presented show the occurrence
of spatial deviation of the probe beam due to the pres-
ente of two strong beams overlapping with the probe
in its right and left wings respectively. In this exper-
iment the two strong beams at 532nm were obtained
splitting the original pump in two bemas having equal
intensities. Figure 7(a) shows the transmitted probe
profile in the absence of the pump beams. Again, no
self-action occurs because the probe beam intensity is
kept assmall asin the other experiments. Figures 7{b)
and 7(c) illustrate the probe spatial shift induced by
each pump beam when the other is blocked. Notice the
spatial shift of ~ +0.25W, for the right and left of the
origina probe direction obtained with a peak power of
30kW in each pump beam. In Figure 7(d) we show
that it is possible to compensate for either deviation
when the two pump beams are simultaneously present.
Since the pump beams have equal intensities the probe
is no more shifted from its original direction exhbit-
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Figure 7.: Probe beam deflection modulation. In (a)
only the probe beam is present. For (b) and (c) the
overlap between the probe and pump bearns is occuring
either in the right or the left wings of the probe. In
fig. (d) it isshown that the probe beam returns toits
original direction when the right and left pump beams
are simultaneously present.

ing a small "compression". This effect can be seen as
the formation of an all-optical channel waveguide in-
duced by XPM from two pump beamson a probe beam,
and proper control of the pump power should allow the
propagation of self-trapped beams.

In conclusion, we have demonstrated the novel phe-
nomena of induced focusing and spatial modulation in-
stability occurring in a self-defocusing medium due to
the XPM effect. The phenomena are quite general and
can be observed in any material mediaexhbiting a large
Kerr nonlinearity. The possibility of spatial light modu-
lation in the picosecond regime was also demonstrated.
Thereported effects can be further exploited for studies
o logic operations for optical computing.

An extended version of the present work including
numerical simulations corresponding to the actual pa
rameters of Cd(S,Se) doped glasses, will be submitted
for publication elsewhere.
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