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ABSTRACT The goal of our research is to assess the possibility of making an ultrafast all-
optical switching device. This requires the preliminaries of doing materials processing, materials
characterization, and making all-device component structures such as single mode fibers. With
these in hand, a demonstration all-optical switching device can be made. Such a device would
be the first step towards ultrafast switching systems for the information highway and all-optical
computing applications. Our work is motivated by the demonstration of an all-optical switch in a
silica optical fiber. While this device displays all essential switching functions, the small material
nonlinearity requires fibers of 1km lengths, resulting in long latency periods. Because we have the
ability to make polymer fibers with optical nonlinearities that are three orders of magnitude larger,
we can make sub-meter-length devices. As an ongoing process, have continually improved the fiber
drawing process, have characterized crucial material properties, and have improved on designs of
optical switches that take advantage of the polymer fiber’s nonlinearity. We have demonstrated
the fabrication of fibers with cores that are less than 10um in diameter, have shown that these can
support single mode light-guiding (required for optimum device operation), and that they do not
depolarize light: an important property for devices that require polarization preserving fibers. The
Sagnac interferometer experiment had been used to measure the switching efficiency in a single
mode polymer fiber and a true all-optical switching device has been built and has given evidence
of all-optical switching.

The project goal is to assess the possibility of making an all-optical switch in a polymer optical
fiber. To this end, we have:

e Demonstrated that the polarization state of light is preserved in a single mode polymer fiber
waveguide.

e Measured optical loss in a single-mode fiber.

e Analyzed the guiding modes to determine the refractive index profile of a single-mode coreé.
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Figure 1: Mode imaging system.

e Performed optical damage studies.
e Measured the switching efficiency of a single mode fiber.

e Measured stimulated Brillouin from a single-mode fiber and determined it has no adverse
effect on switching.

e Applied quadratic electroabsorption studies to help elucidate the nature of excited states in
squaraine dyes which are the medium of switching.

e Evaluated the 2 photon absorption figure of merit and found candidate molecules that should
be appropriate for switching devices.

e Fabricated dual-core fibers and observed light hoping between fibers

e Built an all-optical switch and seen evidence of all-optical switching in both the Sagnac and
directional coupler geometries.

Details of these results are described below.

A single-mode waveguide is required for making devices because of the inherent high bandwidth,
and its ideal geometry for efficient interferometric switching. It is therefore important to establish
that our fiber waveguides are single-mode. To do so, we built an infra red optical imaging system
(Figure 1). A collimated IR laser beam is launched into a microscope objective. The light is
focused into the core of the fiber which is mounted on a high precision xyz-translation and rotation
fiber mount. Note that for maximum coupling, the numerical aperture of the objective and fiber
are matched. The exiting light is imaged with a microscope objective and eyepiece to an infrared
camera. The signal from the camera is digitized by a frame grabber and sent to a Gateway computer
for analysis.

The intensity distribution of the light leaving the fiber end in a single-mode core appears as a
bright symmetric spot. The intensity profile through the brightest spot is the square of the zeroth-
order Bessel function in the core and the square of the zeroth-order modified Bessel Function in
the cladding when the guide is single-mode. Figure 2a shows a digitized image of the light exiting
a typical ISQ-core PMMA fiber. The core is about 8um in diameter and the dye concentration is
0.1% by weight. The bright spot in the center is the guided mode. The bright scattered light that
is observed in the cladding is a speckle pattern from the cladding mode. Note that the contrast on
the image was set to maximize the scattered light in the cladding so that it would be visible. In a
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Figure 2: a) Image of fiber end when guiding light in the core at 1.3um. b) cross-section of light
intensity (points) and fit to theory for a single-mode guide (curve).

more accurate representation of the fiber end, the cladding would be much darker. Note the dark
line that runs almost vertically on the right side of the cladding. Under an optical microscope, this
dark region is a groove that was formed when the fiber end was cut.

Figure 2b shows the intensity profile through the fiber center. A fit to the zeroth-order Bessel
function shows that the fiber is indeed single-mode. The two vertical lines represent the position
of the core-cladding interface. The fit parameters imply that the fiber core is 5.5um in diameter
and that the refractive index difference between core and cladding is An = 0.0036. These numbers
compare favorably with the core diameter of 8um that is determined from the core-to-cladding
diameter ratio and a measure of the fiber’s outside diameter.

We have also attempted to measure the loss in a single-mode fiber using the cut-and-measure
technique. Because the light intensity leaving the fiber is a sensitive function of the quality of the
fiber end, there are large cut-to-cut variations in the amount of light that leaves the fiber end.
Measurements of the loss in the single-mode PMMA/ISQ guide at 1.06pm range from 0.1dB/cm
to 0.6dB/cm, compared with Kaino’s result of about 0.1dB/cm in neat PMMA. Because the lowest
loss values show that the intrinsic loss of the doped polymer is 0.1dB/cm, the higher values in
some of the fibers implies that extrinsic sources such as scattering are responsible. It is significant,
however, that the intrinsic loss in the doped fiber is the same as the neat fiber because it clearly
shows that the dye’s contribution to optical loss is much smaller that the polymer’s loss.

In many applications, it is important for the polarization of the light beam to be unaffected by
the waveguide. This is true for the device that we propose to build, and for the nonlinear Sagnac
experiment used to characterize the intensity dependent refractive index of a fiber. Figure 3 shows
an experiment that measures the degree of light depolarization in a single-mode fiber. We applied
this experiment to ISQ/PMMA-core single-mode guides. A polarized laser beam in launched into
the end of the fiber core with a microscope objective. After over tens of centimeters of propagation,
the exiting light is imaged onto a detector with a microscope object. A second polarizer is used
as an analyzer of the polarization state of the light. When the analyzer angle is perpendicular to
the polarization of the light incident to the fiber, the detected intensity will be zero if the light is
not depolarized polarized in the fiber. Similarly, if the analyzer is aligned along the polarization
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Figure 3: a) Experiment to measure fiber’s effect on light polarization and b) polar plot of intensity
at the detector as a function of analyzer angle (points). Solid curve is theory for no depolarization.

direction, the maximum intensity is observed.

The right-hand side of Figure 3 shows a polar plot (solid curve) of the theoretical prediction
of the angular dependence of the intensity for a beam of light that is polarized at about 45°. The
measured data points agree with the theory. This implies that the light remains polarized over tens
of centimeters of propagation. The degree of depolarization can be estimated by the amount of
light that makes it to the detector when the polarizer and analyzer are crossed (set 90° from each
other). We find that the degree of depolarization is less than 5%. We have found that the degree
of depolarization is much higher for multimode fibers, or in fibers that are weakly single-mode.

We have designed and built a Sagnac interferometer that can be used to measure the intensity
dependent refractive index of either a fiber waveguide or a bulk material. This experimental
geometry is very similar to our device design, so it serves two purposes: it enables the nonlinear-
optical characterization of materials and gives us experience in building an all-optical switch. Figure
4 show the experimental setup.

The measurement procedure involves the simultaneous measurement of the interferometer con-
trast and signal using two separate lockin amplifiers that are interfaced to a computer. One lock-in
amplifier is synchronized with the frequency (€2) of light modulation due to the spinning half wave
plate. The light intensity leaving the interferometer is then measured as a function of quartz
wedge position. This determines the contrast of the interferometer. We call the amplitude of this
interferogram In. The second lockin measures the intensity at twice the modulation frequency.
(described later). We call the amplitude of the large set of peaks I22,, and the smaller peaks I25

mazx? min*
The real and imaginary parts of the intensity dependent refractive index, nﬁ)u, are proportional
to the average peak height of the 2 interferogram, and the difference in peak heights in the 2Q2
interferogram. The absolute intensity dependent refractive index is proportional to the ratio of the
2Q) intensity to the amplitude of the € interferogram, and inversely proportional to the absolute
peak intensity. The absolute intensity is determined by measuring the average power of the laser
and taking into account both the temporal and spatial profile of the beam.

Figure 5 shows the light intensity at Q2 and 2(2 for a 25cm long single-mode ISQ/PMMA fiber of
16um diameter core, 290um cladding diameter, and 0.1% dye concentration. The light is launched
into the fiber with a 20x microscope objective.

The switching efficiency of the fiber is proportional to the intensity dependent refractive index,
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Figure 5: Intensity of light at frequency 2 (top) and frequency 22 (bottom) as a function of phase
difference between the two counterpropagating light beams for a single-mode ISQ/PMMA fiber.



light intensity, and propagation length. The polymer fiber is thus well suited for high switching
efficiency because the brightest part of the light is confined to the core over the fiber’s length L.
A typical single-mode core diameter is on the order of 10um so that a laser source of 1W power,
when exciting a guided mode, results in an intensity in the core of about 1 x 105W/em?. The
first step-index fiber was made with an ISQ-doped poly(methyl methacrylate) polymer (PMMA)
(about 1% by weight dye) and a PMMA cladding. It is useful to consider what we have learned
about the switching efficiencies of single-mode polymer optical fiber. For a peak intensity of about
5 x 10°W/cm?, the phase shift that we have observed in our fiber is about 7/200. This yields a
switching efficiency of 4.4 x 10~%em?2 - W~1.ecm ™. We have observed that even ‘dirty fibers’ (those
that are made from undistilled monomer) have a damage threshold of about 4 x 108W/cm? and can
easily sustain long term exposure of about 8 x 107W/cm?2. We expect to observe 100% switching
efficiency near the short-term damage threshold intensity for a fiber with an effective length of 7cm.
At the long-term damage threshold, we would expect an efficiency of 35%. The efficiencies can be
greatly increased if the effective fiber length is increased. With a decrease of loss by a factor of
three, the resulting increased effective length to 2lcm would make all-optical switching possible
below the long term damage threshold. With improvements in material cleanliness, the damage
threshold should also be greatly increased, leading to a reliable switch. Indeed, clean PMMA has
been observed to have a long term damage threshold above 1GW/cm?. The only other issue that
may need to be addressed is the two-photon absorption figure of merit. Choice of the appropriate
dye should solve this problem as preliminary measurements have shown.

We have also studied the nature of excited states of squaraines with quadratic electroabsorption
and have investigated the effect of stimulated Brillouin scattering processes (in single mode cores)
on switching device performance. Two interesting results are suggested. First, it appears that
the third-order susceptibility of the dye-doped fiber core is a factor of 20 larger than expected
based on the quadratic electroabsorption results. Optical absorption spectroscopy of the core
shows features that are reminiscent of a J aggregate spectrum. We thus believe that the dyes
are partially aggregated in the core-making process. Because light scattering experiments show
no evidence of aggregation, the aggregates must be much smaller than the wavelength of light.
The conclusion is that the small aggregates do not result in substantial loss but result in a larger
third-order susceptibility. The Brillouin studies, on the other hand, show that there is no significant
contribution of stimulated scattering to the all-optical switching measurements. These two finding
make us optimistic that all-optical switching technology is possible in polymer optical fibers.

We have also been studying wave propagation in dual core fibers as a prelude to making a
directional coupler that can be used for either passive splitting or active switching. Figure 6 shows
the light exiting from such a fiber and is measured with the imaging system shown in Figure 1. The
output of the camera can be sent to a digital oscilloscope to digitize one scan line. Figure 7 shows
the intensity profile through the center of the two cores as measured with the oscilloscope. It is
clear that the intensity profiles overlap in the region between the cores so that the two modes are
coupled. As light propagates down this fiber, energy should therefore be exchanged between the
cores. The propagation length over which all the light from one core couples into the second core
is called the coupling length. The coupling length depends on the separation between the cores,
the diameter of each core and the refractive index difference between core and cladding.

The coupling length of a dual core fiber is determined by measuring the intensity inside each
core as a function of distance along the fiber axis. Because the light is trapped inside the two cores,
a direct measurement is not possible. We have therefore use the cut-and-measure technique: the



Figure 6: Intensity of light. in a cross-section of a dual core fiber.
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Figure 7: Intensity profile in a dual core fiber.
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Figure 8: Intensity in each core of a dual core fiber as a function of fiber length.

mode profile is measured, a small piece of fiber snipped off, the end repolished and the light profile
from the remaining length of fiber remeasured. Figure 8 shows a plot of the intensity in each core
as a function of length of fiber removed. For each length, the two intensities are normalized so they
add to unity. The coupling length so determined is found to be about 20mm and is close to the
expected value for a single mode guide.

Each of the two curves in Figure 8 clearly do not go to zero intensity. This behavior is predicted
for dual core waveguides that are asymmetric; that is, when the waveguide diameters are not equal,
not parallel, or have different refractive indices. This is not unexpected in our first generation of
dual core fiber. Of significance is that fact that coupling is observed. Because the coupling length
depends on the refractive index and the core material has a large n, switching between cores at
the output end of the fiber should be observable as a function of incident intensity. We have seen
switching in such a coupler but these results have not yet been reproduced.

To summarize our cumulative research findings and results:

1. We have developed a process to make 5-10um fiber waveguides made with PMMA/ISQ and
PMMA /DR1 dye-doped polymer.

2. We have demonstrated that the guided mode is single-mode for a 8um core at doping levels
greater than 0.07% ISQ by weight.

3. We have optimized the coupling efficiency into the single-mode fiber.

4. We have found several methods for cleaving/polishing the fiber ends for better coupling.
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We have measured the loss in the multimode PMMA /ISQ and PMMA/DRI fiber to be equal
to the neat PMMA loss (0.3dB/cm at 1.3um and 0.1dB/cm at 1064nm).

We have measured the loss in a single-mode PMMA/ISQ fiber to be between 0.1dB/cm and
0.6dB/cm at 1.06pm.

We have determined that single-mode fibers depolarize light by less than 5%.

' We have measured the intensity dependent refractive index in a single-mode fiber using a new

Sagnac measurement developed at WSU. This experiment has also been applied to measure
both the absolute real and imaginary part of the intensity dependent refractive index in
nitrobenzene (a standard liquid).

We have found that the stimulated Brillouin scattering background signal in dye-doped poly-
mer fiber is well below the minimum required for making a practical switch.

We have observed a damage threshold that is almost two orders of magnitude smaller than
for neat PMMA and that it is fiber dependent.

We have studied the nature of excited states in squaraine dyes, and how these states contribute
to the nonlinear-optical response.

We have successfully fabricated dual core fibers that guide light.
We have demonstrated a fiber directional coupler.

We have demonstrated all-optical switching in both a directional coupler and Sagnac geome-
try.
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of Univ, of Texas at El Paso, who has supplied chromophores and polymer processing information.
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‘ We have been approached by Melles-Griot (an optical component supplier) who have inquired
about selling our single mode fiber. We are also interacting with Sentel Technologies who are

interested in photomechanical applications of our fibers.
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