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Abstract— We developed a compact and high-power mode-
locked fiber laser for multilayered optical memories. The
average power and pulse width of the output pulse from the fiber
laser that we developed were 109 mW and 2.1 ps, respectively.
The dispersion of the output pulse was compensated with an
external single-mode fiber of 2.5 m length. The pulse was
compressed from 2.1 ps to 93 fs by dispersion compensation.
We proposed a fiber confocal microscope as an alignment-free
readout system of multilayered optical memories. The fiber
confocal microscope does not require fine pinhole position
alignment because the fiber core is used as the point light source
and the pinhole, and both of which are always located at the
conjugated point. The configuration reduces the required
accuracy of pinhole position alignment. The fiber confocal
microscope can also achieve a compact pickup head. Recording
layers in a multilayered medium could be detected with an axial
resolution of approximately 900 nm. We demonstrated eight-
layer readout with the fiber confocal microscope.
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I. INTRODUCTION

Optical memories are promising as data archival
storage in many applications such as cloud
computing and three-dimensional (3D) television.
Optical memories have long time stability and
lower power consumption. Recently, a blu-ray disc-
type optical memory that had a capacity of over 100
Gbyte has been standardized. To realize further
large data capacity, many technologies have been
reported as next-generation optical memory, such as
holographic memories[1,2], near-field recording
technology using a solid-immersion lens (SIL)[3],
super-resolution near-field structure (Super-RENS)
technology[4], and multilayered optical
memories[5-9].

Multilayered optical memories are one of the

most promising technologies for next-generation
optical data storage. Multilayered optical memories
can increase the recording capacity by increasing
the number of recording layers. The technologies of
current optical memories, such as optical pickups,
servo and tracking systems, and aberration
corrections, can be used for multilayered optical
memories with some modifications and extensions.
Recently, the development of a blu-ray disc with
sixteen layers has been reported by Pioneer and
TDK and the disc had 512 Gbyte recording capacity
[10]. Surface plasmon techniques were also applied
to multilayered optical memories to increase the
recording capacity [11]. Zijlstra et al. reported a
five-dimensional optical memory using 3D volume,
wavelength, and polarization multiplex recording
techniques[12].

We have developed a multilayered optical
memory using a  multilayered  medium.
Multilayered optical memories can increase the
recording capacity by increasing the number of
recording layers.

One of the key issues to realize multilayered
optical memory is to realize a compact optical drive
system. Conventional systems were consisted of a
large size femtosecond laser and many optical
components. In order to overcome this issue, we
propose a recording and readout system using
optical fibers. Because a fiber is possible to be
bended, it has high flexibility in system
configuration and becomes compact. We developed
a fiber laser as a recording laser and a fiber



confocal microscope as readout

multilayered optical memory.

system for

Il. DEVELOPMENT OF FIBER LASER

We developed a pulsed fiber laser for multilayer
recording. Figure 1 shows optical setup of the fiber
laser. Erbium doped fiber (EDF) was pumped by
two 980 nm laser diodes (LDs) through wavelength
division multiplexing (WDM) coupler. The power
of each LD was 450 mW. The cavity comprised of
EDF and single-mode fiber (SMF). Each fiber was
spliced and the splicing loss was negligible. The
monitor coupler picked up pulses for measuring the
spectrum and pulse train. A polarization beam
splitter (PBS) operated as the output port. The
spectrum, average power, and temporal waveform
of output pulses were measured by a spectrum
analyzer, a power meter, and a two-photon
absorption-type autocorrelator, respectively. Optical
isolators were inserted to prevent the back-
reflection in the cavity and to ensure the
unidirectional operation. A SMF of 2.5 m length
was used for dispersion compensation.

Figure 2(a) shows the spectrum of the output
pulse from the PBS. The spectrum bandwidth was
broadened by amplification at EDF. Figure 2(b)
shows the spectrum of the output pulse from the
monitor coupler. We can observe the well-defined
spectrum with Gaussian distribution, as shown in
Fig. 2(b). The center wavelength of the spectrum
was about 1540 nm.

Figure 3 shows the pulse train measured at the
monitor coupler. The time interval of pulse trains
was 17.4 ns, and the repetition rate was 57.5 MHz.
Figure 4 shows the temporal waveform of the
output pulse from the PBS. The pulse shape was
well defined and the pulse width was 2.1 ps. In
order to increase the probability of the two photon
absorption (TPA) process, the pulse width should
be decreased.

In order to decrease the pulse width, we
performed dispersion compensation to use a 2.5 m
SMF. Figure 5 shows the temporal waveform of
output pulse after dispersion compensation. By
chirped pulse compensation, it was compressed the
pulse width to 93 fs. We succeeded in operating
with an average power of 90 mW and high-power
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Fig. 1 Optical setup of fiber laser that we developed
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Fig. 2 Spectrum of output pulse from monitor coupler: (a) spectrum of
output pulse from PBS and (b) spectrum of output pulse from monitor coupler
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Fig. 3 Pulse train from monitor coupler

Fig. 4 Temporal waveform of output pulse from PBS

pulse generation. The pulse energy was calculated

as 1.6 nJ from the average power and repetition rate.

We estimated that the peak power was 5.3 kW from
the pulse shape and pulse energy.

I1l. THREE DIMENSIONAL RECORDING WITH FIBER LASER

We demonstrated TPA recording with the
developed fiber laser in a photochromic recording
material. The medium was fabricated with the
casting method and this medium was a bulk-type.
First, diarylethene (cis-1,2-dicyano-1,2-bis(2,4,5-
trimethyl-3-thienyl)ethene) (DE) was heated over
melting point. Then the melted DE was put between
the two glass substrates. The thickness of recording
layer was several um and uniform medium could be
fabricated. The entire medium is photosensitive, so
recording bits will be created in any part of the
medium. This allows no layers fabrication needed
for the medium. DE is used because it has large
TPA cross-sections in the near-infrared region.
Figure 6 shows the 3D recording demonstration

Fig. 5 Temporal waveform of output pulse after pulse compression

of DE sample. Two layers were recorded and
observed. Figure 6(a) shows the 1st layer and (b) is
the 2nd layer. Letter “A” and “B” was recorded in
bit sequence for each layer respectively. The
spacing between the layers was 40 um. The
recording power used was 4.7 mW with an
exposure time of 8 ms focused into the media. The
cross talk in the 2nd layer was observed due to the
detection system do not incorporate confocal
system. The confocal readout system can improve
the contrast of readout data.

(a)

Fig. 6 3D recording with fiber laser that we developed

IV. FIBER CONFOCAL MICROSCOPE AS READOUT SYSTEM OF
MULTILAYERED OPTICAL MEMORY

We propose a fiber confocal microscope for the
alignment-free readout system of multilayered
optical memories. In this fiber confocal microscope,
a small fiber core serves as both the point light
source and the pinhole to cut the scattered light
from the defocused region. Because the point light
source and the pinhole are always located at the
same position, the fiber confocal system does not
require the fine alignment of pinhole position. The



light scattered at the focal position of an objective
lens is automatically focused at the fiber core. This
reduces the required alignment accuracy.

The fiber confocal microscope can also achieve a
compact pickup head. Since this system can
comprise a fiber, the readout laser and the detector
are located outside of the optical pickup or the
optical drive. This reduces the number of optical
components on pickup heads and small pickups in
current optical memory systems. The fiber confocal
system can also be combined with an ultrashort-
pulse fiber laser as a recording light source of
multilayered optical memories. The fiber confocal
microscope is promising for the alignment-free and
compact readout system of multilayered optical
memories.

V. OPTICAL SETUP OF FIBER CONFOCAL MICROSCOPE
Figure 7 shows the optical setup of the fiber
confocal microscope that we have developed. A
helium-neon (He-Ne) laser of 633 nm wavelength
was used for readout. The light was focused onto
the SMF end and passed through the fiber coupler.
The light emitted by the fiber was collimated using
an objective of 0.65 numerical aperture (NA) and
focused onto the multilayered medium using an oil-
immersion objective of 1.3 NA. The signal reflected
from the focal spot was focused at the fiber end
with the same optics. The signal was separated
using the fiber coupler and detected with a
photomultiplier tube (PMT). The branch ratio of the
fiber coupler was 50:50. The SMF model we used
was SM600, Fibercore Ltd. The mode field
diameter of the SMF was about 4.5 pm, which
corresponded to the pinhole diameter. The
multilayered medium was placed on an XYZ-axes
translation stage controlled by a computer.

We introduced two noise reduction methods into
the fiber confocal microscope. First, to reduce the
reflection at the fiber end, we used an angled
physical contact (APC) connector at the fiber end.
The end face of the APC connector was cut with an
angle slanted toward the optical axis. The reflected
light at the fiber end did not propagate back in the
fiber core. We reduced the reflected light at the end
to less than 60 dB. Second, the signal and the

reflection light were separated by controlling the
polarization state. We inserted a quarter-wave
plates (QWPs) and a PBS into the light path. The
linear polarization state of the signal was rotated

90° because it passed through the QWP twice. The

reflected light at the fiber end or the coupler did not
pass through the QWP; thus, they maintained the
polarization state. The reflection light at the fiber
end and the fiber coupler could be rejected through
the PBS.
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Fig. 7 Optical setup of fiber confocal microscope

V1. VERIFICATION OF AXIAL RESOLUTION OF FIBER CONFOCAL
MICROSCOPE

We verified the axial resolution of the fiber
confocal microscope using a multilayered sample.
Figure 8 shows the structure of the multilayered
sample. The multilayered sample was fabricated
with high-refractive-index (HRI) layers and buffer
layers. The top was the cover layer, and the bottom
was a glass substrate. The refractive indexes of the
HRI layers, the buffer layers, and the cover layer
were 1.53, 1.466, and 1.518 at a wavelength of 633
nm, respectively. The thicknesses of the HRI layers,
the buffer layers, and the cover layer were 1, 10,
and 5 um, respectively. The medium had five HRI



layers. The HRI layers were prepared with
poly(methyl methacrylate) (PMMA). The buffer
layers were prepared with butyl acrylate and acrylic
acid, and the cover layer was prepared with
poly(vinyl alcohol) (PVA).
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Fig. 8 Structure of multilayered sample for performance evaluation of fiber
confocal microscope

Figure 9(a) shows the axial response of the
multilayered sample. We could observe the
reflection peaks of the HRI layers. The rightmost
peak corresponded to the interface between the
cover layer and the buffer layer. The five center
peaks indicated the HRI and buffer layer interfaces,
and the leftmost peak represented the reflection
from the interface between the buffer layer and the
glass substrate.

Figure 9(b) shows the magnified image of the
first HRI layer peak shown in Fig. 9(a). The full
width at half maximum (FWHM) of this peak was
900 nm. Therefore, we considered that the axial
resolution of the fiber confocal microscope was 900
nm.

Figure 9(c) shows the axial response of the same
sample before the introduction of the two noise
reduction methods. The background noise level was
higher and fluctuated as shown in Fig. 9(c). It is
difficult to distinguish the interface between the
cover layer and the buffer layer, from that between
the buffer layer and the substrate. We succeeded in
improving the signal-to-noise ratio (SNR) of the
fiber confocal microscope to a level enabling the
use of the microscope as the readout system of
multilayered memories.

VII.

We verified the alignment-free performance of the
fiber confocal readout system. We used aligned

VERIFICATION OF ALIGNMENT-FREE PERFORMANCE
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Fig. 9 Axial response of multilayered sample: (a) axial response with noise
reduction methods, (b) magnified image of first peak shown in Fig. 9(a), and
(c) axial response without noise reduction methods

latex spheres as reference samples. The fiber end
was shifted from the optical axis in order to verify
the alignment-free performance. The shift range of
the fiber end was from plus 5 um to minus 5 pm.
The fiber end was shifted on the X-axis defined in
Fig. 7. The latex spheres were aligned with the
hexagonal close-packed structure on the glass
substrate using the self-organization process. The
diameter of the latex spheres was 10 um.

Figure 10 shows the observation results of the
latex spheres. Figure 10(a) shows the image of the
minus 5 pm shift, Fig. 10(b) shows the latex
spheres well aligned to the optical axis, and Fig.
10(c) shows the image of the plus 5 um shift.



Images could be acquired in the case of
misalignment. From these images, we confirmed
that the fiber confocal microscope relaxes the
required accuracy of the alignment of the fiber
position. Comparing Figs. 10(b) and 10(c), the
signal intensity in Fig. 10(c) was found to be
approximately 32 % lower than that in Fig. 10(b).
The degradation observed in Figs. 10(a) and 10(c)
was caused by reducing the amount of light incident
to the objective. The misalignment does not
decrease the spatial resolution of the observed
image if we use an aberration-free objective. In an
actual case, the aberration and physical size of the
objective determine the alignment-free capability
range. The fiber confocal microscope also relaxes
the required accuracy of the alignment in the axial
direction; however, a severe spherical aberration is

expected in this case.
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FIG. 10 OBSERVATION IMAGES OF 10 uM LATEX SPHERES: (A) -5 uM SHIFT OF
FIBER END FROM THE OPTICAL AXIS, (B) LATEX SPHERES WELL ALIGNED TO
THE OPTICAL AXIS, AND (C) +5 uM SHIFt

VIII. MULTILAYER RECORDING AND READOUT USING
FIBER CONFOCAL MICROSCOPE
We recorded bit data into the multilayered

recording medium and read them out using the fiber
confocal microscope. A mode-locked Ti:sapphire
laser was used to demonstrate the multilayer
recording. Figure 11 shows the structure of the
multilayered recording medium that we used. The
multilayered medium consisted of ten recording
layers and eleven buffer layers. The top was a PVA
cover layer, and the bottom was a poly(ethylene
terephthalate) (PET) substrate. The thickness of the
recording layers, the buffer layers, and the cover
layer were 1, 5, and 1 um, respectively. The
recording layers were prepared with PMMA. The
photochromic DE was doped in PMMA. The
composition of DE was cis-1,2-dicyano-1,2-

bis(2,4,5-trimethyl-3-thienyl)ethene. The
concentration of DE as the recording material was
10% by weight. The multilayered recording
medium was fabricated wusing a lamination
process[13].
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Fig. 11 Structure of multilayered recording medium

Figure 12 shows the multilayer recording and
readout results obtained using the fiber confocal
microscope. The bright and dark parts indicate the
signal from the bit data and the reflection from the
recording layer interfaces. We could achieve the
eight-layer recording and readout. The alphabet
patterns of each layer were recorded with the
sequence of bit data. The bit interval was 2 um. The
average power and the exposure time were 61 mW
and 8 ms, respectively. The low contrast shown in
the first layer was caused by the lens aberration.

Figure 13(a) shows the axial response of the
multilayered recording medium before recording.
All recording layers could be detected using the
fiber confocal microscope. The highest peak
represented the reflection at the buffer layer and
PET substrate interface. Figure 13(b) shows the
axial cross section of the multilayered recording
medium after recording. The bottom white line
represents the interface of the buffer layer and the
PET substrate, and the top line represents the
interface of the cover layer and the buffer layer.
The ten lines between the cover layer and the PET
substrate interfaces indicate the recording layer
interfaces. The recorded bits could be detected in
the recording layers. Figure 14 shows the signal
intensity distribution along the white line on the
first layer. The dotted line indicates the reflection
level from the recording layer interfaces. The signal
level from the recording bits was higher than the
reflection level from the recording layer interfaces.
From the result shown in Fig. 14, we estimated that



Fig. 12 Multilayer recording and readout results using fiber confocal
microscope

the SNR was over 22 dB. This is enough SNR to
distinguish each bit from background noise. We
may say that the fiber confocal microscope has a
promising potential as the readout system of
multilayered optical memories.

1X. CONCLUSIONS
We developed a compact and high-power mode-

locked fiber laser for multilayered optical memories.

The average power, repetition rate, and pulse width
of the fiber laser that we developed were 109 mW,
57.5 MHz, and 2.1 ps, respectively. In order to
increase the probability of the two photon process,
we decreased the pulse width from 2.1 ps to 93 fs
by pulse compression using a SMF. The average
power at the SMF end was 90 mW and the peak
power was 5.3 kW.

We also developed a fiber confocal microscope as
a readout system of multilayered optical memories.
The axial resolution of the fiber confocal
microscope was 900 nm. We verified the
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Fig. 13 (a) Axial response of multilayered recording medium before recording.
(b) Axial cross section of multilayered recording medium after recording

Fig. 14 Signal intensity distribution at white line on first layer.

alignment-free performance of the fiber confocal
microscope.

We demonstrated the reading of bit data from a
multilayered recording medium by using the fiber
confocal microscope. The fiber confocal
microscope could read out the bit data without
crosstalk. As a result of these, we may say that the
fiber confocal microscope is very promising to be a
feasible as compact readout system of multilayered
optical memories.
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