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A storage system using fused silica is a promising way to store historically valuable data perma-
nently. To increase recording capacity, we studied the recording and reading conditions for a multi-
layer sample. The 26-layer sample, which had a recording capacity equivalent to that of a digital
versatile disc (DVD), was made with a femtosecond laser and a spatial light modulator (SLM). The
recording pulse energy and interlayer crosstalk were reduced by correcting spherical aberration. The
sample was evaluated and read with an optical microscope. The signal-to-noise ratio (SNR) criterion
of 15 dB was satisfied in all 26 layers by using signal processing. Thermal resistance at 1,000 °C for

120 minutes was demonstrated, suggesting a semi-permanent lifetime.
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1. Introduction

In recent years, optical discs and HDDs have been
widely used due to their convenience. However, in terms of
lifetime, these media are not suitable for storing historically
valuable data permanently. The essential requirements for
permanent storage are 1) the permanent lifetime of a medi-
um without temperature or humidity control, and 2) a sim-
ple readout system that does not depend on specified read-
ing drives.

One candidate for fulfilling these requirements is a
system using fused silica, which is thermally and chemical-
ly stable, as a recording medium. Several studies have been
reported on making microstructures such as dots [1-6],
nano-gratings [7-9], and waveguides [10-15] in fused silica
with a short-pulse laser and on observations of these micro-
structures with a microscope. In previous work, we have
demonstrated the derivation of recording and reading con-
ditions for a four-layer sample that had a recording capaci-
ty equivalent to that of a CD by using evaluation indices
[16, 17]. However, in order to record data of historical
paintings and sculptures, the recording capacity must be
increased. There are several ways of doing this, such as
narrow dot-pitch recording, multi-layer recording and light-
phase recording [18]. Considering a simple readout system
such as an optical microscope, the multi-layer recording
would be the most promising.

We therefore studied the recording and reading condi-
tions for a 26-layer sample with the aim of achieving a ca-
pacity comparable with that of a digital versatile disc
(DVD). The sample was made using a femtosecond laser
and a spatial light modulator (SLM) and was evaluated

using the signal-to-noise ratio (SNR) measured with an
optical microscope. Spherical aberration was corrected in
the recording in order to suppress interlayer crosstalk.

2. Experimental Method

The schematic of an optical setup for recording is
shown in Fig. 1. In order to create multiple beam spots, a
mode-locked, regeneratively amplified Ti:Sapphire laser
and an SLM were used. The laser generates laser pulses
with a wavelength of 800 nm and a pulse width of 120 fs at
the repetition rate of 1 kHz. The SLM modulates a phase of
the incident laser beam with a computer-generated holo-
gram displayed on the SLM in accordance with a recording
pattern. Lens 1 focuses the laser beam at a knife edge and
the knife edge cuts unnecessary light. The objective lens
focuses the modulated laser beam inside a fused silica
sample and forms a multi-spot. The number of the spots
was approximately 100 and dots of the same number were
recorded simultaneously. The objective lens has a correc-
tion mechanism for spherical aberration that ranges from 0
to 1.2 mm. The numerical aperture of the lens is 0.70. Ex-
posure time and pulse energy of the laser were controlled
with a mechanical shutter and a variable ND filter, respec-
tively. Due to the limitation of response speed of the me-
chanical shutter, recording speed was approximately 1.5
kbps. The recording speed could be increased by using
light modulation device with higher response speed than
the shutter.

A commercial fused silica sample was used as the re-
cording medium. Although there is no actual layer in the
sample, the laser beam is absorbed only at the focal point
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by non-linear optical effect, resulting in the formation of
fine recording dots. By changing the focal point toward a
depth direction, 26 recorded layers were made.
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Fig. 1 Schematic of optical setup.

The recorded data were read and evaluated using a
commercially available optical microscope with a magnifi-
cation of 19.5. Correction mechanism for spherical aberra-
tion is not equipped with the microscope and it is optimized
for observation of surface. An example of the microscopic
image of a recorded sample is shown in Fig. 2. Black dots
were observed at points where the multi-spot were formed
and bright areas called “space” were observed at non-
recorded areas. Digital data can be recorded and read by
making these dots and spaces correspond to bit “one” and
bit “zero”, respectively. The data were decoded on the basis
of the brightness of each point of the image and the bit er-
ror rate (bER) was calculated by comparing with the binary
data of the original data. Figure 3 shows the method we
used to evaluate recording quality. We defined the SNR as

follows:
SNR = 2010g(Vgua /\os? +0.2): (1)

where Vgigna is the difference between the average
brightness of the dots and spaces and o4 and o are the
standard deviations of the brightness of the dots and spaces,
respectively. The relationship between the bER and the
SNR is shown in Fig. 4. The SNR has a strong correlation
with the bER. Assuming that a standard level of error cor-
rection code used in optical discs is utilized, we determine
the criterion of the SNR to be 15 dB, equivalent to 1 x 107

of the bit error rate.
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Fig. 2 Example of microscopic image of recorded sample.
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Fig. 3 Evaluation method for recording quality.
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Fig. 4 Relationship between bER and SNR.
3. Results and Discussion

3.1 Derivation of recording condition for 26-layer
sample

To realize a multi-layer sample, there are two challeng-
es regarding the recording condition. One is ensuring re-
cording quality in each layer and the other is reducing in-
terlayer crosstalk. Figure 5 shows the relationship between
an SNR and the recording pulse energy in a single layer
sample recorded at a depth of 600 um below the surface.
The SNR changed depending on the recording pulse energy,
indicating that it is necessary to select the optimum energy
to obtain the SNR fulfilling the criterion of 15 dB. Figure 5
also shows that the optimum energy was reduced by cor-
recting the spherical aberration, suggesting that the laser
energy density inside the fused silica increased by the cor-
rection.
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Fig. 5 Relationship between SNR and recording energy.

Figure 6 shows the comparison of a lateral view of a
dot recorded at the depth of 600 um. The dot length de-
creased from approximately 40 um to 25 um when the
spherical aberration was corrected. This suggests that inter-
layer-crosstalk can be decreased by correcting the spherical
aberration. The method we used for evaluating the interlay-
er crosstalk is shown in Fig. 7. Although data was recorded
only on one layer in the evaluation sample, transmitted dots,
which would be interlayer crosstalk, were observed at the
other measuring point. We defined the normalized interlay-
er-crosstalk noise (Ncrnom) as follows:

NC Oct , (2)

Tnorm
VSignal

where ocr is the interlayer-crosstalk noise, which is the
standard deviation of the brightness at the measuring point,
and Vgigna is the difference between the average brightness
values of the dots and spaces on the recorded layer. The
relationship between Ncrpom and the distance from the rec-
orded layer is plotted in Fig. 8. It decreased with increasing
the distance from the recorded layer. Furthermore, the re-
duction in Ncrpem by correcting the spherical aberration
was confirmed. Figure 9 shows the SNR estimation for the
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26-layer sample. Based on the results of Fig. 8, the noise of
the 26-layer sample was calculated as follows:

13 13
_ 2 2 2
OML ~4/%sL +ZUCTabove_k +ZU CTunder k& ° (©)
k k

where og is the standard deviation of the brightness of
the dots and spaces on the recorded layer and Gcrapove x and
GcTunder # are the interlayer-crosstalk noises on the k-th
measuring point above and under the recorded layer, re-
spectively. The SNR of the 26-layer sample is the ratio of
the signal of the recorded layer to cyy. The result of Fig. 9
indicates that the interlayer distance can be decreased by
correcting the spherical aberration and the SNR criterion
can be satisfied by setting the interlayer distance to more
than 40 pm.
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Fig. 7 Evaluation method for interlayer crosstalk.

35 Without correction of
30 [ . spherical aberration
= 25 NI R
£ 20 |
2
515 [
Z 10 R S / ST R A N A ——
5 ,,,,,,,,,
0

¥

-120-90 60 -30 0 30 60 90 120
Distance from recorded layer[um]

Fig. 8 Normalized interlayer-crosstalk noise in relation to dis-
tance from recorded layer.
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Fig. 9 SNR estimation for 26-layer sample.

3.2 Recording and reading results of 26-layer sample
Based on the derived recording condition, the 26-layer
sample was made. Figure 10 shows a comparison of the
microscopic image of a single layer sample and the 26-
layer sample. The QR codes™" shown in Fig. 11 were used
as the recording pattern. The deepest and the shallowest
layers of the 26-layer sample are called layer 0 and layer 25,
respectively. Interlayer distance was set to 50 pm to make
best use of the correction range of spherical aberration of
the objective lens (50 pm X 26 layers = 1.3 mm). Spherical
aberration was corrected in each layer and therefore record-
ing energy could be kept constant. The recording density in
each layer is 10.3 Mbyte/in.%, and thus the total recording
density with 26 layers becomes 267 Mbyte/in.?, which is
equivalent to that of a DVD (270 Mbyte/in.”). All dots of
the sample shown in Fig. 10 were recorded successfully.
However, interlayer crosstalk was observed as background
noise in the 26-layer sample, especially on the center layer
shown in Fig. 10(c).

)
Fig. 10 Microscopic images of recorded sample. (a) Single
layer sample. (b) Layer 0 of 26-layer sample. (c) Layer 12 of 26-
layer sample. (d) Layer 25 of 26-layer sample.

Fig. 11 Recording patterns. (a) Pattern for even-numbered layer.
(b) Pattern for odd-numbered layer.

In order to improve reading quality, signal processing
called unsharp masking was used. Its effect is shown in Fig.
12. It is a processing which subtracts a blurring image from
an original image, resulting in removing low-frequency
components and emphasizing dot edges. Figure 13 shows
the reading result of the 26-layer sample. The SNR criteri-
on of 15 dB or greater was achieved in all 26 layers, thus
the data in QR cord™ were correctly read using a QR
cord™ reader.
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Fig. 12 Effect of unsharp masking. (a) Original image. (b)
Image after unsharp masking.
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Fig. 13 Reading results of 26-layer sample.

3.3 Evaluation of thermal resistance and lifetime esti-
mation

The thermal resistance of the recorded sample was
evaluated and the lifetime of the sample was estimated by
using the Arrhenius model. The results of the thermal re-
sistance are shown in Fig. 14. Two samples were evaluated:
the 26-layer sample (layer 12) and a sample made under a
different recording condition (sample B) [6]. The SNR of
sample B decreased with increasing the annealing time at
700 °C and 900 °C. From these results, the lifetime at room
temperature of sample B was estimated to be 319 million
years [6]. In contrast, the 26-layer sample showed better
thermal resistance and its SNR did not change after anneal-
ing at 1,000 °C for 120 minutes. This suggests that the life-
time of the 26-layer sample is over 319 million years.
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Fig. 14 Evaluation results of thermal resistance.

4. Conclusion

To increase the recording capacity in a storage system
using fused silica, we studied the recording and reading
conditions for a 26-layer sample with an interlayer of 50
pm made with a femtosecond laser and an SLM. The re-
cording pulse energy and interlayer crosstalk were reduced
by correcting spherical aberration. The recording quality
was evaluated with an optical microscope. The SNR crite-
rion of 15 dB was satisfied in all 26 layers by using un-
sharp masking. Thermal resistance at 1,000 °C for 120

minutes, which suggests a semi-permanent lifetime, was
confirmed.

We reported 26-layer sample to realize the same record-
ing capacity as DVD in this paper. The number of layer
could be increased by using the objective lens with wider
correction range of spherical aberration.

*QR code™ is a registered trademark of DENSO
WAVE INCORPORATED.
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