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Abstract: ~ We demonstrate the use of three-dimensional funnel index
of refraction patterns analogous to those of retinal Miller cells as support
for tunable and multi-functional volume optical component miniaturization
and integration. Our experiments in paraelectric photorefractive crystals
show how a single funnel can act both as a waveguide and a tunable
focusing/defocusing micro-lens. Pairing multiple funnel patterns, we are
also able to demonstrate ultra-compact tunable beam-splitting, with distinct
guided output modes in under 1mm of propagation.
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1. Introduction

In many situations light must be collected, guided, and then delivered efficiently to photorecep-
tors through a volume. This is what occurs in the vertebrate eye, where light must be funnelled
through a mangled mass of scattering tissue before reaching the retinal detectors. Recent stud-
ies suggest that light transmission is effected by Miiller cells [1]. In distinction to conventional
waveguides, that are essentially tubular, these cells have a double-funnel shape. This shape
allows them to efficiently focus, collect, transfer, and outcouple light without the strong mode
selectivity of waveguides. Moreover, their shape profoundly alters inter-channel cross-talk com-
pared to waveguide arrays [2]. Here we explore the use of biologically inspired funnel index
of refraction patterns that mimic retinal Miller cells as versatile volume blueprints for multiple
optical functions, including optical guiding, lensing, mode-conversion and compact beam split-
ting. The result is a generic support for the volume integration of optical components for highly
miniaturized optical networks, where diffraction transforms light transfer into a major chal-
lenge. Our experiments are based on a two-stage index of refraction pattern writing/reading
process developed in photorefractive crystals [3-5]. Funnels can prove the scheme of choice
for experiments where solid-state miniaturization is a future imperative, such as for optical
quantum computing [6-8], pattern recognition [9], pattern formation for microscopy [10], and
imaging techniques [11].

2. Mechanism and model: atunabledistributed lensing

The common route to volume integration is to start from the waveguide paradigm, a duct that
guides micrometer-sized beams with no distortion [12]. How exactly to make a waveguide em-
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bedded deep in the volume of a material is of course an issue in itself. One solution is to proceed
through sequential writing of the pattern [13]. Another is the self-writing of waveguides sup-
ported by spatial soliton propagation [14], a well established technique in many photosensitive
materials [15-17] and in photorefractive crystals [18]. Photorefractive soliton waveguides can
also be activated on command through the electro-optic effect [19-22].

All these schemes are based on a shape-preserving tube-like channel. This paradigm is ill-fit
to form a generic support for optical components. For example, switching using waveguides
requires the use of directional-coupling, an interferometric mechanism that is both wavelength
sensitive and requires comparatively long propagation lengths. More so, whereas a lens will
readily change the shape and size of a beam, to achieve this in a waveguide requires more
delicate mode conversion or the use of tapered structures [23].

Mdiller cells suggest a wholly different mechanism to achieved a more general and versa-
tile optical functionality: the use of a funnel-shaped index of refraction pattern instead of a
waveguide. Compared to tube-like patterns typical of soliton-based waveguides, funnels are
fully three-dimensional structures (illustrated in Fig. 1(a)). In the vertebrate eye, the elongated
double-funnel pattern achieves at once focusing, guiding, and defocusing: the key ingredient
is the changing shape along the propagation direction (say the z axis) that can, depending on
circumstances, act as a lens (the cellular end-feet”), or as a fiber (the cellular ”body”), thus
forming a basic blueprint to multifunctional optics [1,2].

Here we make use of funnel index or refraction patterns in photorefractive crystals [3-5].
Consider a biased photorefractive crystal into which we shine a highly diffracting Gaussian
visible laser beam (propagating along the z axis). During a first phase, that we may term the
“exposure phase”, light promotes electrons from the photorefractive impurities that drift in the
external bias field Eg oriented along the x axis and retrap in deep in-band donor sites. This gives
rise to a space-charge field Eg; that, in standard conditions, changes beam diffraction through
the electro-optic effect. We inhibit electro-optic response by orienting the polarization of the
optical field in the y direction, orthogonal to Ep. In this manner, during this exposure phase, the
beam diffracts as it would in a homogeneous linear medium, producing the funnel-like Es. This
is because the direction of Eg fixes the prevalent direction of Eg. parallel to the x-axis, and the
electro-optic response for light polarized in the orthogonal plane is generally negligible. Once
the exposure of a desired duration te has terminated, the blue-print is fixed in the crystal. The
exposed region in the crystal is now used to affect the propagation of light polarized along the x
direction, i.e., parallel to Eg. In this case, the electro-optic response is maximized, since the low-
frequency electric field in the crystal and the polarization of the propagating light are parallel.
In this "readout phase”, Es is kept fixed. This is achieved using a low intensity visible beam,
so that promotion of conduction electrons from the photorefractive impurities is negligible.
Equally effective is the use of longer wavelength beams which simply cannot ionize the deep
impurities.

In our conditions, the photorefractive model provides an index of refraction response [3] that
is the direct analog of the wider class of photosensitive materials, such as photopolymers [16],
for which the crystal index of refraction ny, is changed to n = n, + An, where

AN(r te) = Anoe*%' (e, (1)

Here I(r) is the spatially resolved intensity distribution of the diffracting Gaussian beam
in the exposure phase, and Uy is the critical exposure. In the case of a quadratic electro-
optic response (only insignificant details change for a linear electro-optic response), Ang =
—(1/2)ng911£§(8r — 1)2E§ and Upg = lp7q/2, where g1 is the principal quadratic electro-optic
coefficient, & is the low frequency relative dielectric constant, Iy, is the so-called dark illumi-
nation associated to the residual thermal excitation of mobile electrons, and 14 is the dielectric
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relaxation time [24, 25]. Specifically, 7q = €p&r YNa/[qus(Ng — Na)lp], where N and Ny are the
density of acceptor and donor impurities, respectively, q is the electron charge, y is the electron
recombination rate, u is the electron mobility in the conduction band, and s is the ionization
cross-section for the donor sites.

The basic mechanism underlying components arising from the funnel blueprint can best
be grasped identifying the pattern as a versatile propagation-dependent distributed lens-
ing effect. Consider a Gaussian beam in the exposure phase centered in (Xo,Yo), | =
(1p/G(2))exp (—2r? /wiG(2)), where Iy is the beam peak intensity, G(2) = 1+ (z— z)?/Z,
Z is the position of the minimum beam waist along the propagation direction z, zy = nbnvv%/),
is the diffraction length, wp is the beam waist, A is the optical wavelength, and r? = (x —xg)? +
(y—Yo)?. In the readout phase, in conditions in which the beam is focused and guided, light
propagates in proximity of the axis of the funnel footprint (the Eg; previously imprinted by the
diffracting writing beam) so that r?/w3G(z) < 1 and, from Eq. (1), we have

An~H(2)r?, )
where only the modulated part of An is retained (the constant terms do not affect beam dynam-
ics). Here

H(2) = Anoexp (—a/G(2))2a/ (WG (2)%) @)
and a = telp/Up. H(z) determines the nature of the emerging component from the funnel Eg
support. Equation (2) means that the funnel acts like a distributed lensing with a z-dependent
focal length, centered at (xo,Yo), with f(z) «< 1/H(z). The pattern has two main features: i)
given Eq. (2), it will transform Gaussian beams into Gaussian beams, so that diffraction-limited
solutions will be maintained throughout propagation [26]; and ii) through H(2z) the actual lens-
like medium can be designed and tailored to give rise to a wanted component by fixing the set of
controllable parameters (a,z;, Ang, Wo). Notably, a can be actively controlled during the writing
stage simply by changing te. Examples of patterns are reported in Fig. 1(b). Different values
of a provide different distributed lensing effects. Unsaturated cases, that is, for a < 1, give rise
to parabolic-like lensing that can be used to achieve tunable lenses and mode converters. For
a=1-+2.5, a waveguide emerges for |z/z;| < 1, the very same mechanism known in Miiller
cells [1]. For a> 2.5 a more complex lensing occurs which is instrumental for mode conversion,
mode coupling, and beam splitting.

3.5
3.0
Double-funnel | 2. 2.5
blueprint =T : .
- 0 / 1
(a) (b) (z-2)/z,

Fig. 1. Funnel patterns and distributed lensing. (a) Schematic of funnel support. Inset shows
the experimental geometry, with the direction of the applied electric field Eq with respect
to the photorefractive crystal (PRy) (b) Different distributed lensing patterns for various
values of a (the focal length of the lensing effect at a given position z along the double-
funnel is f o< 1/H(z)). Blue curves are for the unsaturated cases (a < 1) and red for the
saturated cases (a > 1).
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3. Electro-morphing.

Fast changes in the pattern and its functionality are achieved applying a bias field E} # Ep
(during the readout phase). In this case, the space-charge field nonlinearly combines with the
applied bias field to give rise to an approximate parabolic profile (as in Eq. (2)) An(Ej) ~
H’(z)r? (dropping all r-independent terms) with

H'(z) =H(2) [1+ (Eg/Eo— 1) exp(a/2G(2))] . (4)
This is the equivalent, in the present funnel-pattern case, of the electro-activated pattern at the
basis of electro-holography and soliton electro-activation. We illustrate in Fig. 2 two relevant
examples of the various patterns that can be electro-morphed from a single parent double-funnel
Es support. Increasing |Eg| will, in general, reduce the z-dependence, leading to waveguiding,
whereas changing the polarization of the bias (E}/Eo <0) gives rise to distributed defocusing
structures. We note that in the defocusing case the simplified physical picture based on a dis-
tributed lens-like medium loses its validity as the beam expands and explores the edges of the
funnel pattern. In this case, the full model of Eq. (1) is required.

6 a=2.0 6r a=3.5
4 e - Abe o — /\_/
o E,E, L/ 5 a[EJESLO
j=h 20— ] = ~2.0 ]
£ a0 z 20—
59 2 -l'od = _2(/\_1.0_
<
4F 00 -4k00
6 / -6V
-1 0. 1 -
(z-2)/z, : (z-z(c))/z0 L
(a) (b)

Fig. 2. Electro-morphing. (a) Different distributed lensing patterns for various values of
E}/Ep and a = 2.0 (the focal length of the lensing effect at a given position z along the
double-funnel is f < 1/H’(2)); (b) for a = 3.5. Note the transition from a positive to a
negative distributed lensing effect.

4. Experimental

Experiments are carried out in a 2.4%x3.00x1.0@ mm sample of Cu-doped KLTN
(potassium-lithium-tantalate-niobate) [27], kept at T = 19°C, above its ferroelectric Curie point
at Tc = 14°C. During the exposure phase, a 800 nW TEMgy beam of 4 = 543 nm polarized
along the y direction is launched from a He-Ne laser in the z direction, focused down to a
round spot size of Ax~ Ay ~ 7.5 um (i.e., of wp ~ 6.3um) at the minimum waist plane at
Z.. The input and output beam intensity distribution is monitored through a CCD camera and
an appropriate imaging system. Bias fields range from Ey = —4.6kV/cm to +4.6 kV/cm, so
that the amplitude of the index modulation is here An ~ (1/2)n3e2e?g1,E2 ~ 3 x 1075, where
Ny =2.35, & = &(T) = 1.9 x 10%, and gy, = —0.02m*C~? is the component of the quadratic
electro-optic tensor that induces changes for the y-polarization and the x-directed field Ep: as
required, this value is insufficient to appreciable alter the diffraction. In the readout phase, the
reading beam is attained from the same beam used in the writing phase but with an intensity
reduced to 10 nW, so that the resulting exposure (and nonlinearity) becomes negligible. The
beam is consistently focused onto the input facet of the sample, and the optical polarization
is rotated in the x direction so that the relevant electro-optic coefficient is gi; = 0.16m*C~2.
In these conditions, the Ang ~ 4-10~* is now capable of profoundly altering beam dynamics,
that occur on the scale zy = nbnwg/l ~ 530um. In our results we analyze the output beam
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sizes, the full-width-at-half-maximum, for different exposure times te. Values of te are then
converted to values of a by comparison to predictions of the lens-like model. Specifically, by
setting the value of a = 2.5 when the condition of approximate waveguiding in observed, we
obtain a/te = 21,/ 7glp ~ 0.17s 2.

tz;:3os

tetlzos

te:ISOS

z=L,, (z-2.)/2y=1
z=2.=L,/2,
(z-2.)/2,=0

2=0, (z-z.)/2,=-1

Fig. 3. Lensing and waveguiding using funnels. Results of readout with Eq/Eq = 1 for
a beam propagating in along the z-axis for different exposure times, for z; = L,/2. First
image starting from left is the input intensity distribution, whereas the others that follow
are of the output intensity distribution.

Fig. 4. Electro-morphing into a defocusing pattern for Ej/Eq = —1 at various values of a.
The images report the output intensity distribution during readout. The a = 0 condition is
identical to that reported in the previous Fig. (3).

From lensing to waveguiding through saturation control. A basic result is when a= 2.5. In this
case, as shown in the prediction of Fig. 1(b), a constant distributed lensing forms, leading to a
waveguide. For z: = 0 we will call the configuration a single-funnel waveguide; for z; = L,/2,
we will refer to it as a double-funnel waveguide. In Fig. 3 we report results on the generation
of a double-funnel lensing and double funnel waveguide. The writing phase is characterized by
a constant voltage V = 1.1kV (so that Ey = 4.6kV/cm) for the whole duration te. Compared to
the diffracting beam (a = 0), the a= 0.5 clearly manifests a lensing effect, that is actually able
to make the beam smaller during the propagation at a = 2.0. As saturation sets in (red curves
in Fig. 1), the focusing gives way to a waveguiding (see the a= 2.5 case in Fig. 3), as expected
from the model. Detecting the far-field of the transmitted beams we established that all beams
were approximately still diffraction-limited Gaussian solutions. Specifically, in the a= 2.5 of
waveguiding, we measured the diffraction of the beam after exiting the crystal and found it to
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be compatible with Gaussian beam diffraction with a minimum beam waist at the output facet
of the sample.

Fig. 5. Ultra-compact beam splitting through two parallel funnel patterns fora= 3, zz. =0
for different levels of compacting Ay. (a) Output intensity distribution of the read-out beam
guided by the first funnel; (b) output of beam guided by the second funnel; (c) output
of the two-funnel pattern for the read-out beam launched in between the two funnels with
normalized beam intensity profile in the y direction. The absence of efficient beam-splitting
in all cases of compacting is evident, whereas a form of super-mode emerges in the Ay =
15um case.

Electromorphing into anti-lensing and antiguiding patterns. The most evident result of the
electro-morphing described in Fig. 2 is the ability to turn a funnel pattern from a lensing or guid-
ing pattern to an anti-lensing and antiguiding pattern. Accordingly, in Fig. 4 we report experi-
ments in which the double-funnel pattern is written as in the previous lensing experiments but
the bias field during read-out is such that Ej /Eq = —1 (i.e., the applied voltage V is reversed). In
agreement with the model of electro-morphing, for unsaturated values of asuch as a=0.25,0.5,
the effect is a defocusing of the Gaussian mode, from the original Ax ~ Ay ~ 15um (for a = 0)
to 32 and 40 um respectively, this in L, =1 mm of propagation. This corresponds to a passage
from a numerical aperture of NA(a= 0)~ 0.01 to NA(a= 0.5)~ 0.04 (n, = 2.35). Evidently, as
reported in Fig. 4, for saturated values of a= 2,2.5, this defocusing gives way to an antiguiding
effect, the reverse of the guiding effect reported in Fig. 3. As mentioned previously, the highly
delocalized beam condition requires the full model of Eq. (1).

Ultra-compact beam-splitting and the role of the three-dimensional funnel shape. In Fig. 5
and Fig. 6 we demonstrate the use of coupled funnel patterns to achieve ultra-compact beam
splitting. In Fig. 5 we realize two funnel patterns with z. = 0 and a = 3. We displace the two
funnel patterns in the y direction in order to avoid the residual anisotropy in the photorefractive
response, anisotropy that so greatly affects photorefractive soliton formation and electro-optic
read-out [28-30]. For different values of compacting Ay = 35,20, 15um (first, second and third
columns in Fig. 5) we note evidence of energy transfer between the funnel patterns that, how-
ever, does not lead to an efficient beam splitting, as reported in Fig. 5(c). However, using the
full strength of the funnel pattern in Fig. 6, where z. = L,/2 and again a= 3, in the Ay = 15um
case full 50/50 beam splitting is observed, with no residual mode overlap. This occurs in the
remarkably short propagation of L, = 1 mm and the output beams are in fact approximately
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Ay =25 pm Ay =15 uym
® ‘

10 um

Fig. 6. Ultra-compact beam splitting through two parallel funnel patterns for a= 3, z. =
L,/2. The role of the three dimensional nature of the patterns is evident comparing the effect
at two different inter-funnel distances A25um (left column) and A15um (right column). (a)
Output intensity distribution of the read-out beam guided by the first funnel; (b) output of
beam guided by the second funnel; (c) output of the two-funnel pattern for the read-out
beam launched in between the two funnels.

guided, as detected through the analysis of diffraction in the far-field. The comparison of the
z. =0and z; = L,/2 for various levels of compacting Ay forms the signature of the role of the
three-dimensional shape of the funnels, as also predicted in Miller cell mutual coupling.

5. Conclusion

We demonstrate the realization and implementation of a tunable distributed lensing effect in
photorefractive crystals. The lensing is based on a funnel three-dimensional pattern analogous
to that found in in glial cells in the retina, and is shown to act as a waveguide (constant dis-
tributed lensing), a positive or negative lens, a mode converter and a coupler, with remarkably
short millimetric splitting and coupling lengths. Results can form the basis for more elaborate
fully three-dimensional optical circuitry for light control in highly miniaturized environments
that are dominated by strong diffraction.
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