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Abstract: Ultrashort laser pulses can induce structural modifications in bulk glass, leading to
refractive index change and scattering damage. As bright-field, dark-field, and phase imaging
each provide complementary information about laser-induced structures, it is often desired to use
multiple observations simultaneously. As described herein, we present the acquisition of bright-field,
dark-field, and differential phase-contrast images of structural modifications induced in glass by
femtosecond laser pulses with an LED array microscope. The contrast of refractive index change can
be enhanced by differential phase-contrast images. We also report on the simultaneous acquisition
of bright-field and dark-field images of structural modifications in a glass with LED-array-based
Rheinberg illumination. A single-shot color image is separated to obtain bright field and dark
field images simultaneously. We provide an experimental demonstration on multi-modal imaging of
structural modifications in a glass with an LED array microscope using temporally-coded illumination
and color-coded illumination.

Keywords: bright-field image; dark-field image; femtosecond laser; glass; laser processing; LED
array microscopy; refractive index change; Rheinberg illumination; scattering damage; structural
modification; welding

1. Introduction

In the 1990s, Davis et al. demonstrated that femtosecond laser pulses are useful to induce
refractive index change within bulk glasses [1]. Ultrafast lasers have become a powerful tool for
material writing photonic structures in widely varying glasses over the years [2,3]. In femtosecond
laser micromachining, structural changes of different kinds are induced in the bulk glass. Modification
types include refractive index change [1,4-6], birefringence [7,8], color center [9], and scattering
damage [5,10]. For applications to femtosecond laser micromachining, investigation of the morphology
and discrimination of structural changes is important [11].

Generally, researchers check their written structures with optical microscopes under different
illumination configurations in a daily and routine manner. In bright-field imaging, the illumination
numerical aperture (NA) must be matched to the collection NA by adjusting the condenser diaphragm
size. In dark-field imaging, an aperture stop is placed at the condenser diaphragm to ensure
that the illumination NA is larger than the collection NA. Conventional optical microscopy such
as phase-contrast microscopy and differential interference contrast (DIC) microscopy can enhance
contrast in refractive index change. In phase-contrast microscopy, a ring aperture is placed at the
condenser diaphragm to match the ring-shaped phase plate of the objective lens. Phase-contrast
microscopy is useful for the observation of refractive index change in the glass to enhance the
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contrast of modifications [12,13] because the refractive index change is small (typically on the order of
10721073 [1]). These observation methods require replacement of optical elements: a special objective
lens for phase-contrast imaging and an iris diagraph. Rheinberg illumination microscopy enables
simultaneous acquisition of bright-field and dark-field images using two-color illumination [14,15].
The central passing region of the condenser filter is used for bright field illumination. The annular
zone is used for dark field illumination.

Active illumination sources, such as an LED array, programmable condenser lenses with a
projector illumination, and projector-pattern illumination have provided acquisition of bright-field,
dark-field, and differential phase-contrast (DPC) images by various illumination patterns of light
sources. We demonstrated that multi-contrast images of structural modifications in the glass were
obtained using a digital light processing (DLP) projector [16]. In the DLP-based microscope, the
illumination pattern of the DLP projector must be projected onto the ground glass screen. Then,
the light scattered at the ground glass acts as a secondary light source. Then, the scattered light is
focused by a condenser lens onto the sample. Therefore, the system becomes large. In fact, LED array
microscopy is easy to implement with conventional microscopy; bright-field, and dark-field images
are obtained by changing illumination patterns of the LED array without changing the objective lens
or the iris diagraph [17]. In fact, LED array microscopy is categorized into two regimes: time-coded
and color-coded. In time-coded LED array microscopy, multi-contrast images such as bright-field,
dark-field, and differential phase contrast (DPC) are acquired by temporally changing the illumination
patterns of the light source [18]. In color-coded LED array microscopy, three color-coded illumination
allows simultaneous acquisition of bright-field, dark-field, and DPC images at a single shot [19].

This report describes the acquisition of a multi-contrast image of structural modifications
produced in glass using an LED array microscope. We also present simultaneous acquisition
of bright-field and dark-field images of structural modifications in glass with LED-array-based
Rheinberg illumination.

2. Materials and Methods

2.1. Structural Modifications in Glass Using Femtosecond Laser Pulses

To produce structural modifications in BK7 glass, a Ti:sapphire laser-amplified system that
produces 100 fs pulses of 800 nm light at a repetition frequency of 1 kHz was used. The pulse energy
was attenuated by neutral density (ND) filters and a half-wave plate in front of a polarizer. The laser
pulses were focused using a 20 x microscope objective with NA of 0.4 (LMPLanFL 20x; Olympus
Corp.) at 500 pm below the sample surface. The sample was BK7 glass (5 mm x 20 mm) with 0.7 mm
thickness. The sample was translated perpendicularly to the laser beam propagation direction at a
constant speed of 1 mm/s. Vertical and horizontal lines were inscribed. Modifications of two types
were produced: refractive index change and scattering damage. The refractive index change was
induced at 18.4 puJ/pulse energy. Scattering damage was produced at 73.6 1/ pulse energy [16].

Top-view images of the laser-modified structures were captured using a commercially available
upright microscope (BX 43; Olympus Corp.). In the microscope, a halogen lamp was used as a light
source. The sample was illuminated by a condenser lens. A bright-field image and a dark-field image
were acquired using a 10 x objective lens with NA of 0.3 (UPlanFLN 10x; Olympus Corp.). Images
were acquired using a color CMOS camera (DFK23UMO021; The Imaging Source). A phase-contrast
image was acquired using a 10x objective lens (UPlanFLN Ph1 10x; Olympus Corp.). To obtain
dark-field images and phase-contrast images, the condenser iris diagraph was rotated mechanically.

Figure la—c respectively shows a bright-field image, a dark-field image, and a phase-contrast
image. Refractive index change was barely apparent. However, scattering damage was observed in a
bright field image. In contrast, the dark field image revealed microcracks and nonrefractive structural
defects of the modification tracks. In this way, the combinational bright field images and dark field
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images are a promising assessment tool for identifying promising structural modifications in glass.
The phase-contrast image enhanced the image contrast of the refractive index change region.

(a) (b) ()

Figure 1. (a) Bright-field image, (b) dark-field image, and (c) phase-contrast image acquired with
a commercial microscope. Images were obtained with a 10x, NA 0.3 objective lens. Structural
modifications were produced in BK7 glass. The femtosecond laser pulses at the energy of 1 Mj/pulse
are focused below the surface of 0.1 mm. The sample was translated at a speed of 1 mm/s. The refractive
index change was induced at 18.4 uJ/pulse. Scattering damage was produced at 73.6 uJ/pulse. Scale
bar: 100 pm.

2.2. LED Array Microscope

2.2.1. Optical Setup for an LED Array Microscope

A conceptual diagram of the LED array microscope is presented in Figure 2a. The microscope
consists of a part of an upright microscope (BX43; Olympus Corp.). A condenser lens was removed,
and an LED array was placed [20]. An RGB full-color dot matrix LED array (8 x 8 dots, NeoPixel
NeoMatrix 64 RGBW LED; Adafruit Industries) was placed 35 mm below the sample. The images
were captured using a CMOS camera (DFK23UMO021; The Imaging Source) through a 10x objective
lens with NA of 0.3 (UPlanFLN 10x; Olympus Corp.). The illumination pattern of the LED array was
controlled by Arduino. Figure 2b portrays a picture of a constructed LED array microscope. Figure 2c
presents an image of the LED array. The LED matrix array size was 7 cm x 7 cm. The pitch between
the LEDs was 4 mm. Figure 2d presents spectra of a blue LED, a green LED, and a red LED. The axial
resolution was 1.3 um from the Rayleigh resolution limit, 0.61 A/NA, where A is the wavelength of a
red LED and NA is the numerical aperture of the objective lens (0.3). The lateral resolution was 4.3 um
from 0.61 A/NAZ.
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Figure 2. (a) Schematic for an LED array microscope. (b) Image of a constructed LED array microscope.
(c) Picture of the LED array. (d) Spectra of a blue LED, a green LED, and a red LED.

2.2.2. Multi-Contrast Imaging with an LED Array Microscope

A programmable LED array microscope can provide acquisition of multi-contrast images such
as bright-field, dark-field, and DPC images by changing the light source illumination patterns. The
bright-field image was taken with a light pattern (Figure 3a), with which a square of central 4 x 4
LED arrays turned on. A dark-field image can be acquired by turning on the LEDs at the array edge
(Figure 3b). The DPC images are calculated from sums and differences of two images obtained with
the complementary rectangular illumination, as shown in Figure 3c,d. Figure 3c,d respectively present
illumination patterns to obtain left-right DPC and top—bottom DPC observation. Images obtained with
the left rectangular and the right rectangular are denoted, respectively, as I, and Iz. Then, the left-right
DPC image, Ippc 1R is definable as [18]

I —Ix

. 1
I, Ik )

Ippc IR =

Similarly, the top-bottom DPC image, Ippc 75 is definable using the illumination in Figure 3d, as

It —1Ip

2
I @)

Ippc_TB =
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where It and Ip respectively denote images obtained with the top rectangle and the bottom rectangle
illuminated. To obtain DPC images using Equation (1) or (2), the images were analyzed using software

(Image J).

lllumination patterns Obtained image Image calculation Multi-contrast image
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Figure 3. [llumination patterns in an LED array to obtain multi-contrast images. Illumination patterns
for (a) bright-field, (b) dark-field, (c) left-right differential phase-contrast (DPC), and (d) top-bottom
DPC observation.

2.2.3. Rheinberg [llumination with an LED Array Microscope

In Rheinberg illumination, a bright-field image and a dark-field image are obtainable by two-color
illumination. Figure 4 presents LED array illumination patterns for Rheinberg illumination. The
central rays of light from the LED array pass through a sample and serve as bright-field illumination.
Oblique rays from outer ring LEDs hit the sample and serve as dark-field illumination. In Figure 4a,
the outer LED array (green LEDs) acts as dark-field illumination. The central LED array (red LEDs)
acts as bright field illumination. In Figure 4b, the outer LED array (blue LEDs) acts as dark-field
illumination. The central LED array (red LEDs) acts as bright field illumination. Rheinberg illumination
can provide both bright-field and dark-field images simultaneously using two-color light sources.
After we obtained Rheinberg images, we split the colors of the Rheinberg images into RGB images.
Color-coded illumination allows simultaneous acquisition of bright-field and dark-field images of
structural modifications in glass at a single shot.
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(a) (b)

Figure 4. Rheinberg illumination patterns in the LED array. (a) A Rheinberg illumination pattern.
Outer LED array (green LEDs) acts as dark-field illumination. The central LED array (red LEDs) acts as
bright field illumination. (b) A Rheinberg illumination pattern. The outer LED array (blue LEDs) acts
as dark-field illumination. The central LED array (red LEDs) acts as bright field illumination.

3. Results

3.1. Acquisition of Multi-Contrast Images

Figure 5 shows various images of the modifications induced inside BK7 glass: (a) bright field
image, (b) dark field image, (c) top—bottom DPC image, and (d) left-right DPC image. From the bright
field image, the dark field image, and the DPC images, structural changes in the glass were observed
by changing the illumination pattern of the LED array. We investigated the contrast of the images.
The contrast was calculated using (Iyax — Lnin )/ (Imax + Luin ), where Iyay and I, are maximum and
minimum intensities in the refractive index region. The values of contrast in the bright field image,
top-bottom DPC image, and left-right DPC image were, respectively, 0.08, 0.49, and 0.23. The contrast
in DPC was approximately 2.8-6.1 times higher than that in the bright field image. The DPC enhances
the contrast of the refractive index change region.

(9 (d)

Figure 5. Experimental results for structural modifications in BK7 glass: (a) bright field image, (b) dark
field image, (c) top—bottom DPC image, and (d) left-right DPC image. Scale bar: 100 pm.
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3.2. Simultaneous Acquisition of Bright Field and Dark Field Images by Rheinberg Illumination

Structural changes were observed using Rheinberg illumination. The illumination pattern and
color were electrically changed as portrayed in Figure 4a,b. Figure 6 presents Rheinberg images of
structural modifications in BK7 and color splitting of Rheinberg images. Figure 6a presents a Rheinberg
image of the central red LED array and outer green LED illumination (Figure 4a). We split the colors of
the Rheinberg images using Image J software. Figure 6b depicts a red channel after the color splitting
of Rheinberg image in Figure 6a. Figure 6¢ portrays a green channel after color splitting of Rheinberg
image in Figure 6a. Based on this result, Rheinberg illumination functions as a bright field for the red
part in the center of the LED array and as a dark field for the green part of the outer contour, allowing
simultaneous acquisition of bright field images and dark field images of structural changes induced
inside the glass.

(d) (@ (®

Figure 6. Rheinberg images of structural modifications in BK7 and color splitting of Rheinberg images.
(a) Rheinberg images with inner circle/outer illumination: red/green. (b) Red channel after color
splitting of Rheinberg image in (a). (c) Green channel after color splitting of Rheinberg image in (a). (d)
Rheinberg images with inner circle/outer illumination: red/blue. (e) Red channel after color splitting
of Rheinberg image in (d). (f) Blue channel after color splitting of Rheinberg image in (d). Scale bar:
100 pum.

Figure 6d shows a Rheinberg image of the central red LED array and outer blue LED illumination
(Figure 4b). Figure 6e depicts a red channel after the color splitting of the Rheinberg image in Figure 6d.
Figure 6f portrays a green channel after color splitting of the Rheinberg image in Figure 6d. The central
red LED array acts as bright-field illumination. The outer blue LEDs acted as dark-field illumination.
The refractive index change and the scattering damage produced in BK7 glass were identified from the
Rheinberg images and computational color splitting of a Rheinberg image.

3.3. Discussion

With conventional microscopes, a mechanical modification is necessary to obtain multi-contrast
images. For example, it is necessary to rotate the turret to change the condenser iris and to use a phase
difference objective lens for phase difference observation, as presented in Figure 1. However, with an
LED array microscope, it is possible to obtain multi-contrast images such as bright-field, dark-field,
and DPC images merely by changing the LED lighting pattern. In the refractive index change observed
using a bright field image, the contrast was low. In the refractive index change observed using a
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bright field image, the contrast is low; however, the contrast can be emphasized by DPC. In addition,
by Rheinberg images with an LED array microscope, we simultaneously obtained a bright field image
and a dark field image.

In conventional microscopes, the phase difference observation is based on the phase-contrast
method, so the calculation of images is unnecessary. By contrast, in the LED array microscope, two
images are necessary to obtain a DPC image. Moreover, calculation of the image is necessary, because
contrast enhancement depends on the illumination direction, only the contrast of the structural change
in a specific direction can be emphasized.

Rheinberg illumination microscopy was originally used for visual enhancement of the contrast
between a dark-field image and a bright-field image because the bright-field image becomes the
background color. For visualization, the combination of green/red or yellow /blue is usually used.
When the image is acquired with a color sensor, cross-talk between spectra of RGB LEDs and spectral
density of a color sensor is important. Spectral sensitivities in the green channel and red channel in
the CMOS sensor are overlapped. Given those circumstances, it is better to use a blue/red channel to
reduce cross talk in a dark-field image and a bright-field image.

4. Conclusions

We applied the LED array microscope to visualize femtosecond laser-induced structural
modifications. Structural change induced inside BK7 glass using a femtosecond laser was observed
using the LED array microscope. We demonstrated bright-field, dark-field, and DPC images of the
structural changes using an LED array as a light source and by temporally-changing the illumination
pattern. By acquiring the differential phase difference image in the LED array microscope compared
to the bright-field image, the contrast of the refractive index change was emphasized. We also
demonstrated simultaneous acquisition of bright-field and dark-field images of structural modifications
in glass by color-coded Rheinberg illumination and subsequent computational image processing.
A programmable RGB LED array allows optical imaging modalities such as bright-field, dark-field,
differential phase contrast, and Rheinberg imaging of laser-induced modifications.
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