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Abstract:  We report the simultaneous diffraction cancellation for beams
of different wavelengths in out-of-equilibrium dipolar glass. The effect
is supported by the photorefractive diffusive nonlinearity and scale-free
optics, and can find application in imaging and microscopy.
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1. Introduction

Diffraction is a fundamental limit to optical imaging, microscopy, and information transfer.
Recent experiments [1] and theoretical arguments [2] have shown that diffraction can be can-
celled in a system with an intensity-independent nonlinear response that acts in the form of an
anti-diffraction. Diffraction cancellation implies that beams do not spread because diffraction
is absent, and not simply because it is compensated by an index of refraction pattern, such as
in awaveguide [3, 4], or because of a nhonlinear index change, such as in solitons [5]. In both
these cases, diffraction compensation introduces limits on the non-spreading waves, such as
the optical modal structure of the waveguide and the soliton existence conditions, that require
specific solutions to allow effective image transfer [6, 7]. In diffraction cancellation, these strict
laws are absent and the optical propagation occurs without any limit associated to the optical
wavelength, a condition termed scale-free optics [1] that is aso related to recent findings in
slow-light experiments [8].

A basic application of scale-free opticsisin imaging or in microscopy, where nonlinearity
is known to play a fundamental role [9]. However, in these systems the optical field typically
has a large spectral content. In fluorescence microscopy, the optical image to be collected and
transferred through the optical system issimply multi-colored [10]. To date, all experimentsinto
diffraction cancellation and scale-free optics have been limited to a single optical wavelength.
The question lies open if and how diffraction cancellation can be achieve for colored images,
that is, for optical fields composed of different wavelengths.

In this Letter we report the simultaneous cancellation of diffraction for agreen A; = 532 nm
and ared A, = 633 nm laser beam of same size and intensity. The phenomenon is supported
by the scale-free diffusive nonlinearity [11-13] observed in a disordered photorefractive fer-
roelectric crystal [14-16], and emerges through the enhanced electro-optic response of polar
nanoregions (PNR) that form when the crystal is supercooled close to its room temperature
Curie point Tc [1,2].

2. Mode

In adipolar glass, PNR form aliquid-like medium that has the remarkable property of having
ascalar electro-optic response [1]

1
Anjj = —5ngdijgP - P L)

where Anjj is the electro-optic tensor, ng is the crystal unperturbed index of refraction, g the
effective quadratic el ectro-optic coefficient, d;; the Kronecker symbol, and P the low frequency
polarization of the glass. When the dipolar glassis photorefractive, photoexcited charges diffuse
and give rise to the steady-state electric field [1]

ksT VI

Eq = q (2
where kg is the Boltzmann constant, T the crystal temperature, q the charge of the diffusing
ions, and | isthe local optical intensity. When the dipolar glassis brought far from equilibrium
the PNR become highly polarizable and the result is a giant electro-optic response: low fre-
guency polarization P = ggypnrEg 1S dominated by the PNR susceptibility ypnr > x, where
x 1s the equilibrium low-frequency susceptibility, and ypnr depends strongly on the previ-
ous thermal history of the nanodisordered ferroelectric. Inserting Eq. (1) and Eqg. (2) into the
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parabolic equation that describes the scalar paraxial propagation of a single linear polarization
component of the slowly-varying optical field A (JA]> = | isthe optical intensity)

oA, 2
2k, +ViA+ [ -AnA=0 ®)
we obtain [1,2]
oA o L? (d)>+(y1)*,
2|kE+VLA—m|72A_O’ “)
where
L = 4nngeo\/Gxenr(Ke T /Q). ©)

Here L isthe characteristic length scale introduced by the diffusive response, k = 2rng/A, and
An = Anyy, assuming x is the direction of the linear polarization of the beam. In general, in Eq.
(3) the An does not introduce a spatial scale. Examples of thisarethe guiding index of refraction
patterns of optical waveguides, or the self-focusing responses of Kerr-like media. In turn, the
specific form of the nonlinearity that emerges from Eqg. (1) and Eq. (2) introduces a new spatial
scaleL (see Eg. (5)), and this profoundly transformsthe transverse dynamics of the propagation.
In the second and third terms of Eq. (4), i.e., in those terms that drive the transverse dynamics
of the beam, A only appears normalized to L. If we neglect the weak dispersion in L dueto the
meaterial dispersion, that is, the dependence of np and ypnr ON A, L isfixed through the super-
cooling of the dipolar glass and forms a threshold value for the optical spectrum [1,2]. Spectral
components with A = L will form Gaussian beams that do not diffract; those with A < L will
aso form beamsthat have a cancelled diffraction, but with a shape that is slowly morphed from
the original Gaussian beam typical of laser modes, to a more exotic diamond-like shape that
intervenes for A < L [1,2]. Instead, A > L components will diffract. Accordingly, diffraction
cancellation supported by scale-free optics should hold for all beamswith A < L, to the point
that fixing a large enough L extends this conditions to a large portion of the visible spectrum,
and all these wavelengths can be subject to scale-free propagation simultaneously.

3. Single-wavelength experiments

We carry out our experiments in Lithium-enriched potassium-lithium-tantalate niobate
(KTN:Li), a crystal with complex dielectric behavior that has both relaxor-like response and
strong photorefractive response induced by Cu impurities [1]. The crystal temperature is es-
tablished by a current-controlled Peltier-junction, and two optical TEMqp beams, respectively
from a doubled Nd-Yagg laser (A1 = 532 nm) and a He-Ne laser (A, = 633 nm) are first ex-
panded an focused down onto the input facet of the crystal. The two beams have independent
optical paths and are recombined through a standard beam-splitter right before the crystal, so
that both their size, intensity, polarization, and focusing can be fixed separately. In our basic
experiment, we fix both beams to an approximately circular intensity distribution of equal in-
tensity Full-Width-at-Half-Maximum (FWHM) Ax ~ Ay ~ 12 um, and equal peak intensity of
lp1 >~ lp2 ~ 50 W/cmz, copropagating in parallel and with the same x linear polarization.

We first proceed to determine the conditions of supercooling that |ead to scale-free propaga-
tion for the two wavelength beams separately.

In Fig. 1 we demonstrate that for a cooling rate of oy ~ 0.11°C/s (see the thermal cooling
process in Fig. 1(d)) we observe the output intensity distribution to pass from the spread out
shape caused by diffraction (Ax ~ Ay ~ 30um, Fig. 1(a,b)) to the non-diffracting case (Fig.
1(c)), where the input beam size is held throughout the L, = 3mm propagation in the sample
(this being the threshold value of ypnr associated to the value of oy for which L = L3 = A).
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Fig. 1. Green (A = A,) scale-free propagation and supercooling process. (a) Input intensity
distribution, (b) output intensity distribution with no supercooling, (c) with the threshold
supercooling ¢. (d) Comparison between the supercooling (red line) and no supercooling
(blueline) glass preparation (Tc ~ 14.5°C in our sample). The final dip in the temperature
trgjectory for the supercooling case is the standard overshooting of the temperature control
circuit.

Analogoulsy, in Fig. 2 we determine that scale-free propagation is observed for the red beam
at op ~ 0.13°C/s (see Fig. 2(d)), for which hence L = L, = A,. We note that the threshold
cooling rates for the dipolar glass scale o /o ~ 0.84 ~ 41/ A», as expected from the scale-free
model, being that ypnr o< o (and L o< ypnR, See Eq. (5)).

4. Dual-wavelength experiments

We next pass to detecting wavel ength-insensitive propagation by using a cooling rate that atten-
uates diffraction sensibly for both beams, and shine simultaneously the two beams at a trans-
verse distance of 90 um (so asto not undergo interaction) in the horizontal direction. We select
o =0.13°C/s, so that L = A, isthe critical value for scale-free optics. In these conditions we
expect the A1 beam to be above the scale-free propagation threshold L > A;. What we observe
isreported in Fig. 3. Remarkably, as shown in Fig. 3(a), the two beams propagate in the very
same manner, suffering no chromatic effects, even though one is green and the other isred, in
accordance with what expected from Eq. (4). Interestingly, the same conditions of scale-free
propagation are observed for a wide range of peak intensities, also for Ip1 # |, as expected
from the intensity-independence of the scale-free model (see Fig. 4).

We note that to carry out the double wavelength experiments we have adopted techniques to
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Fig. 2. Red (A = A,) scale-free propagation and supercooling process. (&) Input intensity
distribution, (b) output intensity distribution with no supercooling, (c) with the threshold
supercooling oz. (d) Comparison between the supercooling (red line) and no supercooling
(blue line) glass preparation.
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Fig. 3. Dual-wavelength beam self-trapping. (a) Output intensity distribution showing the
two beams simultaneously trap to their input FWHM for o = 0.13°C/s. (b) Output diffrac-
tion intensity distribution in conditions of no supercooling (o ~ 0).
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Fig. 4. Intensity-independent of the achromatic effect. The output beam FWHM is seen
to be independent of the peak intensity of the two beams. The intensity can be changed
independently for the two beams, the effect is unchanged from that shown in Fig. 3.

allow the imaging of the two wavelength beams simultaneously at the output. Specifically, we
adopted aslanted CCD scheme, by which aslight angle between the CCD detecting surface and
the direction of propagation allows both the red and green beams to be focused simultaneously.

5. Discussion

Our results have a number of interesting consequences and open the way to various develop-
ments. The first remark is that they are a quantitative validation of the scale-free model, since
all previous experiments were carried out for a single wavelength. Second, they demonstrate
the simple phenomenological dependence between the ypnr and the dipolar glass cooling rate,
o, i.e, L(a) < a. Third, results indicate that scale-free optics can be implemented for wide
spectral ranges, this being of utmost importance for its use in imaging and microscopy, where
collected fluorescence is intrinsically non-monochormatic.
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