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Self-written waveguide (SWW) trajectories fabricated inside a dry photopolymer bulk material, acrylamide/
polyvinyl alcohol (AA/PVA), are studied. Their production using both Gaussian and Laguerre–Gauss exposing
(writing) light beams, output from optical fibers, is explored. The formation of the primary and secondary eyes is
also discussed. Furthermore, the interactions that take place when two counterpropagating beams pass through
the photopolymer material (both Gaussian and Laguerre–Gauss) are examined. In all cases experimental and
theoretical results are presented. Good agreement between the predictions of the proposed model and experi-
mental observations are demonstrated. © 2018 Optical Society of America
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1. INTRODUCTION

Optical self-written waveguides (SWWs) have been demon-
strated in various photopolymerizable materials [1–4]. The dif-
fraction of propagating waves in such materials can be
effectively compensated during SWW formation. A phenom-
enological model [3,5–7], can be used to describe the refractive
index change taking place in such materials. In this paper,
attempts to further extend the potential uses of photopolymer
material for SWW fabrication are presented.

The photopolymer material acrylamide/polyvinyl alcohol
(AA/PVA) is used throughout this paper. A detailed description
of the preparation of the AA/PVA photopolymer used here was
presented in [8]. Optically induced growth of SWWs in such a
free radical photopolymerization system is discussed. The ef-
fects of the optical beam absorption (due to the presence of
photosensitizer) and the self-modulation due to waveguide for-
mation are shown to alternately dominate the SWW process at
different times (during the exposure).

There is an ever-increasing demand for optical waveguides.
This is in part driven by the desire to implement integrated op-
tical circuits and devices. Such devices find wide use in optical
sensing and optical telecommunication applications [9,10].

There are several ways to generate optical waveguides. As
indicated, the method discussed here involves exposing a pho-
tosensitive self-developing material using a spatially localized
beam at the input of the material surface. As a result, photo-
polymerization takes place, increasing the local refractive index
within the material. The exposing light is absorbed as part of
the writing process. The way in which the light is absorbed

affects SWW formation. In such materials, dye excitation due
to absorption generates the radicals necessary for polymer chains
to start growing [11]. As a consequence of SWW formation, the
exposing laser beam becomes self-trapped along the input propa-
gation axis in the material volume [12,13]. This self-writing pro-
cess has been applied to provide solutions for many practical
problems, such as to create connections between optical fibers
and microtips at the end of optical fibers, generate biologically
inspired microstructures, and implement strain sensors [1,3].

Exposing the photopolymerizable materials requires use of
light of a suitable wavelength. This wavelength depends on the
choice of an appropriate dye sensitizer. The dye type and dye
concentration chosen will depend on the self-writing mecha-
nism, the application, and the details of the experimental setup
and procedures used.

In this paper, the model used to predict the SWW recording
process is briefly described [3]. The predictions of this model
are then compared to the experimental results presented. The
objective here is to investigate the use of both Gaussian and
Laguerre–Gauss (LG) light beams to from SWWs.

Both Gaussian and LG shaped modes are described in some
detail in [14]. LG beams can be used to transfer orbital mo-
mentum to trapped particles, inducing them to rotate around
the optical axis. LG modes are interesting examples of higher-
order beams which can be conveniently described. Several other
potential applications of LG modes in telecommunications are
also emerging. The theoretical description of the electric field of
a LG mode is given in [14–16]. One way of expressing the LG
mode is
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where r is the radial distance from the center axis of the beam,
and k � 2π∕λ. ω�z� is radius at which the field amplitudes fall
to 1∕e of their axial values (i.e., where the intensity value fall to
1∕e2 of the axial r � 0 value). R�z� is the radius of the beam,
that is, the radius of curvature of the beam’s wavefronts along z.
b is the Rayleigh range [15,16].

As noted, both Gaussian and LG light beams are used dur-
ing the experimental generation of the SWWs presented here.
The resulting photosensitive response and subsequent wave-
guide evolution is experimentally observed during SWWs for-
mation in dry AA/PVA bulk samples [2,3,8]. Numerical
simulations corresponding to these experiments are carried
out [3]. The resulting predictions are used to develop further
understanding of the role of the material response during the
self-writing process.

2. SWWs MODELLING

Photopolymer materials undergo several photochemical reac-
tions (depending on the photosensitizer used) when illumi-
nated by appropriate light. The photopolymerization process
that occurs in AA/PVA material is free-radical polymerization
[17]. During the photochemical process, there are four main
reactive phases: (1) initiation, (22) propagation, (3) termina-
tion, and (4) inhibition [18]. In this study, a dynamically in-
duced three-dimensional (3D) photopolymer distribution is
formed, with an incident beam propagating along the z axis,
perpendicularly illuminating a cross sectional area in the x-y
plane. In order to create a permanent SWW, a saturatable solid
photosensitive material is used, as stable, long-lasting refractive
index changes take place in response to exposure at a specific
wavelength [19].

The photopolymers discussed are essentially made up of a
monomer (AA), binder (PVA), cross-linker [bisacrylamide,
(BA)], electron donor [triethanolamine (TEA)] and dye
[Eosin-Yellowish (EY)]. When the photopolymer material is
exposed, the ground state dye absorbs light and becomes ex-
cited, and this process leads to the generation of monomer rad-
icals. These monomer radicals result in the initiation of growing
polymer chains (as the monomer combines) [20]. The light
absorption process is fundamentally dynamic and nonlinear
in nature. The incoming light intensity is proportional to
the square of the amplitude of the incident electric field,
I � jE2j. The resulting polymer chains are formed in the cylin-
drical volume along the path of the light beam, that is, along the
z axis, leading to the waveguide having different refractive index
variations in x, y, and z. Control of the refractive index formed,
and hence of the shape of the SWWs, has previously been stud-
ied [21,22]. Focused Gaussian intensity profile exposing beams
were examined in most previous cases.

A rate equation for the ground state photosensitizer concen-
tration, �A�x, y, z, t�� (mol cm−3), which is expressed as a func-
tion of the material sample space (x, y, z) and exposure time t, is
given by [12,13]

∂�A�x, y, z, t��
∂t

� −ka�x, y, z, t��A�x, y, z, t��: (2)

This equation predicts the variation of �A�x, y, z, t��
(mol cm−3) given that the rate of production of the excited state
photosensitizer is ka�x, y, z, t��s−1�. We note that this rate also
depends on the exposing beam intensity, namely, ka�I��s−1� [3].
In order to predict the “shape” (refractive index and path) of the
SWW formed in the bulk sample, the refractive index and ab-
sorptivity are initially assumed to be uniform throughout the
material. Optical field propagation inside the material is as-
sumed to be governed by the paraxial wave equation [2,12,13]

∂2E
∂z2

� 2ik0n0
∂E
∂z

� ∇2
⊥E � 2k20n0ΔnE

� 2k20Δn2E � ik0n0αE � 0, (3)

where E is the amplitude of the scalar electric field, and z is the
propagation direction. n0 is the average refractive index, and
k0 � 2π∕λ is the wave number inside the homogenous
medium. In Eq. (3), ∇2

⊥ � ∂2∕∂x2 � ∂2∕∂y2 denotes the
2D Laplace operator.

The optically induced refractive index change is denoted by
Δn, and the absorption parameter is given by α. To describe the
refractive index change induced in the material, Δn�x, y, z, t�, a
simple model, commonly used in the literature, is applied to
describe the effects of photopolymerization. The evolving
change in refractive index, which is in a constant state of change
during the self-writing process, is assumed to satisfy [12,13]

∂Δn�x, y, z, t�
∂t

� AIp�x, y, z, t�
�
1 −

Δn�x, y, z, t�
Δns

�
, (4)

where Δns is the fixed (maximum) saturation value of the re-
fractive index change, and I�x, y, z, t� is the local optical expos-
ing intensity. The coefficient A is a real coefficient (not a
concentration �A�) that depends on the material properties,
and p represents a number of photons. For the photopolyme-
rization process discussed here, it is assumed that p � 1 [6,7].

3. EXPERIMENTAL SETUP

The experimental system used to perform the work discussed
here is shown in Fig. 1. As can be seen, two microscopic ob-
jective lenses, (1) and (2), are used to couple a laser beam source
[532 nm, 0.5 mW) which is measured from the output end
of each fiber optic cable (FOC)] into two different FOCs.

Fig. 1. Schematic diagram of the setup used to monitor SWW for-
mation using two FOCs.
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The output beams are shown simultaneously illuminating the
front/back faces of the photopolymer bulk material. A charge-
coupled device (CCD-Camera) is used to detect the generation
of the waveguiding structures from the side. In fact, using the
setup in Fig. 1, light can illuminate the bulk material from
either side separately or simultaneously.

The shape of the exposing beams which are studied in this
paper) depends on the type of FOCs used; for instance, if single
mode (SM) optical fibers are used, the exposing beam is
Gaussian in shape. During exposure the ends (tips) of the
FOCs are placed in contact with the sample surface; no index
matching is used.

4. EXPERIMENTAL AND NUMERICAL RESULTS

The preparation of the photopolymer bulk material samples has
previously been presented in detail in [8]. In the photopolymer
used here, EY is the photosensitizer, where the initial photo-
sensitizer concentration used is 1.22 × 10−7 mol cm−3 [3,8].
In order to gain a better understanding of the reactions of these
dyes, the UV–visible absorption spectra of an AA/PVA solution
that included EY was examined; see Fig. 2. The spectrum was
acquired using a double beam (Jasco V-650) spectrophotom-
eter. The measured absorption spectrum in the visible range is
shown. The absorption of the material was obtained by mea-
suring the attenuation of light intensity as a beam passed
through the material; that is, the device measured the amount
of light absorbed as it passed through the material. As can be
seen from Fig. 2, the material that has been prepared is most
sensitive (absorbance maxima) in the green at λ � 523 nm.
Furthermore, the photoluminance intensity is greatest (emis-
sion maxima) at the longer wavelength of λ � 552 nm
[23,24]. We note that some of the light imaged by the camera
shown in Fig. 1 will be such emitted light.

A. SWW Using a Single Gaussian Light Beam
Light from SM fibers is first used to expose the sample. Figure 3
illustrates the intensity profile of a normalization Gaussian light
beam intensity input into the photopolymer material using a
single mode FOC. The highest optical power is in the center
of the optical beam.

This means that most absorption (and the highest rate of
photopolymerization during illumination) will take place along
this central region in x and y. The form of the LG beam is
discussed later (see Fig. 8).

This intensity distribution is incident on the bulk photopol-
ymer material. The light beam output from an optical fiber
cable into a homogenous passive medium will expand as it
propagates through the medium. However, inside the photo-
polymer the light beam begins to focus because of the increas-
ing localized cross sectional refractive index profile (due to the
polymerization process).

In this study the SWWs are produced inside solid photo-
polymer. The SWWs formed when using two incident expos-
ing beam shapes are studied: (1) using a simple mode (Gaussian
light beam), and (2) using a higher order mode (LG beam). In
our experiments, these beam shapes are generated using appro-
priate inputs to excite such modes in optical fiber cables.

First, such a single Gaussian light beam is used to produce a
single channel waveguide in a photopolymer media. In Fig. 4, a
comparison between the experimental results and the predic-
tions of the model (for the exposure time texp � 1200 s and
power intensity P0 � 0.5 mW), is presented. The SM fiber
patch cable (ThorLabs, P1-460B-FC-5) is used to create a sin-
gle channel (SWW) under dark room conditions. The fiber end
is placed directly in contact with the input face (z � 0) of the
dry bulk AA/PVA sample, no index matching being used.

Fig. 2. Normalized (a) absorbance (blue dashed curve) and (b) emis-
sion (red curve) spectra plotted against wavelength for AA/PVA photo-
polymer material including EY.

Fig. 3. Illustration of an ideal normalization Gaussian light beam
intensity: (a) 3D side view and (b) 2D top view (contour plot).

Fig. 4. SWW formation in photopolymer material: (a) theoretical
prediction I�x, z, t�mW∕cm2; and (b) experimental image captured
when texp � 1200 s and P0 � 0.5 mW (total power in one input
beam).
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The CCD (Nikon D3200, DX 18–55 mm 1:3.5-5.6 G VR,
10× microlens 52 mm) captures a side view image and is
focused to image the SWW formed inside the material. In this
way the propagation of the beam through the sample and the
generation of the waveguide structures are monitored [2].

The camera (placed to capture a top/side view of the sample;
see Fig. 1) images the light scattered (emitted) toward the cam-
era during SWW formation. The recorded intensity images are
compared with the corresponding numerical simulations, that
is, the predicted 2D cross sectional intensities along the SWW,
I�x, z, t�mW∕cm2. It is assumed that the light imaged by the
camera is closely related to the intensity present along the
SWW, that is, it is proportional to I�x, y, z, t�.

Exposure leads to an increase of the refractive index during
photopolymerization. Therefore, a lensing effect is created near
the front face (input side) of the material. This acts to focus the
input light and creates a “primary eye” [6]; see Fig. 4(a). The
position of this high intensity focal point moves along the z axis
with time. This behavior, shown in Fig. 4(a), is observed in the
sequence of experimental images (captured by CCD), one is
shown in Fig. 4(b).

The resulting SWW structures are stable. To emphasize this
point, one of our SWW channels formed inside an AA/PVA
sample was (post-exposure) stored under dark room conditions,
at an average temperature of ∼20°C and a relative humidity of
∼40%, for a year. It was then re-examined using the experimen-
tal setup shown in Fig. 1. The SWW still functioned and could
be seen. No obvious degradation was observable.

In order to produce Fig. 4(b), the images of the sample were
captured under fluorescent room lighting. In general, it has
been found that no precautions were needed to protect the
waveguide from the effects of the environment under normal
laboratory working conditions, namely, oxygen, humidity, and
exposure to broadband ambient lighting (certainly for a short
period of time) [2]. We note that this is very different from the
case when AA/PVA material layers are used for holography
studies. In those cases, if unsealed, that is, uncover-plated,
the material can react strongly (and adversely) to environmental
conditions post-exposure [2,23–26]. As noted, a special sample
preparation procedure is used here compared to that used to
make the much thinner and softer holographic layers.

When the exposing light intensity (i.e., output from the
FOC) is increased to P0 � 1.0 mW, “secondary eyes” begin
to be observed; see Fig. 5. Index changes occur more rapidly
when the exposing intensity is increased. Initially, the most
rapid refractive index increases occur at the input face and along

the propagation axis. As the process proceeds, the cross-
sectional index change gradually grows in x, y, and also along z.

Effectively, over time more lenses in series, having different
focal lengths, are generated along the SWW. This occurs as part
of the waveguide channel formation process. It is worth noting
that the distances between the eyes (lens focal points), shown in
Fig. 5, are different because of the SWW formation process
arising from the nonlinearity of the material response.

Thus, the eyes arise due to light propagation along an evolv-
ing quadratic cross-sectional index profile waveguide. This is
similar to the effect of a selfoc lens or graded index (GRIN)
medium, see Fig. 6(a). This can be appreciated using the optical
Fourier transform (FT), see Fig. 6(b). GRIN medium are fab-
ricated having a quadratically varying refractive index profile
across their cross section. The cross-sectional profile does
not change with z. Light rays propagate along sinusoidal path
trajectories as they move through the medium. In a long GRIN
medium, the rays periodically refocus (cross over one another);
see Fig. 6(c). Over a specific length of GRIN medium, 4L, the
input field repeats, as in the action of an idealized imaging sys-
tem. This is equivalent to the sequential applications of four
FTs. Over a distance of 2L, the input field appears at the output
upside down (inverted). The FT of the input field appears at
the output after propagating a GRIN length of L, and this effect
is used to collimate light from point sources. In Fig. 6(b),
L indicates the periodic displacement between lenses along
the light path. Examining the results in Fig. 5 indicates that
the SWW acts like a stretched or elongated GRIN lens.

B. Materials and Reactions
Our dry AA/PVA samples contain the following components: a
binder (PVA), a monomer (AA), a cross-linker (BA), and an elec-
tron donor (TEA). For the specific material under examination

Fig. 5. Numerical simulation for SWW formation in photopolymer
material. A single input Gaussian beam is used. texp � 1200 s,
P0 � 1.0 mW.

Fig. 6. Scheme of light propagations as (a) GRIN, (b) Fourier trans-
form, and (c) SWW.
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here, EY dye is used to sensitize it in the green, namely, at λ �
532 nm [23,25], where the initial photosensitizer concentration
used is 1.22 × 10−7 mol cm−3 [3,8]. However, in contrast to holo-
graphic material preparation, both heating and vacuum cooling are
employed to produce rugged (highly dense) bulk samples [2,7].

Let us briefly describe the processes taking place during free
radical photopolymerization [2,17,23–30]. First, under the in-
fluence of light of suitable wavelength (λ � 532 nm), the
ground state dye molecule (EY) absorbs a photon and is pro-
moted into its excited singlet state. The resulting singlet state
dye molecule can undergo intersystem crossing into the longer
lived (more stable) triplet state [23,25]. The reaction between the
excited triplet state dye and the electron donor (TEA) leads to
the production of initiator/primary radicals, which can react with
the monomers (AA) and cross-linkers (BA) to produced chain
initiators [17]. The chain initiator can attach itself to another
monomer molecule by addition to the monomer C═C bond,
yielding a growing polymer radical with an active tip, that is,
once the monomer is polymerized [31]. Termination can happen
by either disproportionation or combination, both of which in-
volve two growing macroradicals interacting to stop growth
[17,30]. Inhibitors are chemicals (e.g., oxygen) which react with
the initiating and propagating radical species to rapidly remove
(scavenge) such radicals [29]. The photochemical processes tak-
ing place during free radical polymerization produce long poly-
mer chains. The resulting polymer can have a significantly higher
refractive index than the original monomer. In the case of AA/
PVA, the refractive index of the polymer is np � 1.52, while that
of the AA monomer is nm � 1.46 [2,27,28].

As noted, extensive studies applying AA/PVA photopolymer
layers to produce volume holographic gratings have been re-
ported [23,25]. In such cases, the AA/PVA photopolymer
was prepared as a thin dry film, typically 50–150 μm thick
[28,29,32]. The holographic studies indicate that self-processing
photopolymers have many useful properties [17,23–30]. These
include reasonable (1) refractive index change (modulation),
(2) sensitivity, (3) spatial homogeneity, (4) grating lifetime,
and (5) cost. AA/PVA is an interesting research material.

When the material is prepared as a thin planar layer (i.e., an
optically thick layer), for use in recording volume holographic
gratings [28,29,32], the resulting layers have a relatively large
surface area to volume ratio and contain appreciable amounts of
oxygen and moisture. Sealing (cover-plating) is necessary to re-
duce inhibition effects [33–35]. Excess monomer in the layer
can lead to the monomer molecules (pre- and post-exposure)
crystallizing at the layer surface, where they absorb moisture
from the air and redissolve, yielding an undesirable a sweating
process [25,32]. Previously, such material processes have been
observed in our laboratory and result in the appearance of
clearly visible surface contamination pre-exposure. In contrast
to such thin planar geometry layers, specially prepared bulk
samples are used here [2]. The self-written waveguides reported
are completely sealed deep inside the solid bulk volume.
Furthermore, no surface contaminants have been observed
either pre- or post-exposure.

C. Counterpropagation of Two Gaussian Light Beams
Next, we examine the case involving two simultaneous exposures
using two Gaussian beams input from optical fibers positioned at

either side of the sample; see Fig. 1. Prior to exposure, the fibers
are aligned (along the z axis) using a microscope. The two inputs
are separated by 8 mm (the material samples) aligned along the
same line (z-axis). A series of experimental images captured at
different exposure times is shown in Fig. 7, (right hand column).
The corresponding numerical simulations are presented on the
left-hand side of Fig. 7. The predictions are in good qualitative
agreement with the experimental results.

Initially in Fig. 7, greater spreading of the input beam
propagation during the writing process (texp � 50 s) is ob-
served. Subsequently, as the exposure continues (texp � 100,
200, 300, and 600 s), enhanced confinement (self-trapping)
of the beam is observed. This investigation, using counterpro-
pagating Gaussian beams, demonstrates that a continuous con-
fining structure is eventually created. The resulting SWW can
be used to guide light between the two FOCs along a specific
path (trajectory).

It might be thought that use of two mutually coherent expos-
ing beams during exposure might lead to the recording of an
unslanted reflection geometry grating. Such a grating is not ob-
served, and we note that (1) the period of such a grating could be
very small λ∕2nA ∼ 180 nm, and (2), as will be indicated, the
material appears to act to reduce beam coherence (see Fig. 11).

Previously, SWW fabrication processes for creating sensors
and coupling structures between two optical fibers have been
reported [36,37]. Previously we have demonstrated the pos-
sibility of coupling two optical fibers with two SWWs formed
by counterpropagating beams. Results for four exposures of dif-
ferent durations are presented. The simulations in Fig. 7 pre-
dict the confinement of the two optical beams as they propagate
toward one another. Once the SWWs begin to form, the in-
duced changes in the refractive index start to compensate
for the diffractive spreading [3,26]. In Fig. 7 the arrows indicate
the direction of the two counterpropagation beams, input at the

Fig. 7. Interactions of two counterpropagating Gaussian beams
forming SWW in photopolymer material using P0 � 0.5 mW
(i.e., the output from each FOC is 0.5 mW). Exposed for five different
durations, texp � 50, 100, 200, 300, and 600 s. The corresponding
simulations (left) and experimental results (right) are shown.
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opposite sides of the sample, separated by 8 mm. The two op-
tical beams crossing one another might be expected to interfere;
however, based on the results of our holographic studies, the
material’s spatial frequency response does not allow such fine
reflection gratings to be recorded (the response is negligible
above 5000 lines/mm), [8].

The joining together of the two channels/waveguides grow-
ing from either side has previously been demonstrated [38,39].
The conversion of monomer into polymer produces interaction
between the SWWs formed by the counterpropagating beams.
The potential practical value of such a technique, for use in
splicing (coupling) optical fibers is situ, appears high.
Importantly, this is achieved without the need to position
the FOCs, that is, to perform the high precision mechanical
alignment typically required in conventional FOC fusion splic-
ing. Such alignment is difficult between SM fibers for applica-
tions within the area of telecommunication [11,40]. The core
of such fibers is typically 8–10 μm in diameter. All six degrees of
mechanical freedom must be controlled during splicing.

D. SWW Using a Single LG Light Beam
To further explore the possible applications of the self-writing
process in this material, SWWs formed when exposing using a
LG profile mode (LG20) are examined. Figure 8 shows the nor-
malized optical beam intensity of a LG mode (LG20) [41,42].
In this a case, the light intensity is distributed as a circular (an-
nular) ring around a dark region in the beam center [43,44].
The intensity of this beam is therefore circularly symmetric.

Certain types of laser beams known as vortex beams can be
described as LG beams [14,15,43,44]. In such cases, the light
wave’s phase front twists about (around) the direction of propaga-
tion. This twisting of the phase front take place in a spiral fashion
while the field has a doughnut-like ring intensity profile [14,45].

When such a beam propagates in free space, the diameter of
the ring typically expands due to diffraction. As discussed sub-
sequently, such an optical beam can propagate through our pho-
topolymer medium without changing its annular beam shape
(structure), and in the process it forms a doughnut-shaped
SWW. While the beam radius may vary, the shape is preserved.

An LG mode, output from an FOC, is incident on the front
face of a photopolymer sample (no index matching is used). For
this experiment, a multimode Ocean Optics, QBIF200-VIS-NIR
optical fiber is used to produce the LG20 mode, using the exper-
imental setup illustrated in Fig. 1. In general, to generate the LG

mode, the light input into the FOC is incident at a specific angle
with respect to the input core face. This results in strong coupling
into the desired LG20 mode.

In Fig. 9, side views of the predicted intensity (top) and ex-
perimental images (bottom) of the SWW channels formed
when a single LG20 beam is input are shown. The results in-
dicate that the light beam propagates inside the material and
creates a waveguide while keeping the annular beam structure
unchanged. However, the diameter of the beam (and SWW)
does change in crossing the material. Examining Fig. 9, it
can be seen that the observed (experimental) results are in good
qualitative agreement with the numerical simulations, once
again confirming the reasonableness of our model and of
the material parameter values used to simulate these results.
No change in the structure of the beam or of the resulting wave-
guide are observed (i.e., no beam self-cleanup; see [46]).
Therefore, the input LG20 mode is not converted into a
Gaussian mode shaped output beam. Furthermore, there is
no bending of the LG20 beam trajectory away from the z axis
during SWW fabrication.

The location of highest intensity, that is, the primary eye,
appears close to the front face of the material sample; see
Fig. 9. This indicates that lensing action is taking place due
to photopolymerization based index changes.

In Fig. 10 the predicted cross-sectional beam intensity has
been plotted at the depths when texp � 1200 s. We note that

Fig. 10. Predicted normalized cross-sectional beam profile inside
the material at three different depths (0.2, 5, and 8 mm) when
texp � 1200 s.

Fig. 9. Effects of LG20 mode beam on the formation of the SWWs
for both short (texp � 100 s) and long (texp � 1200 s) exposure times.
(a) Theoretical predictions and (b) corresponding experimental results.

Fig. 8. (a) 3D side view and (b) 2D top view (counter plot) of the
normalization of light intensity of a LG mode (LG20), which can be
excited and output from a multimode optical fiber cable. The annular
cross-sectional beams profile is shown.
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when z � 0.2 mm, the beam is predicted to have a cross-sec-
tional Gaussian profile (in the figure, normalization is with re-
spect to this maximum value).

At z � 5 mm, an LG20 mode shape is predicted, expanded
(in diameter) and attenuated (0.586 mW∕cm2). Finally,
Fig. 10 also shows the predicted output beam (z � 8 mm)
when texp � 1200 s. At the output the LG20 mode contained
is wider and has a lower maximum value, namely,
0.449 mW∕cm2. The z � 5 mm and z � 8 mm results are
normalized with respect to the maximum value of the predicted
beam at z � 0.2 mm. As noted, the beam radius expands, with
the peaks being located at radial distances of 2.2 and 3.8 μm
from the central x axis, when at z � 5 and 8 mm, respectively.

In Fig. 11 the measured (a) input and (b) output beam in-
tensity distributions are presented. Both images were captured
by a camera placed in the far field. The essential annular struc-
ture of the beam has not changed following the SWW process.

In Fig. 11(b) the existence of filaments (filamentation)
around the output beam edges is indicated. The observation
of filaments indicates that some breaking up of the channel
guide has occurred due to the high power of the self-trapped
light [2].

Furthermore, while a significant speckle pattern can be ob-
served in the input beam image, see Fig. 11(a), it is greatly re-
duced in the observed output beam, see Fig. 11(b). Therefore,
while the input beam is spatially coherent, the output beam
appears to have reduced spatial coherence. The dynamical
effects, namely, filamentation and rogue waves, arising when
self-processing materials are exposed by speckle is a topic of
some interest and has previously been discussed [47].

Figure 11 supports our conclusion that there is no self-bending
or self-cleanup of the beam during the polymerization process. For
the cases examined, the uniform intensity around the annular in-
cident beam ensures circularly symmetric index changes during
formation. In conclusion, the beam appears to retain its mode
structure during SWW creation.

E. Counterpropagation of Two LG Light Beams
Finally, work was performed to demonstrate the ability to form
SWWs using simultaneous exposure from two optical fibers.
The results for two counterpropagating LG modes (LG20)
are examined in Fig. 12.

The predicted cross-sectional intensity between the two
beams is shown in Fig. 12(a). The corresponding experimental

image for this situation is presented in Fig. 12(b) when
texp � 600 s. Good qualitative agreement between the exper-
imental result and the corresponding theoretical predictions
can be seen.

These results demonstrate the possibility of self-writing dif-
ferent types of connections between optical fiber cables. In this
case, two LG20 mode carrying optical fiber cables are connected
without the alignment process required for conventional fusion
splicing.

5. CONCLUSIONS

SWWs may offer a way to address the challenge of fabricating
optical interconnects. In this paper it is demonstrated that op-
tical waveguide self-writing is a potentially useful technique for
the direct fabrication of aligned guiding structures. Given suit-
able conditions, the method is capable of being used to repair
defective optical connections (waveguides) in sensor or com-
munication networks [10]. It also seems to provide a technique
to write specialist mode connections, create GRIN like media
(i.e., exhibiting selfoc type behavior), and vary beam spatial
coherence [48].

This paper presents a description and comparison of the use
of Gaussian and LG modes [14] to write SWWs in AA/PVA
material. When modelling light propagation, electromagnetic
wave equations assuming the paraxial approximation are used.
Results for both single beams and counterpropagating beams
are examined.

The model describing the nonlinear photoabsorptive effects
taking place during the photoinitiation processes is discussed.
Such effects must be included to account for the excitation of
the photoinitiator and the associated absorption during photo-
polymerization throughout the material.

Simulations for both Gaussian (SM fiber) and LG beams
(multimode fiber) are performed. Corresponding experimental
results are presented and compared to the predictions.
Waveguide production is demonstrated, and the results are dis-
cussed. A dry, specially prepared bulk photopolymer material of
thickness 8 mm is used. The refractive index change formed is
clearly sufficient to overcome the diffraction effects; see also [2,3].

Then experimental and theoretical results for SWWs
formed when two aligned Gaussian beams counterpropagate
simultaneously inside the photopolymer material are examined

Fig. 12. Two simultaneously counterpropagating LG20 mode beams
when texp � 600 s and P0 � 0.5 mW (i.e., the output from each FOC
is 0.5 mW): (a) numerical simulation, (b) experimental image.

Fig. 11. Experimentally observed (a) input (exposing) and (b) out-
put LG mode beam, imaged in the far field when texp � 1200 s.
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for different exposure times. The counterpropagating beams
produce a single waveguide. Then the formation of the
SWWs arising due to simultaneous exposure by two counter-
propagating LG beams is also examined. It is shown that the
LG beam profile is preserved. Good qualitative agreement
between theory and experiment is found.

These results are very encouraging and provided new in-
sights into the SWW formation process.
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