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Using Bessel Beams to Induce Optical Waveguides
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Optical fabrication of waveguides in a volume is limited by diffraction in the writing beams. We
demonstrate the use of nondiffracting waves in the form of Bessel beams to fabricate scalable opti-
cal wiring through direct writing in a photosensitive volume. Experiments are performed in paraelectric
potassium-lithium-tantalate-niobate (KLTN), where writing occurs through photogenerated space charge
while guiding and electro-optic functionality are supported by the quadratic electro-optic effect. The
method allows components to be integrated sequentially without interfering with each other during fabri-
cation, an intrinsic superposition property that is used to realize single, double, and multiple waveguides,

and 1 x 2, 1 x 3, and 1 x 4 splitters, and electrically controlled optical switching.
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I. INTRODUCTION

Programmable waveguides scalable into highly inte-
grated photonic circuits are key ingredients in the devel-
opment of innovative optical technology in various
rapidly growing fields, including linear quantum com-
putation and optical information processing [1]. While
present achievements are based on planar photonic circuits
[2—4], optical networks can in principle operate in a fully
three-dimensional volume, thus increasing the achievable
number of interlinked gates and devices. Operating in a
volume requires specific fabrication tools, such as direct
optical writing [5—10]. At present, direct writing involves
a step-by-step fabrication that becomes increasingly cum-
bersome as design complexity grows. Furthermore, as
the details of the circuitry are scaled down to the opti-
cal wavelength, diffraction in the writing beams limits
the available volume, ultimately compromising scalabil-
ity. Previous studies have attempted to overcome diffrac-
tive distortion in optical writing through nonlinear beam
propagation, as occurs in self-writing and spatial solitons
[11-15]. This process, however, causes optical writing to
be dominated by light-light interaction, greatly complicat-
ing circuit design [16—19]. At present, no scalable optical
writing technique based solely on linear waves has been
demonstrated in a full macroscopic volume.
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In this paper, we demonstrate a scalable method to
optically induce waveguides deep in a volume using
Bessel beams. The method is used to fabricate waveguides
in increasingly complex geometries, integrated multiport
splitters, and miniaturized functional electro-optic gates.

I1. GUIDING IN A BESSEL INDEX OF
REFRACTION PATTERN

A Bessel beam (BB) is an interference pattern that forms
from the coherent superposition of plane waves at a fixed
angle with a propagation axis [20—23]. The conical dis-
tribution of wave vectors implies that each plane-wave
component has the same phase velocity along the prop-
agation axis, say, the z axis, so that no mutual phase
slippage between components intervenes. The result is
a localized central peak along z that does not diffract.
This peak, however, is accompanied by an elaborate and
extended oscillating tail structure that actually contains
most of the beam power. We thus begin by addressing
the basic question of if and how an index pattern that
reproduces the intensity distribution of a BB, in its finite-
energy Bessel Gauss realization [24], can actually guide
light along the z axis. Consider, for paraxial propagation,
the inhomogeneous parabolic equation

i ik
9,4 — —V?4=—An(A, 1
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where z is the propagation axis; (x,y) is the transverse
plane; V2 =92 + Byzy; A is the slowly varying component
of the optical field Eoy = A(r 1, 2) exp(—ikz); k = kono; no
is the unperturbed refractive index; and ky = 27 /A, with A
the wavelength. The index of refraction is n = ny 4+ An,
with An = Ang|Jy(k.r) exp[—(r/o)?]|?, where J, is the
zeroth-order Bessel function; » = \/x? + y? the distance in
the transverse (x, y) plane; and %, and o are fixed parame-
ters [see the Bessel beam pattern in Figs. 1(a) and 1(b)]. As
demonstrated in Figs. 1(c)—1(f) through a numerical simu-
lation of Eq. (1), the z-independent BB pattern will guide
a naturally diffracting Gaussian beam focused on its input
plane [i.e., A(r,z = 0) = Ay exp[—(r/os)?]] for a specific
value of Any.

III. EXPERIMENTS: WAVEGUIDING
MECHANISM

We optically induce the BB pattern in a photorefractive
crystal. Writing is carried out using a Bessel-Gauss beam
with 4,, = A,,0Jo(k.r) exp[—(r/o)?], with k. and o chosen

FIG. 1. A Bessel beam wave-
guide. (a) An(x,y,z=0) and
(b) An(x=0,y,z) distribu-
tions for  An = Ang|lJo(kr)
exp[—(r/0)*]> (BB pattern).
Input and output intensity
distribution (c) and  prop-
agation dynamics (d) of a
Gaussian beam focused on the
z=0 plane, ie., I(r,z=0)=
| 4o exp[—(r/06)*]|?, propagating
through the pattern, as predicted
through a  beam-propagation-
method simulation [25] for
0 =60 pum, k =028 pum™',
og=5 pum, A =532 nm, and
ng = 2.3. For Any = 4.5 x 1074,
the pattern is able to guide
the beam that would otherwise
diffract and spread for Any =0

(e).(f).

1 1.5 2

z (mm)

so that the Rayleigh length zz = mno?/A > L. and the
diffraction-free distance zp = o/(k./k) > L, [20], where
L. is the length of the sample along the propagation axis
[24]. The photoexcitation of deep in-band impurities and
charge transport leads to the formation of an optically
induced space-charge field Ey.(Z,,, ) given by [26]

Ew(ly,1) = Eoy (e—(1+',g),; _ 1) . @)

Here, I, = |A,,|*> is the writing intensity distribution, ¢
is the duration of writing process, /; and #; are con-
stants: the dark illumination (that can be changed by
also illuminating the sample with a plane wave) and
the dielectric relaxation time, respectively [26]. Ey = Eo,
is, in turn, the constant external bias field applied to
the sample along one transverse axis, say, the x axis,
during the writing phase. The electric field £ = Ey,, +
Ey now changes locally the sample index of refrac-
tion through the electro-optic effect. Since the sample is
heated above its room-temperature Curie point 7¢, in the
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paraelectric phase, it manifests a quadratic electro-optic
effect according to which An = —(1/2)n}gerei[e(T) —
117E? = —Ang r(E /Eo)?. Here, gt is the effective electro-
optic coefficient, €y is the vacuum dielectric constant,
€.(T) is the low-frequency sample relative dielectric
constant at the writing temperature 7, and Angr=
(1/2)n}gemedle,(T) — 11E} is the characteristic scale of
the response for the given temperature and bias field Ey.
The presence of the dielectric anomaly at 7= T implies
that the dielectric constant in the paraelectric phase is
strongly temperature dependent, following the Curie-
Weiss law €,(T) = C/(T — T¢) [27]. Hence, heating the
sample to a sufficiently high temperature T,, > T¢ causes
the electro-optic response to drop and renders nonlinear
beam effects and self-writing negligible [23,28,29].

The light-induced Eg of Eq. (2) can now be used as a
blueprint for the electro-optic activation of a waveguide.
Electro-optic activation is achieved by cooling the sam-
ple closer to the Curie point to T, (7, < T,), leading to a
strongly enhanced €,(7,) > €,(T,), and applying an appro-
priate bias guiding electric field Ey = Eo,. The resulting
index pattern is

An(Egg) = —(1/2)nigenei[€,(Te) — 11*(Eog + Ese)?. (3)

This index pattern can be used to guide and route an
optical field 4, [Eq. (1)] with no further light-induced
changes in Es. Guiding and routing can be achieved
either using attenuated light (I, = |4,|* < I,,), effectively
halting the build-up process, or using longer-wavelength
light, for which the photoexcitation process becomes
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FIG. 2. Demonstration of a BB waveguide in photorefractive KLTN. Fabrication: (a) scheme of the optical writing stage; (b) input
and (c) output intensity distribution of the writing beam (k. = 0.16 um~' and o = 110 m). Waveguiding: (d) scheme of the optical
guiding stage; (e) input and (f) output of a Gaussian guided beam (input FWHM = 12 um, o = 10 um) compared to (g) the diffracted
output distribution with no waveguide (output FWHM = 39 um). Output intensity distribution (h) for different durations of the writing

phase. Optimal guiding arises for = 240-360 s (see panels ¢ = 240,
times (see panels ¢ = 420,480 s).

360 s), while saturation introduces distortions for long exposure
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inefficient. For Eo, = Ey,, and for unsaturated conditions
(i.e., t K t7), Egs. (2) and (3) give An « [, reproduc-
ing the process analyzed in Fig. 1 {with Ag(r,z =0) =
Ao exp[—(r/o5)*]}. More generally, Eog # Eo, leads to a
varied family of different guiding, routing, and antiguid-
ing structures described by Egs. (1) and (3). This allows
fast electro-optic control of the index of refraction pat-
tern with no nonlinear propagation and without involving
the slow charge migration processes required to alter the
space-charge density [30-32].

Experiments are carried out in a compositionally disor-
dered photorefractive potassium-lithium-tantalate-niobate
(KLTN) crystal (Kg.95Lig.05Tag.60Nbg40O3) with the setup
illustrated in Fig. 2(a). The crystal is grown through
the top-seeded solution method by extracting a zero-
cut optical quality specimen that measures L, = 2.6 mm,

=34 mm, and L, = 1.8 mm along the x-y-z axes.
During fabrication of the waveguides, the sample is
kept at T, = Tc + 20 K above its ferroelectric Curie
point at T¢ =292 K using a Peltier cell. The sample

Signal output

manifests a quadratic electro-optic effect with ny = 2.3,
geir = 0.14m* C2, and €.(T,) ~ 0.45 x 10*. The bias
field is obtained applying the voltage V,, to the x facets, L,
apart, so that during this stage Ey,, = V,,/L, = 1.7kV/cm.
In these conditions, the characteristic scale of the electro-
optic response is Ang ~ 0.4 x 10™*, appropriately low to
not affect the propagation of the writing field 4,, [33,34].
There are numerous ways of generating a BB from a
standard Gaussian laser beam [21,35,36]. In our experi-
ment, a continuous-wave A = 532 nm frequency-doubled
Nd:YAG laser is enlarged and made to propagate through a
spatial-light modulator (SLM) that is programmed with an
intensity mask that transmits a ring. Light is then focused
by a lens onto the sample, forming the BB. The 4,, is then
an x-polarized zeroth-order Bessel-Gauss beam with &, =
0.16 um~! and o = 110 m that is launched into the sam-
ple along the z axis. The input and output intensity distri-
bution in the transverse (x,y) plane are imaged onto a CCD
camera and reported in Figs. 2(b) and 2(c), respectively.
As expected, negligible diffractive distortion is observed

FIG. 3. Electroactivating the BB
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for the L, = 1.8 mm propagation through the sample. For
a specific fabrication stage with a writing beam total input
power of 1.1 uW and for an exposure time of = 360 s,
the waveguiding effect is reported in Figs. 2(d)}-2(g). In
the waveguiding stage, illustrated in Fig. 2(d), T = T¢ +
6 K leads to a higher €,(Tg) >~ 1.5 x 10%, so that for a
waveguiding bias of Eoy = V,/L, = 1.2 kV/cm the char-
acteristic amplitude of the index modulation Any >~ 2 x
10~* can now strongly affect diffraction. Figs. 2(e)-2(g)
reports the waveguiding of an input-focused 40-nW
Gaussian beam (so that the ratio of the peak intensities is
Iy /1,, ~ 0.07) [Fig. 2(e)] that is trapped to its input 12 um
full width at half maximum (FWHM) at the output [Fig.
2(f)]. For comparison, in Fig. 2(g), we report the same out-
put intensity distribution if no fabrication stage is enacted
and the BB waveguide is absent, where the beam spreads to
an output FWHM of 39 um. As described in the model of
Egs. (2) and (3), for a given /,, the peak index modulation
and shape of the light-induced waveguide also depend on
the writing exposure time ¢, ultimately undergoing com-
plete saturation for 7 >> t;. In our specific case of peak
1,,(0,0) ~ 0.7 W/cm?, the transverse output intensity dis-
tribution I, = |Ag(x,y,z = L.)|? for increasing values of ¢
is reported in Fig. 2(h). For V,, =450 V and V, = 300V,
optimal guiding is achieved for ¢ = 240-360 s. We note
that each fabricated waveguide can be optically erased
using a plane-wave illumination at 7,, with an erasure
time that is inversely proportional to the erasing intensity,
allowing the optical reprogramming of the guiding struc-
tures. In our case, a BB waveguide will be completely
erased by a low-intensity average 3 mW/cm? plane-wave
illumination at T, after 15 h.

IV. EXPERIMENTS: ELECTRO-OPTIC CONTROL

In Fig. 3, we demonstrate the electro-optic control of a
single BB waveguide. The output intensity distribution for

(a) _ (b) . ) .
lg (arb. units) lg (arb. units) Ig (arb. units)
o o = °© o = o o 2
~100 ~100 —100 [m—

y (um)

a fixed T, and a fixed 4, is found to strongly depend on
Ve (Eog = Vg/Ly), indicating that the guiding properties of
the single waveguide can be activated through an exter-
nal electric signal. For the present case of V,, = 450 V;
peak I,(x,v,z = L;); and t = 360 s, optimal waveguiding
is achieved for V; = 300500 V [Figs. 3(d)-3()].

Interestingly, the simplified model of Eq. (2) does not
capture all the details of the physical processes that inter-
vene during the writing stage. Principal among these is
the intrinsic anisotropy in the space charge, associated
to the fact that while the writing intensity distribution
is approximately circular symmetric with respect to the
propagation axis z, the external electric bias is delivered
through parallel plates on the x facets of the sample [26].
For V, <0, the pattern changes into two parallel and
laterally shifted waveguides, in agreement with previous
experiments on soliton waveguides [37]. As reported in
Fig. 3(g), an input beam launched in the position of the
original BB waveguide is found to scatter and partially
split, guided by the two waveguides. As reported in Figs.
3(h) and 3(i), each single lateral waveguide is able to guide
light independently.

V. EXPERIMENTS: MULTIPLE WAVEGUIDES
AND BEAM-SPLITTERS

In Fig. 4, we demonstrate the ability to write differ-
ent structures independently in the same sample in close
proximity. In our specific demonstration, we fabricate two
parallel waveguides at different distances. For a larger
interwaveguide distance of 20 um, each waveguide acts
independently and no mode coupling is detected for the
length of the sample L, [Figs. 4(a) and 4(b)]. For a distance
of 15 um, mode coupling intervenes, and the waveguide
pair acts as a more elaborate mutual phase-dependent
directional coupler [Figs. 4(c)4(e)].

(d) Ig (ag). uonit ) (e)
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FIG. 4. Coupling between two closely packed parallel BB waveguides. Output signal intensity distribution for waveguides that
are 20 pum apart when the signal input is launched into the first BB waveguide (a) with Ay = 10 um and into the second (b) with
Ay = —10 pum. For our L, = 1.8 mm sample, coupling between waveguides is found to be negligible. Reducing the interwaveguide
distance now leads to coupling as shown in (c),(d), where the same experiment is performed for waveguides that are 15 um apart
(Ay =17.5 um). Slight changes in T, and V, cause different coupling efficiency, as expected for directional coupling [(c),(d) are taken
with AT, ~ 0.5 K]. (e) Output intensity distribution when the signal input is launched in between the two waveguides (Ay = 0). In
the insets, yellow points represent the BB waveguides, while red points indicate the input position of the signal Gaussian beam.
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FIG. 5.

Multiwaveguide structures. Left: Fabrication of a 1 x 2 (top), 1 x 3 (center), and 1 x 4 (bottom) splitter. 1 x 2: (a) Input and

(b) output intensity distributions of an incoherent superposition of two BBs with a mutual angle of 8.9 mrad. Fabrication writing input
and output intensity distributions for the 1 x 3 (d),(e) and 1 x 4 (g),(h) structures, where three and four incoherent BBs are launched
at the input forming splitters with angles of 33.6 and 35 mrad inside of the crystal, respectively. Right: Output intensity distribution
indicating the splitting of an input launch Gaussian beam at the center of the multibeam pattern (see inset) for the 1 x 2 (c), 1 x 3 (f),

and 1 x 4 (i) structures.

In Fig. 5, we demonstrate the use of BB waveguide
writing to achieve 1 x 2,1 x 3, and 1 x 4 splitters launch-
ing multiple angled BBs during the fabrication stage.
The BBs are rendered mutually incoherent using a spe-
cific SLM time-sequenced mask that turns on one BB
at a time. This demonstrates how fabrication of complex
circuitry can also be achieved in a single illumination
stage without having to mechanically shift and move the
sample, as instead is required in direct writing scanning
techniques.

VI. CONCLUSIONS

Previous studies have made use of diffraction-free
Bessel beams to guide particles and atoms and for mate-
rial processing [38—44]. In this paper, we demonstrate
the use of single and multiple Bessel beams to opti-
cally write waveguides and electro-optic circuits in a bulk

crystal. Our method is the first scalable method to realize
reprogrammable optical networks in a full 3D setting.
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