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Scan-Less, Kilo-Pixel, Line-Field Confocal
Phase Imaging with Spectrally Encoded
Dual-Comb Microscopy
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Abstract—Confocal laser microscopy (CLM) is a powerful tool
in life science research and industrial inspection, and its image ac-
quisition rate is boosted by scan-less imaging techniques. However,
optical-intensity-based image contrast in CLM makes it difficult
to visualize transparent non-fluorescent objects or reflective ob-
jects with nanometer unevenness. In this paper, we introduce an
optical frequency comb (OFC) to scan-less CLM to give optical-
phase-based image contrast. One-dimensional (1-D) image pixels
of a sample are separately encoded onto OFC modes via 1-D spec-
tral encoding by using OFC as an optical carrier of amplitude and
phase with a vast number of discrete frequency channels. Then,
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line-field confocal information of amplitude and phase are decoded
from mode-resolved OFC amplitude and phase spectra obtained
by dual-comb spectroscopy. The proposed confocal phase imaging
will further expand the applications of CLM.

Index Terms—Biomedical imaging, optical microscopy, optical
interferometry.

1. INTRODUCTION

PTICAL microscopy has been widely used as a power-

O ful tool in life science research and industrial inspection.
Therefore, the development of optical microscopy has been a
principal driving force in these fields. Among various types of
optical microscopy, confocal laser microscopy (CLM) [1], [2]
has attracted attention due to its two-dimensional (2D) or three-
dimensional (3D) imaging capability with confocality, enabling
a depth resolution of wavelength order and stray light elimina-
tion. Since the confocality is achieved by a conjugate relation-
ship among a light-source pinhole, a focal point, and a detection
pinhole, mechanical scanning of the focal spot is necessary to ac-
quire the image. However, this mechanical scanning hampers the
rapid image acquisition and the robustness to surrounding exter-
nal disturbance, such as air turbulence or mechanical vibration.
One promising approach to achieve confocal one-dimensional
(1D) imaging without the need for mechanical scanning is a
spectral encoding method, namely 1D-SE-CLM [3]-[5]. In 1D-
SE-CLM, 1D image of a sample is encoded onto a broad optical
spectrum based on the dimensional conversion between wave-
length and space while giving the confocality, and then the
sample image was decoded from the image-encoded spectrum.
Such 1D-SE-CLM enables the scan-less confocal 1D imaging
with the rapid image acquisition rate and high robustness against
external disturbances, of which the efficacy is confirmed in med-
ical applications [6], [7] and endoscopic applications [8], [9]. In
the conventional 1D-SE-CLM, the image contrast is obtained
by the optical intensity, which is sensitive to absorption, scat-
tering, or reflection of objects; however, it is difficult to give
a high image contrast to transparent non-fluorescent objects or
reflective objects with nanometer unevenness. If another image
contrast sensitive to these objects is given in the scan-less CLM,
its range of applications will be further expanded to imaging of
living cells or nanometer topography of semiconductor objects.
The use of optical phase is an interesting candidate for the
new image contrast in scan-less CLM because it provides in-
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formation on refractive index, optical thickness, or geometrical
shape and hence visualizes transparent non-fluorescent objects
or reflective objects with nanometer unevenness. One possi-
ble method for the phase contrast is confocal phase-sensitive
approach [10]-[12]. Since the interference occurs just only be-
tween a light that comes from the confocal volume and a parallel
reference beam, each spatial mode can act as a virtual pinhole,
enabling the confocal amplitude and phase imaging without the
need for confocal pinholes. Its depth resolution was achieved to
nanometer based on the optical phase. However, the mechanical
scanning of a focal spot or a sample is still required to obtain
the line image due to the point measurement. Another possi-
ble method is an interferometric confocal microscope using an
array of vertical cavity surface emitting lasers (VCSELs) [13].
Although confocal phase imaging could be achieved with an in-
tegration times of 100 s, the lateral resolution is limited by an
off-axis digital holography configuration. Differential confocal
microscopy is a powerful tool for nanometer axial resolution and
millisecond image acquisition in the confocal imaging by con-
verting the signal intensity variation in a linear confocal slope
into the height information [14]-[16]. However, this approach
also needs mechanical scanning of a focal spot or a sample for
line imaging.

Comparing with those previous CLMs, 1D-SE-CLM is more
promising approach for a variety of applications from the
viewpoint of the non-scanning line imaging. A potential light
source for the optical-phase-based contrast in 1D-SE-CLM is
an optical frequency comb (OFC) [17]-[19]. OFC is composed
of a vast number of discrete, regularly spaced optical frequency
modes, and the optical frequency and phase of all OFC modes
are secured to a frequency standard by its inherent mode-locking
nature and active laser control. Furthermore, current state-of-
the-art dual-comb spectroscopy, namely DCS, enables us to
rapidly, precisely, and accurately acquire the mode-resolved
OFC spectra of amplitude and phase without the need of any me-
chanical scanning [20]-[23]. Therefore, a combination of OFC
with DCS gives the optical-phase-based image contrast to 1D-
SE-CLM as well as the optical-intensity-based image contrast;
we call it 1D spectrally encoded dual-comb microscopy or 1D-
SE-DCM. In 1D-SE-DCM, after discretely encoding 1D image
pixels of a sample on each OFC mode by a 1D spectral disperser,
1D confocal images of amplitude and phase are respectively de-
coded from mode-resolved OFC spectra of amplitude and phase
based on the one-to-one correspondence between image pixels
and OFC modes. Sufficient number of OFC modes enables
kilo-pixel 1D imaging even with narrow spectral bandwidth.
Furthermore, the optical-phase-based image contrast provides
information on refractive index, optical thickness, or geometri-
cal shape, enabling us to visualize transparent non-fluorescent
objects or reflective objects with nanometer unevenness unlike
the conventional intensity-based measurement. In this paper,
we demonstrated a proof-of-principle experiment of scan-less,
kilo-pixel, line-field confocal phase imaging by 1D-SE-DCM.

II. PRINCIPLE

Fig. 1 shows a principle of operation. After passing through
a light-source pinhole, each comb mode of an input OFC is lin-
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Fig. 1. Principle of operation of the proposed method.
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Fig. 2. Experimental setup for scan-less confocal phase imaging.

early dispersed at different angles depending on the wavelength
by a 1D spectral disperser, namely wavelength/1D-space con-
version. Then, spatially dispersed OFC modes are line-focused
as a 1D array of focal spots onto a sample with an objective lens.
Optical characteristics of a sample are encoded onto optical am-
plitude and phase of OFC modes when spatially dispersed OFC
modes were reflected by a sample. Then, those OFC modes are
spatially overlapped again by an inverse propagation of the same
optics, namely 1D-space/wavelength conversion. The confocal-
ity is imposed onto the image-encoded OFC by passing through
a detection pinhole. Since the mode-resolved OFC spectra of
amplitude and phase reflect the 1D distribution of optical char-
acteristics in the sample, they were acquired by DCS. Finally, 1D
images of amplitude and phase are respectively reconstructed
from the mode-resolved OFC spectra of amplitude and phase
based on the one-to-one correspondence between image pixels
and OFC modes.

III. EXPERIMENTAL SETUP

Fig. 2 shows a schematic diagram of the experimental setup.
A femtosecond Er-fiber OFC laser (Menlo Systems, GmbH,
Martinsried, Germany, FC1500-250, center wavelength 1. =
1550 nm, spectral bandwidth AA = 70 nm, mean power P =
330 mW, repetition frequency f;.,1 = 250,001,484 Hz, carrier-
envelope-offset frequency f..,1 = 20,000,000 Hz) was used as
a signal OFC for 1D spectral encoding. ficp1 and foeo1 Were
phase-locked to a rubidium frequency standard (Stanford Re-
search Systems, Inc., Sunnyvale, CA, USA, FS725, accuracy =
5 x 107!, instability = 2 x 10~'" at 1 s) by a laser control
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system. After passing through an optical bandpass filter (BPF1,
passband = 1538 — 1562 nm) and a beam splitter (BS), the sig-
nal OFC light (mean power P = 30 mW) was diffracted by a
diffraction grating (G, Spectrogon AB, Taby, Sweden, PC 1200
30 x 30 x 6, groove density: 1200 grooves/mm, efficiency:
90%). The resulting 1D spectrograph of OFC modes was re-
layed and then focused onto the sample along the x-direction by
a pair of lenses (Lensl and Lens2, focal length: 150 mm) and
the objective lens (OL, dry, numerical aperture: 0.25, working
distance: 5.5 mm, focal length: 16.6 mm). After the reflection
by a sample, the signal OFC light inversely propagated the same
optics for the spatial overlapping of each OFC mode, resulting
in encoding of 1D image on the signal OFC spectrum. After
reflecting by BS and passing through a detection pinhole (PH;
diameter = 10 pm) equipped with a pair of lenses (Lens3 and
Lens4; focal length = 16.6 mm), the signal OFC light was
fed into the DCS system. As mentioned above, although the
present method has the confocality thanks to the interference
with a parallel reference beam, such “soft pinhole” has less sharp
confocality than the physical pinhole or “hard pinhole”. In the
present experiment, we used a confocal pinhole with the inter-
ferometric configuration to benefit from both “soft ” and “hard”
pinholes.

We used another femtosecond Er-fiber OFC laser (Menlo
Systems, GmbH, Martinsried, Germany, FC1500-250, center
wavelength = 1550 nm, spectral bandwidth AL = 70 nm,
mean power P = 330 mW, f,.,2 = 249,998 918 Hz, Af,., =
frept = frep2 = 2,666 Hz, f.con = 20,000,000 Hz) for a local
OFC. f;cp2 and fc.,2 were phase-locked to the same frequency
standard by another laser control system. After passing through
another optical bandpass filter (BPF2, passband = 1538 —
1562 nm), the local OFC light was spatially overlapped with
the signal OFC light by a polarization beam splitter (PBS1).
The interferogram was detected by a combination of a half-
wave plate (HWP), another polarization beam splitter (PBS2),
and a balanced detector (BD, Newport Corp., Irvine, CA, USA,
1617-AC-FS, wavelength: 900-1700 nm, bandwidth: 40 kHz to
800 MHz). We acquired 10 consecutive interferograms with a
time window of 40 ns at a sampling interval of 40 fs by a dig-
itizer (Avaldata Corp., Tokyo, Japan, APX-500/ADM-214EX,
sampling rate = 250,000,000 samples/s, number of sampling
points = 937,735, resolution = 14 bit). The mode-resolved am-
plitude and phase spectra of the signal OFC were obtained by
Fourier transform of the acquired interferogram, and then were
used to decode the 1D amplitude and phase image of the sam-
ple. To obtain 2D image of the sample, the sample position
was mechanically scanned along the y-direction perpendicular
to 1D array of focal spots by a stepping-motor-driven translation
stage.

We used a commercialized 1951 USAF resolution test chart
with a negative pattern (Edmond Optics, Inc., Barrington, NJ,
USA, #38-256) for a sample. Negative patterns were fabri-
cated by vacuum-depositing a durable chromium coating on a
float glass substrate (thickness: 1.5 mm) as a reflective film.
The chromium film caused the 2D distribution of both the
reflectivity and the phase change corresponding to the chart
patterns.
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Fig. 3. Mode-resolved (a) amplitude and (b) phase spectra of the no-image-
encoded OFC. Mode-resolved (c) amplitude and (d) phase spectra of the image-
encoded OFC.

IV. RESULTS

A. Mode-Resolved Spectrum of Amplitude and Phase in
1D-Image-Encoded OFC

We first obtained the mode-resolved amplitude and phase
spectra of the no-image-encoded OFC [Figs. 3(a) and 3(b)] and
the image-encoded OFC [Figs. 3(c) and 3(d)] for the test chart.
The no-image-encoded OFC and the image-encoded OFC were
obtained by irradiating the signal OFC onto the no-pattern coat-
ing area and the pattern coating area of the test chart. To obtain
sufficient SNR, we accumulated 5000 interferograms and then
performed Fourier transform. Compared with the amplitude and
phase spectra of the no-image-encoded OFC, those of the image-
encoded OFC were significantly modulated. The unevenness of
the spectral envelope in Figs. 3(c) and 3(d) reflects the 1D dis-
tribution of the reflectivity and phase change in the test chart,
respectively. In this way, we obtained the mode-resolved spec-
trum of amplitude and phase in the 1D-image-encoded OFC.

B. Confocal Amplitude Imaging

To obtain 2D confocal amplitude image of the test chart, the
sample position was scanned at an interval of 1 ym along the
y-direction while acquiring the mode-resolved amplitude spec-
trum. Then, a series of the mode-resolved amplitude spectra
were used for 2D confocal amplitude imaging of the test chart.
Fig. 4(a) shows the confocal amplitude image of the test chart
(image size =456 pm x 150 pm, pixel size = 5000 pixels x 150
pixels), in which the horizontal dimension was decoded from
the OFC spectrum of about 10 nm spectral range whereas the
vertical dimension was obtained by the mechanical scanning.
Several test patterns with the spatial frequency of a few tens
Ip/mm was clearly confirmed. The horizontal scratch patterns
were mainly due to the residual timing jitter between the signal
and local OFC lasers. To evaluate the spatial resolution in x-y
plane or the lateral resolution ¢, ¢,,, we extracted the amplitude
profile along a green line and a blue line in Fig. 4(a). Plots and
lines in Figs. 4(b) and 4(c) show differential curves of ampli-
tude profiles for these lines and the curve fitting results with a
Gaussian function, respectively. When the lateral resolution is
defined as a FWHM of the difterential curve, §, and 9, were
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Fig. 4. (a) 2-D confocal amplitude image of a USAF resolution test chart at
focus (z = 0 um). Differential curve for lateral profiles of amplitude value along
(b) x coordinate and (c) y coordinate. (d) 2-D confocal amplitude image of the
test chart at out of focus (z = 4120 pm). (e) Depth profiles of amplitude value
with respect to the z position.

determined to be 4.9 + 0.2 ym and 10.9 £ 1.7 pm, respectively.
Since the field-of-view and the spatial resolution in x-direction
were 456 um and 4.9 pm, the effective number of resolvable
points was determined to be 93 points.

To confirm the confocality in the confocal amplitude image,
we set the test chart at out of focus (z = 4120 pm). Fig. 4(d)
shows the corresponding confocal amplitude image. The pat-
tern of the test chart completely disappeared, implying the good
confocality in the proposed 1D-SE-DCM system. For the quan-
titative evaluation of confocality, we measured the change of
amplitude value when the sample position was incrementally
moved at a step of 2 um along z axis by a translation stage.
Plots and a line in Fig. 4(e) show the depth profiles of amplitude
value and the curve fitting result with a Gaussian function, re-
spectively. From this depth profile, the depth resolution §, was
determined to be 50.0 pm. In this way, the confocal effect was
clearly confirmed in the confocal amplitude image.

C. Confocal Phase Imaging

Next, we decoded a confocal phase image of the test chart
from the mode-resolved phase spectrum of the image-encoded
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(z = 0 pm) and (b) the corresponding 2-D confocal amplitude image. (c) 3-D
reconstructed image of the test chart calculated from the confocal phase image.

(a) 2-D confocal phase image of a USAF resolution test chart at focus

OFC. To eliminate the influence of the initial phase in the sig-
nal OFC, we subtracted the phase spectrum of the no-image-
encoded OFC from that of the image-encoded OFC. Fig. 5(a)
shows a confocal phase image of the test chart (image size =
190 pm x 100 pm, pixel size = 2084 pixels x 100 pixels)
when we set the chart in focus (z = 0 pm), and Fig. 5(c) shows
the 3D reconstructed image of Fig. 5(a). For comparison, the
corresponding confocal amplitude images is shown in Fig. 5(b).
Test chart pattern clearly appeared in both images. However, the
image contrast mechanism is different between them: the phase
difference for the confocal phase image and the reflectivity dif-
ference for the confocal amplitude image between the patterned
region and the surrounding region, which are corresponding
to the reflection-coated region and the uncoated region, respec-
tively. The mean phase difference between them was determined
to be 0.57 £ 0.11 rad by subtracting the mean phase value at the
coated area from that at the non-coated area.

The confocal phase image in Fig. 5(a) enables us to calculate
the thickness of the reflection-coating film. The relative height
H(x,y) is given by

Lo (x,y), A
57)& = E(b(xvy) ()

where A is a typical wavelength of OFC and ®(x, y) is a confocal
phase image. From the mean phase difference of 0.57 - 0.11 rad
and . of 1550 nm, the mean thickness of the reflection-coating
film was calculated to be 70.7 + 13.3 nm. On the other hand,
the specification value of the reflection-coating film is given
to be around 100 nm. The reason for difference between the
experimental value and the specification one is discussed later.

H(:C’y) =

V. DISCUSSION

We first estimated the theoretical value for the lateral resolu-
tion d,, 6, of the proposed 1D-SE-DCM. Theoretical d, and J,
values are given by [2], [24]

_fex
b = @

0.61A
%="NA ®)
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where fis a focal length of OL ( = 16.6 mm), W is a diameter of
the input beam waist ( = 8 mm), and NA is a numerical aperture
of OL ( = 0.25). From (2) and (3), theoretical §, and ¢, values
were estimated to be 3.2 ym and 3.8 pm, respectively. On the
other hand, experimental 6, and J, values were 4.9 & 0.2 m
and 10.9 & 1.7 pm, respectively. The beam shape was horizon-
tally oval at the entrance pupil of the objective lens due to the
reflection grating. While the x dimension of the horizontally
oval shape just filled the entrance pupil of the objective lens, the
y dimension of it did not fill it fully. Difference of effective NA
between the x and y directions is the reason for the large differ-
ence of ¢, between the experimental and the theoretical values.
The better spatial resolution will be achieved for biomedical in-
vestigation and application if a higher-NA objective lens can be
used. For example, theoretical d, and J,, values are estimated to
be 0.64 m and 0.74 pxm by use of a water-immersion, high-NA
objective lens (NA = 1.27, f = 3.33 mm).

We also estimated the theoretical value for the depth resolu-
tion J,. Theoretical d, value is given by [2], [24]

5, =0.88 (4)

A
n—+vn? — NA?2
where 7 is the reflective index of the medium between the ob-
jective lens and the sample ( = 1). From (4), 0, was estimated
to be 43.0 um by using NA of 0.25. This theoretical value was
in good agreement with the experimental ¢, value ( = 50 ym).
The present experimental §, value is simply limited by use of
low-NA objective lens. The simple way to improve the depth
resolution is use of high-NA objective lens. For example, if a
water-immersion, high-NA objective lens (NA = 1.27,n = 1.33)
is used, the depth resolution of 1.46 um can be achieved. Also,
the confocal gating is another way to improve the depth res-
olution [10]-[13]; only the light that comes from the multiple
focal points of the signal OFC is interfered with a properly col-
limated light of the local OFC. No use of the confocal pinhole
will increase both the SNR and the depth of focus.

We next discuss the difference between the experimental
value (= 70.7 4 13.3 nm) and the specification one (=100 nm)
of the reflection-coating film thickness in the test chart. When
the surface unevenness is made in the same material, the phase
difference is directly related to the geometrical shape. However,
if the surface unevenness is made by different materials, the
phase difference depends on the geometrical shape and differ-
ence of complex refractive index between different materials.
Since the surface unevenness of the test chart was made by the
coating film and the float glass substrate, it is corresponding
the latter. When the light is normally incident on a sample, the
phase shift 6 of the reflected light is derived from the following
equations [25], [26]

. N-1 n+ik—1 i0

= = = Rt 5
"TNF1 ntir+l VRe )

T—17 (1—n)? + K2
R NG :( n)2+m ©)

e +1 (I+n)" + k2

-2

6 = tan~! n (N

n?+r2-1
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where 7 is the Fresnel coefficient, N is the complex refractive
index, n and « are the real and imaginary part of the complex
refractive index, R is the reflectivity, and ¢, is the dielectric
constant. By substituting the complex refractive indices of the
chromium (n = 4.18, k = 4.90) [25] and the float glass (n =
1.51, k = 0) [27] into those equations, difference of complex
refractive index between the coating film and the float glass
substrate results in the phase shift of —0.24 rad at the reflection.
By correcting (1) with this phase shift, the final thickness of the
reflection-coating film was determined to be 100.3 &£ 13.3 nm,
which was in good agreement with its specification value. This
consistency clearly indicated a high potential of 1D-SE-DCM
for nanometer surface topography.

It is important to clarify difference between the present 1D-
SE-DCM and the previous 1D-SE-CLM [3], [4]. One important
advantage of the present 1 D-SE-DCM is the optical-phase-based
image contrast although the scan-less confocal imaging can be
achieved in both the 1D-SE-DCM and previous 1D-SE-CLM.
Importance and usefulness of the optical-phase-based image
contrast were described in the introduction and were demon-
strated in the nanometer surface topography of the test chart.
More interestingly, if §, is achieved to the phase wrapping pe-
riod (A or A /2), the phase wrapping ambiguity, which is always
an obstacle in phase imaging, can essentially be solved because
the confocality suppresses the phase wrapping due to its depth
selectivity. Fortunately, there is still sufficient space to decrease
0, down to sub-micrometer by use of an oil-immersion high-NA
objective lens. In this case, the combination of confocality and
phase imaging, namely confocal phase imaging, will enhance
the depth range from nanometer to micrometer to millimeter
scale in surface topographic applications or will make it possible
to visualize thick biological specimens, which introduce phase
shifts of more than 27, without the phase wrapping ambiguity.

Another advantage is a large number of pixels in the 1D im-
age along the spectral-encoding coordinate or the x coordinate.
Since the signal OFC had a spectral bandwidth Av of 1.25 THz
around 192 THz, corresponding to 10.1 nm and 1550 nm in
wavelength, and f,., of 250 MHz, the number of pixels was
achieved to 5000. On the other hand, when the similar Av was
used for 1D-SE-CLM equipped with a commercialized optical
spectrum analyzer (namely, OSA-based 1D-SE-CLM, spectral
resolution ~0.05 nm or 6.24 GHz), the number of pixels re-
mained around 200. If a dispersive Fourier transform (parallel
detection channels = 8, sampling rate of a digitizer = 50 x
10° sample/s) is applied for 1D-SE-CLM, namely dFT-based
1D-SE-CLM [4], [24], the number of pixels is increased up to
1600; however, it still falls short of that in 1D-SE-DCM. If 1D-
SE-DCM is combined with the precise scanning of line focused
beam along the y-direction, high-definition (HD) or mega-pixel
2D confocal imaging of amplitude and phase will be achieved.
Also, the proposed 1D-SE-DCM has still room to increase the
number of pixels up to several tens thousands by expanding Av
and/or decreasing f,.,. Huge number of pixels enables us to
expand the scan-less confocal amplitude and phase imaging to
2D imaging [28] by help of 2D spectral encoding [5], [29], [30].

One may query whether the kilo-pixel is required for 1D
imaging because the present system could not optimize 5000
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pixels due to its limited effective number of resolvable points
(= 93). It is challenging to achieve more than 1,000 resolv-
able points for a commercially available microscopy objective
lens. However, a combination of 8K ultra-high-definition cam-
era with a spinning disk enables to image a 1 mm? field with a
lateral resolution of 0.68 pm, corresponding to 1470 resolvable
points [31]. Using this combination, individual activity of a sin-
gle synapse was clearly visualized from the wide-field calcium
imaging. Such kilo-pixel by kilo-pixel pixel wide-field imaging
will be a powerful tool for biomedical imaging in the future.
However, the dynamic range of signal intensity is limited to
10 bit while the wide-field imaging was performed at a frame
rate of 60 fps. On the other hand, the 1D-SE-DCM has a potential
to expand the dynamic range by use of a wide-dynamic-range
photodetector while maintaining the similar pixels numbers.

Finally, we compare the 1D-image acquisition rate among
1D-SE-DCM, OSA-based 1D-SE-CLM, and dFT-based 1D-
SE-CLM. The image acquisition rate in 1D-SE-DCM is lim-
ited by the measurement rate of DCS, which is equal to
Afrep (= 2,606 Hz), and the number of signal accumulation.
In the demonstration of this article, sufficient number of sig-
nal accumulation (=5000) leads to relatively slow acquisition
rate ( = 0.53 line/s). However, there is still space to increase
the imaging speed up to A f,., without the need for the signal
accumulation by using tightly-locked dual-comb sources [28].
Furthermore, the optical amplification of the image-encoded
OFC by an erbium-doped fiber amplifier (EDFA) will benefit
high SNR in such a single-shot measurement. The image ac-
quisition rate in OSA-based 1D-SE-CLM is limited to around
a few tens Hz due to the mechanical scanning of a diffrac-
tion grating in OSA. A combination of superluminecent diodes
(SLD) with a fast spectrometer can further boost the image ac-
quisition rate in 1D-SE-CLM up to hundreds of kHz or even
over 1 MHz. However, if a sample has wavelength-dependent
absorption, the broad spectrum of SLD may suffer from such
absorption. Also, chromatic aberration of the objective lens is
another problem. On the other hand, high spectral resolution of
the 1D-SE-DCM enables the sufficient number of pixel even
though a broadband light source with narrower spectral band-
width is used. Use of such light source will reduce influence
of the wavelength-dependent absorption and/or the chromatic
aberration. dFT-based 1D-SE-CLM can boost the image ac-
quisition rate up to f,., (typically, a few MHz to several tens
MHz) thanks to the time-stretch approach. In this way, the ac-
quisition rate in 1D-SE-DCM is higher than that in OSA-based
1D-SE-CLM, although it could not reach that of a dFT-based
1D-SE-CLM. However, in actual fact, the maximum acquisition
speed is often limited by the signal level from the sample under
maximum allowable illumination power.

VI. CONCLUSIONS

We successfully introduce a new image contrast based on
the optical phase to scan-less CLM by use of the 1D-image-
encoding OFC with DCS. Confocal 1D images of amplitude
and phase in the sample were simultaneously decoded from the
mode-resolved spectra of amplitude and phase in the 1D-image-
encoding OFC. Nanometer surface topography of the test chart
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was demonstrated with high precision. If the image quality and
image acquisition rate are further improved by reduction of the
timing jitter between dual OFC lasers as well as optimization of
Av, frep, and Af,.,, the proposed method will be a powerful
tool in a variety of applications. Potential applications of the pro-
posed method include the surface topography of semiconductor
objects and non-staining 3D imaging of living cells and tissues.

REFERENCES

[1] G. J. Brakenhoff, P. Blom, and P. Barends, “Confocal scanning light
microscopy with high aperture immersion lenses,” J. Microsc., vol. 117,
no. 2, pp. 219-232, Nov. 1979.

[2] C.J.Sheppard and D. M. Shotton, ‘“Performance of confocal microscopes,”
in Confocal Laser Scanning Microscopy, 1st ed. Oxford, U.K.: BIOS
Scientific, 1997, pp. 33-44.

[3] G.J.Tearney, R. H. Webb, and B. E. Bouma, “Spectrally encoded confocal
microscopy,” Opt. Lett., vol. 23, no. 15, pp. 1152—-1154, Aug. 1998.

[4] K. K. Tsia, K. Goda, D. Capewell, and B. Jalali, “Simultaneous

mechanical-scan-free confocal microscopy and laser microsurgery,” Opt.

Lett., vol. 34, no. 14, pp. 2099-2101, Jul. 2009.

K. Goda, K. K. Tsia, and B. Jalali, “Serial time-encoded amplified imaging

for real-time observation of fast dynamic phenomena,” Nature, vol. 458,

pp. 1145-1150, Apr. 2009.

[6] S. C. Schlachter et al., “Spectrally encoded confocal microscopy of
esophageal tissues at 100 kHz line rate,” Biomed. Opt. Express, vol. 4,
no. 9, pp. 1636-1645, Aug. 2013.

[7] E. F. Brachtel et al., “Spectrally encoded confocal microscopy (SECM)
for diagnosing of breast cancer in excision and margin specimens,” Lab.
Investigation, vol. 96, no. 4, pp. 459-467, Apr. 2016.

[8] G.J. Tearney, M. Shishkov, and B. E. Bouma, “Spectrally encoded minia-

ture endoscopy,” Opt. Lett., vol. 27, no. 6, pp. 412-414, Mar. 2002.

C. Pitris, B. E. Bouma, M. Shiskov, and G. J. Tearney, “A GRISM-based

probe for spectrally encoded confocal microscopy,” Opt. Express, vol. 11,

no. 6, pp. 120124, Mar. 2003.

R. L. Jungerman, P. C. D. Hobbs, and G. S. Kino, “Phase sensitive scan-

ning optical microscope,” Appl. Phys. Lett., vol. 45, no. 8, pp. 846848,

Jul. 1984.

T. Wilson and C. W. Shepard, Theory and Practice of Scanning Optical

Microscopy. London, U.K.: Academic, 1984.

B. T. Miles, X. Hong, and H. Gersen, “On the complex point spread

function in interferometric cross-polarisation microscopy,” Opt. Express,

vol. 23, no. 2, pp. 1232-1239, Jan. 2015.

B. Redding, Y. Bromberg, M. A. Choma, and H. Cao, “Full-field interfer-

ometric confocal microscopy using a VCSEL array,” Opt. Lett., vol. 39,

no. 15, pp. 4446-4449, Aug. 2014.

C. Lee and J. Wang, “Noninterferometric differential confocal microscopy

with 2-nm depth resolution,” Opt. Commun., vol. 135, no. 4/6, pp. 233—

237, Feb. 1997.

C. W. Tsai, C. H. Lee, and J. Wang, “Deconvolution of local surface

response from topography in nanometer profilometry with a dual-scan

method,” Opt. Lett., vol. 27, no. 6, pp. 412—414, Mar. 2002.

L. Qiu, D. Liu, W. Zhao, H. Cui, and Z. Sheng, “Real-time laser differential

confocal microscopy without sample reflectivity effects,” Opt. Express,

vol. 22, no. 18, pp. 21626-21640, Sep. 2014.

T. Udem, J. Reichert, R. Holzwarth, and T. W. Hénsch, “Accurate mea-

surement of large optical frequency differences with a mode-locked laser,”

Opt. Lett., vol. 24, no. 13, pp. 881-883, Jul. 1999.

M. Niering et al., “Measurement of the hydrogen 1S-2S transition fre-

quency by phase coherent comparison with a microwave cesium fountain

clock,” Phys. Rev. Lett., vol. 84, no. 24, pp. 5496-5499, Jun. 2000.

T. Udem, R. Holzwarth, and T. W. Hansch, “Optical frequency metrology,”

Nature, vol. 416, pp. 233-237, Mar. 2002.

S. Schiller, “Spectrometry with frequency combs,” Opt. Lett., vol. 27,

no. 9, pp. 766-768, Dec. 2002.

F. Keilmann, C. Gohle, and R. Holzwarth, “Time-domain mid-infrared

frequency-comb spectrometer,” Opt. Lett., vol. 29, no. 13, pp. 1542-1544,

Jul. 2004.

T. Yasui, Y. Kabetani, E. Saneyoshi, S. Yokoyama, and T. Araki, “Tera-

hertz frequency comb by multifrequency-heterodyning photoconductive

detection for high-accuracy, high-resolution terahertz spectroscopy,” Appl.

Phys. Lett., vol. 88, no. 24, Apr. 2006, Art. no. 241104.

I. Coddington, N. Newbury, and W. Swann, “Dual-comb spectroscopy,”

Optica, vol. 3, no. 4, pp. 414-426, Apr. 2016.

[5

[t}

[9

—

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]



HASE et al.: SCAN-LESS, KILO-PIXEL, LINE-FIELD CONFOCAL PHASE IMAGING WITH SPECTRALLY ENCODED DUAL-COMB MICROSCOPY

[24] K. K. Tsia, K. Goda, D. Capewell, and B. Jalali, “Performance of se-
rial time-encoded amplified microscope,” Opt. Express, vol. 18, no. 10,
pp. 10016-10028, May 2010.

A. D. Raki¢, A. B. Djurisi¢, J. M. Elazar, and M. L. Majewski, “Optical
properties of metallic films for vertical-cavity optoelectronic devices,”
Appl. Opt., vol. 37, no. 22, pp. 5271-5283, Aug. 1998.

L. Ward, “Theoretical background,” in The Optical Constants of Bulk
Materials and Films, 1st ed. Oxford, U.K.: Taylor & Francis, 1998,
pp. 1-33.

M. Rubin, “Optical properties of soda lime silica glasses,” Sol. Energy
Mater., vol. 12, no. 4, pp. 275-288, Sep. 1985.

E. Hase et al., “Scan-less confocal phase imaging based on dual-comb
microscopy,” Optica, vol. 5, no. 5, pp. 634-643, May 2018.

S. Xiao and A. M. Weiner, “2-D wavelength demultiplexer with poten-
tial for > 1000 channels in the C-band,” Opt. Express, vol. 12, no. 13,
pp- 2895-2902, Jun. 2004.

S. A. Diddams, L. Hollberg, and V. Mbele, “Molecular fingerprinting
with the resolved modes of a femtosecond laser frequency comb,” Nature,
vol. 445, pp. 627-630, Feb. 2007.

E. Yoshida et al., “In vivo wide-field calcium imaging of mouse thalam-
ocortical synapses with an 8 K ultra-high-definition camera,” Sci. Rep.,
vol. 8, May 2018, Art. no. 8324.

[25]

[26]

[27]
[28]

[29]

[30]

[31]

Eiji Hase was born in Tokushima, Japan, in 1989.
He received the B.S., M.S., and Ph.D. degrees in
engineering from Tokushima University, Tokushima,
Japan, in 2012, 2014, and 2017, respectively.

From 2014 to 2017, he was a Research Associate
with JST, ERATO, MINOSHIMA Intelligent Optical
Synthesizer Project, Tokushima, Japan. Since 2017,
he has been a Research Scientist with the Research
and Utilization Division, Japan Synchrotron Radia-
tion Research Institute, Hyogo, Japan, and a Visit-
ing Associate Professor with the Graduate School
of Technology, Industrial and Social Sciences, Tokushima University. His re-
search interests include biomedical imaging and biomechanical analysis using
femtosecond laser and synchrotron X-ray.

Dr. Hase was a recipient of the Optical Society of Japan Best Presentation
Award 2016, Japanese Society for Medical and Biological Engineering Sympo-
sium Award 2016, and the International Society for Optical Engineering (SPIE)
BiOS2016 in Photonics West 2016 Student Poster Awards in 2016. He is a
Member of SPIE.

Takeo Minamikawa was born in Ibaraki, Japan, in
1983. He received the B.S., M.S., and Ph.D. degrees
in engineering from Osaka University, Osaka, Japan,
in 2006, 2008, and 2010, respectively.

From 2010 to 2013, he was a Research Fellow un-
der the Research Fellowship for Young Scientists of
the Japan Society for the Promotion of Science. From
2013 to 2015, he was an Assistant Professor with the
Department of Pathology and Cell Regulation, Grad-
uate School of Medical Science, Kyoto Prefectural
University of Medicine, Kyoto, Japan. Since 2015,
he has been an Associate Professor with the Department of Mechanical Sci-
ence, Division of Science and Technology, Graduate School of Technology,
Industrial and Social Sciences, Tokushima University, Tokushima, Japan. He is
also with JST, ERATO, MINOSHIMA Intelligent Optical Synthesizer Project,
Tokushima, Japan. He is the author of two book chapters and more than 30
articles, credited with more than 15 inventions apart from holding three patents.
His research interests include Raman microspectroscopy and optical-frequency-
comb.

Dr. Minamikawa is the recipient of the Japan Society for Precision Engi-
neering Best Presentation Award 2016, Japanese Society of Pathology Poster
Presentation Award 2015, and the Funai Foundation for Information Technol-
ogy Research Award 2011. He is a Member of the Optical Society of America,
the Japan Society of Applied Physics, the Optical Society of Japan, the Laser
Society of Japan, the Japan Society of Mechanical Engineers, and the Japan
Society for Precision Engineering.

6801408

Shuji Miyamoto was born in Tokushima, Japan,
in 1992. He received the B.S. and M.S. degrees in
mechanical engineering from Tokushima University,
Tokushima, Japan, in 2015 and 2017, respectively.
From 2014 to 2017, he was working on nonlinear
optics under Prof. Takeshi Yasui, Tokushima Uni-
versity, focusing on dual-optical-comb spectroscopy
and scan-less confocal microscope using broadband
light source. Since 2017, he has been an Engineer
with SCREEN Semiconductor Solutions Company
Limited, Shiga, Japan. He is also with JST, ERATO,
MINOSHIMA Intelligent Optical Synthesizer Project, Tokushima, Japan.

Mr. Miyamoto was a recipient of the Japanese Society for Medical and Bio-
logical Engineering Branch Conference Young Researcher Award in 2016.

Ryuji Ichikawa was born in Kohchi, Japan, in 1990.
He received the B.S. and M.S. degrees in engineer-
ing from Tokushima University, Tokushima, Japan, in
2013 and 2015, respectively. Since 2015, he has been
an Engineer with the Tsubakimoto Chain Corpora-
tion, Kyoto, Japan. He is also with JST, ERATO, MI-
NOSHIMA Intelligent Optical Synthesizer Project,
Tokushima, Japan. His research interests include THz
gas spectroscopy and dual THz comb spectroscopy.

Yi-Da Hsieh was born in Kaohsiung, Taiwan, in
1984. He received the B.S. and M.S. degrees in
biomedical imaging and radiological sciences from
National Yang-Ming University, Taiwan, in 2006
and 2008, respectively, and the Ph.D. degree from
the Graduate School of Engineering Science, Os-
aka University, Osaka, Japan, in 2014. From 2014
to 2016, he was a Postdoctoral Fellow with JST, ER-
ATO, MINOSHIMA Intelligent Optical Synthesizer
> ) Project. Since 2017, he has been an Engineer with
the MiZ Company Limited, Kanagawa, Japan. He is
also with JST, ERATO, MINOSHIMA Intelligent Optical Synthesizer Project,
Tokushima, Japan. His areas of research are THz instrumentation and optical-
frequency-comb.

Yasuhiro Mizutani received the B.E. and M.E. de-
grees in nuclear engineering from Osaka University,
Osaka, Japan, in 1997 and 1999, respectively. He ob-
tained the Ph.D. degree in mechanical engineering
from the Tokyo University of Agriculture and Tech-
nology, Tokyo, Japan, in 2008.

From 1999 to 2003, he worked as a Researcher
with Panasonic Corporation. Then, from 2003 to
2009, he worked as a Research Associate with the De-
partment of Mechanical Systems Engineering, Tokyo
University of Agriculture and Technology. In 2009,
he joined the University of Tokushima as an Associate Professor. Since 2015,
he has been working as an Associate Professor with Osaka University. He is
also with JST, ERATO, MINOSHIMA Intelligent Optical Synthesizer Project,
Tokushima, Japan. He has authored or coauthored over 100 papers in refereed
international journals and conferences in the areas of his research interest.

His research interests include interferometry, polarimetry, 3-D surface mea-
surement, optical trapping, and 3-D lithography. He is a Member of the Inter-
national Society for Optical Engineering and the Optical Society of America.



6801408

Tetsuo Iwata received the Ph.D. degree in engineering from Osaka University,
Osaka, Japan, in 1984.

From 1984 to 1998, he worked with JASCO Corporation, Japan. He is
currently a Professor with the Graduate School of Technology, Industrial and
Social Sciences, Tokushima University, Tokushima, Japan. He is also with JST,
ERATO, MINOSHIMA Intelligent Optical Synthesizer Project, Tokushima,
Japan.

His research interests include fluorescence measurement and spectroscopy.

Hirotsugu Yamamoto received the Ph.D. degree in
information science and technology from the Univer-
sity of Tokyo, Tokyo, Japan, in 2008.

From 1996 to 2014, he worked with Tokushima
University, Tokushima, Japan. He is currently an As-
sociate Professor in the Graduate School of Engineer-
ing, Utsunomiya University, Utsunomiya, Japan. He
is also with JST, ERATO, MINOSHIMA Intelligent
Optical Synthesizer Project, Tokushima, Japan.

His research interests include information
photonics.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 1, JANUARY/FEBRUARY 2019

Takeshi Yasui received the first Ph.D. degree in
engineering from the University of Tokushima,
Tokushima, Japan, in 1997, and the second Ph.D.
degree in medical science from the Nara Medical
University, Yagi, Japan, in 2013.

From 1997 to 1999, he worked as a Postdoctoral
Research Fellow with the National Research Labo-
ratory of Metrology, Japan. He was with the Gradu-
ate School of Engineering Science, Osaka University
from 1999 to 2010, and was briefly with the Univer-
sity of Bordeaux I in 2007 and 2012, and also with
the University of the Littoral Opal Coast in 2010 as an Invited Professor. He is
currently a Professor with the Graduate School of Technology, Industrial and
Social Sciences, Tokushima University, in addition to being the Vice Director
of Research Support in the same university since 2016. He is also an Invited
Professor with the Graduate School of Engineering Science, Osaka University,
Toyonaka, Japan. He is also with JST, ERATO, MINOSHIMA Intelligent Opti-
cal Synthesizer Project, Tokushima, Japan. His research interests include THz
instrumentation and metrology, second-harmonic-generation microscopy, and
optical frequency comb.

Prof. Yasui is a Member of the Optical Society of America, the Interna-
tional Society for Optical Engineering, the Japan Society of Applied Physics,
the Optical Society of Japan, the Laser Society of Japan, the Japanese Society
for Medical and Biological Engineering, and the Japan Society of Mechanical
Engineers. He was a recipient of the Award for the Most Promising Young
Scientist from the Optical Society of Japan in 1998, the Sakamoto Award from
the Japan Society of Medical Electronics and Biological Engineering in 2006,
the Optics Paper Award from the Japan Society of Applied Physics, the Funai
Award from the Japan Society of Mechanical Engineers in 2009, and the Origi-
nal Paper Award from the Laser Society of Japan in 2013.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


