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ABSTRACT

A series of waveguides were inscribed in lithium niobate by tightly focused femtosecond-laser pulses of 11-MHz
repetition rate and 790-nm wavelength. To establish the inscription conditions for optimal low-loss waveguides, within
each sample we varied laser pulse energy, speed and direction of translation stage movement, and focus depth of the
beam. We deployed two new approaches to enhance the inscription results: 1) increase of the pulse energy with
increasing focus depth inside the material to compensate for the corresponding decrease of refractive-index
modification, and 2) decrease of the laser energy for the modification tracks closer to the waveguide’s core region to
reduce scattering losses due to high-laser-energy driven non-uniformities. All waveguides had an optical-lattice-like
hexagonal packing geometry with track-spacing of 9.9 um (optimized for effective suppression of high-order modes).
Each structure comprised 84 single-scan Type-Il-modification tracks, aligned with the crystalline X-axis of lithium
niobate. After heat treatment at 350 °C for 3 hours, the lowest propagation loss of less than (0.4+0.1) dB/cm and
(3.5+0.3) dB/cm for the ordinary and extraordinary light polarization states, respectively, were achieved at the 1550-
nm wavelength. These low-attenuation waveguides were obtained with the inscription energy varying between 50.6
nJ and 53.6 nJ and the translation speed of 10 mm/s. The corresponding refractive-index contrast of individual tracks
was (—1.55+0.04)x103. The waveguides also showed low attenuation in the visible and near-infrared portion of the
spectrum (532 nm to 1456 nm). Our results offer promising means for the development of low-loss waveguides with
preserved-nonlinearity and high thermal stability.

Keywords: femtosecond laser inscription, high-repetition-rate femtosecond laser, lithium niobate, optical-lattice-like
waveguide, nonlinear waveguide
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1. INTRODUCTION

Lithium niobate (LN) offers incredible versatility as a substrate for integrated photonics (IP) owing to its wide
range of transparency, high second-order nonlinear coefficient, and commercial availability. Recently, a number of
LN-based IP devices have been demonstrated, such as electro-optic modulators?® and various types of frequency-
mixing devices*®, which show a potential for applications in high-speed optical communication interconnects, on-chip
sensors, and quantum photonics.

Among the various micro-structure fabrication technique of photonic waveguides, such as proton exchange, Ti in-
diffusion, iron implantation and dry etching, the femtosecond (fs) laser micromachining method is considered to offer
improved versatility in the choice of processed materials and greater flexibility in creating micro-structures in the
three-dimensional space®’. The technique relies on tightly focusing a fs-pulse-width light beam into a sample of a
transparent dielectric so that to induce one or more material modifications (e.g., valence electron shift, chemical
composition change, or amorphization) at the beam focal spot via multi-photon absorption and/or ionization
processes®,

In general, fs-laser written waveguides in LN can be categorized into three groups depending on the mechanism
of optical guiding: positive-refractive-index(RI)-induced®?®3, stress-induced'**®, and depressed-cladding
waveguides'*1%24, The focus of this study is on the fabrication and optimization of waveguides of the third type, which
present a number of advantages over the first two types, including higher thermal stability, output-profile
controllability and low input-polarization dependence. Furthermore, our deployment of a high-repetition-rate (HRR)
fs-laser enables relatively shorter processing times compared to its low-repetition-rate (LRR) counterpart. This is
especially advantageous to the fabrication of complex structures and large-scale commercial production. We explored
the effects of operational parameters such as the laser pulse energy, inscription translation speed and direction and
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beam focus depth on the inscription process, and we also investigated the post-fabrication thermal annealing process.
Two new approaches based on varying the inscribing pulse energy in accordance with the position of the tracks were
implemented to enhance the inscription results, and the resulting waveguides were compared with a reference set of
waveguides. To the best of our knowledge, this work is the first to demonstrate low loss waveguides for both the
ordinary (TE) and extraordinary (TM) polarization states using HRR fs-laser micromachining with LN. The heat
treatment also revealed an interesting feature where the RI change of the inscribed track was enhanced by the process
and remained stable up to a temperature of 700 °C.

2. EXPERIMENTAL SETUP AND PROCEDURES

The inscribing laser was a mirror-dispersion-controlled Ti:Sapphire oscillator system (Femtosource Scientific XL,
Femtolasers) that delivered an output beam at 790-nm central wavelength and 11-MHz repetition-rate. The pulse
duration was adjusted to 66 fs, corresponding to a spectral width of approximately 25 nm. The oscillator was pumped
by a 532-nm solid-state diode-pump continuous-wave laser (Verdi VV-10, Coherent), which provided 7.5-W optical
power. For this pump power, the pulse energy was up to 91 nJ. A motorized half-wave plate and a pair of Brewster
angle polarizers were used to control the inscribing pulse energy, and a quarter-wave plate was used to convert the
beam from linear to circular polarization before it was delivered to a focusing objective. As depicted in Figure 1a, a
100x microscope objective with a numerical aperture of 1.25 was used to focus the beam beneath the sample surface
at a maximum depth of 0.4 mm (limited by the objective’s working distance). The samples were polished 5%
magnesium-doped z-cut LN wafers of 75-mm diameter and 1-mm thick. They were mounted on a two-dimensional
micro-positioning air-bearing stage (Aerotech), which enabled sub-micrometer resolution translations along the
horizontal axes at a maximum speed of 100 mm/s. The combination of horizontal sample translation with a
synchronous movement of the objective along the vertical direction by a mechanical stage enabled the creation of
three-dimensional waveguide structures. The immersion oil layer (Rl = 1.523) between the lenses and the sample was
checked regularly during the experiment to prevent any formation of air-bubbles or dust that could affect the inscription
results. A detailed description of our laser inscription system can be found in Dubov et al.?>.

Figure 1b shows an example of a waveguide cross-section, where the circle array represents the track positions
programmed into the translational stage controller and the inset shows the actual track positions and shapes after
fabrication. Each waveguide comprised 84 tracks precisely arranged in an optical-lattice-like packing geometry with
four hexagonal layers. The tracks were damage tracks or of so-called ‘Type-11’ modification?, and were inscribed via
a single scan along the LN crystalline X-axis. After preliminary trials with different track spacing values, we found
that a separation between 9 um and 12 um is optimal in that the tracks are neither so densely packed to induce structural
defects, nor so loosely packed to produce multi-mode optical confinement. In this study, we used a horizontal spacing
(d1) of 9.9 um, which resulted in a vertical spacing (d2) equaling an integer multiple of the step size of the vertical
translation stage attached to the focusing microscope objective.

We observed that focusing the beam at different depths (D) inside the sample induced tracks with significantly
different cross-sectional dimensions (width and height) and RI change, thereby leading to a vertically un-balanced
waveguide’s cladding. In fact, both the track size and RI change tended to decrease when the tracks were inscribed
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Figure 1. (a) Schematic of the experimental setup showing the alignment and relative movements of microscope
objective and LN sample. (b) Cross-sectional configuration of a waveguide, where the circles represent the track
positions written in the computer code, and the inset shows the actual track positions and shapes after inscription.
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Group AEq | AE, p S
(nJ) (nJ) (mm/s)
A Name - A0l | A02 | AO3 | AD4 | AO5 | A06 | AO7 | AD8 | A9 | A10 | gpo 0.0 0.0 10
Eo (nJ) - 39.1 | 409 | 42.7 | 455 | 48.2 | 50.9 | 53.6 | 56.4 | 59.1 | 61.8
B Name | BOO | BO1 | B0O2 | B0O3 | B04 | BO5 | BO6 | BO7 | BO8 [ B9 | B10 | g3 | 0o | o0 10
Eo (nJ) 373 | 39.1 | 409 | 42.7 | 455 | 48.2 | 50.9 | 53.6 | 56.4 | 59.1 | 61.8
BX Name - BX1 BX2 BX3 BX4 - - - - - - 0.3 0.0 0.0 7
Eo, (nJ) - 39.1 | 436 | 509 | 56.4 - - - -
Name Eo (nJ)
C01 40.9 0.3 13.7 2.2 10
C C02 42.7 0.3 8.2 1.0 10
CO03 40.9 0.3 13.7 1.0 10

Table 1. Inscription parameters for different groups of fabricated waveguides.

deeper. To compensate for these depth-dependent effects, we suggest here a simple but effective approach, consisting
in gradually increasing the pulse energy for increasing inscription depth. In this work, a fixed energy increase rate
(AEq) of approximately 0.3 nJ (corresponding to 3-mW optical power) per distance between two consecutive track
rows was chosen after investigating some try-out fabrications. While the induced RI change of a track increases
linearly with the inscribing pulse energy?®, which is crucial for obtaining strongly confining depressed-cladding
waveguides, increased pulse energy is liable to induce structural defects and micro-crack generations along the track.
These high-laser-energy driven non-uniformities would result in a reduction of the waveguide performance due to
effects such as scattering, absorption, and so on. To avoid this pitfall, we suggest the application of a radial variation
of the inscribing pulse energy such that less energy is set aside for the tracks closer to the waveguide’s core. Hence if
we denote by AE; the radial energy increase step, the pulse energy (Emn) allocated to the machining of each track can
be described by the following equation:

n\P
Enn = Ey +mAEg + (3) (AE)

Where m and n are the row and layer orders, respectively (see Figure 1b), p is a power factor, and Eo is an initial energy
corresponding to the uniform case. The values of the energy variation parameters and translation speed (S) used to
fabricate our waveguides are listed in Table 1, where we have classified the waveguides according to their inscription
conditions.

After the waveguide fabrication, the LN wafers were diced to a width of 2.35 cm (the length of the waveguides)
and side-polished to the optical grade by a Logitech polishing machine. An optical microscope (Zeiss Axioscope-2
MOT) was used to photograph the waveguides and individual tracks in the differential interference contrast (DIC) and
bright field modes. A series of track’s top-view images recorded at slightly different focus distances were used to
calculate the cumulative phase profile by commercial software from IATIA using the quantitative phase microscopy
(QPM) method. A two-dimensional profile of the RI change of individual tracks (with respect to the non-irradiated
areas) was then reconstructed. From the RI change profile we retrieved the differences between the negative peak
located closely to the irradiated area center and the adjacent positive humps at a number of different positions along
each track, and we calculated the average of these RI differences, which hereafter we will refer to as the ‘RI contrast’
of a track.

The light sources for waveguide characterization included three fiber-coupled laser diodes from QPhotonics
(QFBDLD-1064: Ao = 1064 nm, QFBDLD-1450: Ao = 1456 nm and QDFBLD-1550: Ao = 1547 nm), an ILX Lightwave
laser diode (MPS-8033: Ao = 1310 nm) and a Fianium SC450-4 supercontinuum source which operated with three
bandpass filters from Semrock (Ao =531 nm AL = 25 nm, A¢g = 700 nm AA =~ 20 nm, and Ao = 840 nm AA = 22 nm). AsS
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Figure 2. Schematic of the waveguide characterization setup.
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illustrated in Figure 2, a prism polarizer and a half-wave plate were used to adjust the polarization of the light from
the source to either the TE mode (parallel to the LN’s crystalline X-axis) or the TM mode (parallel to the LN’s Z-axis)
before coupling the light to a single-mode pigtail fiber. The beam was then butt-coupled into the waveguide being
investigated by means of a 6-axis manually controlled stage, and the optical output from the waveguide was measured
by a Germanium photodetector (Newport 818-1R). The propagation loss (o) was estimated by subtracting the double
Fresnel loss and the loss due to mode mismatch from the insertion loss. The mode-mismatch loss was evaluated by
the overlap integral of the measured electric fields of the waveguide and the coupling single-mode fiber (mode field
diameter (MFD) = 10.4 um at 1550 nm). Subsequently, a sliding mirror was used to switch the beam path into an
InGaAs infrared camera (Goodrich SUI SU320MS-1.7RT) to capture the near-field mode intensity distribution of the
waveguide output.

A series of heat treatments of the waveguides were performed at the four temperatures of 250 °C, 350 °C, 500
°C and 700 °C in an incremental order by using an open-air furnace. The annealing duration time was set to 3 hours,
excluding heating-up and cooling-down periods, for each temperature. The heating-up and the cooling-down rates
were approximately 1 K/s and 3 K/s, respectively. The optical characteristics of the waveguides and the properties of
individual tracks were thoroughly tested after each thermal annealing stage.

We also performed computer simulations of the waveguide structures by using the COMSOL commercial
software based on the finite-element method (details can be found in Karakuzu et al.?’). The packing geometry of the
simulated waveguides was built so that to resemble the structure of the fabricated waveguides. The values of the RI
contrast of the tracks and the waveguide cross-sectional sizes measured from the inscription parameter tests were
inputted into the software to simulate the guided fundamental mode and calculate the MFD. To account for the overall
effects of the stress field induced by individual tracks, we included in the model a hexagonally-shaped area with a
slightly higher RI than the bulk material as a background layer tightly covering both the waveguide’s core and cladding
regions. The RI of this background layer was adjusted relative to the negative RI contrast assigned to the tracks.

3. RESULTS AND DISCUSSION

3.1 Effects of Operational Parameters on Fs-Laser Modifications

Like all our waveguides, the tracks were written by moving the sample relative to the pulse beam in the direction
parallel to the X-axis of LN crystal (either toward the positive +X or negative -X sign), where the beam itself
propagated in the direction of the negative Z-axis. Figure 3a plots the RI contrast measured at 530-nm wavelength,
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Figure 3. a) RI contrast measured at 530-nm wavelength (top), and the cross-sectional height and width (bottom) of the
tracks as a function of inscribed pulse energy, where S = 10 mm/s and D = 86 pum. The error bars represent the variation
(standard deviation) in the RI contrast collected from ten different track positions. b) DIC images of some chosen tracks
from the left plots. Top- and bottom-row images are the tracks that were written by the stage translation direction
toward the —X and +X, respectively.
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Figure 4. a) RI contrast (top), and the cross-sectional height and width (bottom) of the tracks as a function of stage’s
translation speed, where E = 45.5 nJ and D = 85 pum. b) RI contrast (top), and the cross-sectional height and width
(bottom) of the tracks as a function of focus depth, where S = 10 mm/s and E = 45.5 nJ or 54.6 nJ. The translation
direction was toward -X. The RI contrasts were measured at 530-nm wavelength. The error bars represent the variation
(standard deviation) in the RI contrast collected from ten different track positions.

and the cross-sectional width and height of the tracks inscribed with varying pulse energies. The translation speed as
well as the focus depth were fixed at 10 mm/s and 86 pum, respectively. Linear relations between the pulse energy and
RI contrast were fitted to the following equation:

—M=kx(E—-Ey) —— k(=X +X)=[2.71,244] x 1072 nJ", E.(=X,+X) = [11.09,—0.59] nJ,

where k represents the increasing rate of negative RI contrast (An), and Ew denotes the pulse energy threshold required
to generate the negative RI contrast modification. The differences between the fitting parameters belonging to the -X
and +X translation directions suggest that our damage tracks subject to the nonreciprocal writing phenomenon, which
was previously reported by Yang et al.% using the LRR fs-laser system (250 kHz at 1064 nm). However, their result
showed the directional-dependence behavior only for the tracks written along the Y-axis, unlike our observation that
occurred on the X-axis translation. A set of track cross-sections in Figure 3b visualizes the so called ‘quill pen’
structures which was suggested by Kazansky et al.?° to be an effect of electron-plasma anisotropic trapping due to a
pulse front tilt of the inscribing beam. The observations on our tracks, however, did not show significant differences
of track sizes in regard to translation directions. The height-over-width ratios were averagely 4.4 and 4.6 for —X and
+X directions, respectively. In addition, the ratio tends to increase with the decreasing pulse energy being used in the
fabrication process.

Figure 4a and 4b shows the track properties with respect to the variation of the translation speed and the focus
depth, respectively. In the range of moderate speed (5 mm/s to 20 mm/s), it can be seen that the track properties did
not change much when the speed was altered. This reflects one of the charteristics of the fs-laser matererial
modification in the heat accumlation regim. However when the speed was outside the range, both RI contrast and
cross-sectional sizes became either increasing (slower speed) or decreasing (faster speed) by a noticable amount. The
focus depth was also one of the paramters that, within a certain degree of variation, the track properties were roughly
stable. To be more specific, the tracks inscribed at the depth range between 50 pm and 110 um (which was assumed
to the minimum-aberration depths of the focusing micro-objective) tended to exhibit only a minor change when the
depth was altered. It can also be observed that when the beam was focused beyond the optimal range the tracks
generated by the lower pulse energy (red dased line) more suffered to the drops in both RI contrast and sizes. This
behavior might be patially due to the material absoptions that attenuated the beam intensity below the strong laser-
modification threshold of, for instance, an avalance-electron plasma generation.
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3.2 Optical Guiding Properties of Inscribed Waveguides before Thermal Treatment

Some chosen cross-sectional images of pre-annealing waveguides from three different groups are presented in
Figure 5a. The insets show the corresponding near-field intensity distributions, captured by the CCD camera and the
light source of 1550-nm wavelength. Note that these different-group waveguides were fabricated with the same
translation speed/direction and focus depth, but via different schemes of pulse energy alternation (as suggested in the
previous section). The observed near-field intensity profiles showed that the fundamental guiding mode was the
dominant mode excited in all waveguides presented in this study. Slightly tuning of the relative coupling-stage
positions only resulted to the minor changes in mode shape and circularity, but did not lead to the presence of the other
higher-order modes. Although the waveguides A05 and BO5 were fabricated by using the same initial pulse energy, it
can be visually seen that the tracks on the upper and lower rows of BO5 were more consistent in sizes and in strength
of the modification areas which lead to the higher and more symmetric light confinement (see the insets), compared
to AOS. In fact, the characterization results revealed that B05’s properties (ore = 1.8+0.1 dB/cm, orm = 5.0£0.2 dB/cm
and MDF = 27.6£1.4 um) showed the beam guiding performance better than that of A05 (ore = 2.0+0.2 dB/cm, om
=5.6£0.2 dB/cm and MDF = 28.2+1.4 um) which elucidated an explicit benefit of our suggested approach. The same
trend also applied to other waveguides fabricated by low pulse energy (Eo = 37.3 nJ to 48.2 nJ), see Figure 5b.
However, in the high pulse energy range (Eo = 50.9 nJ to 61.8 nJ) Group A waveguides showed less attenuation which
might be due to a smaller amount of the high-energy-driven defects and the induced stress field. In comparison to
Group A and B, the waveguides in Group C demonstrated significantly higher propagation loss and larger MDF which
can be explained by lower RI contrast and smaller sized tracks inscribed on their inner layer tracks. The inferior
performance in Group BX might be mainly due to the higher track roughness and the stronger induced stress-field that
were typically observed form the damage track fabricated with slower translation speeds.

3.3 Effects of Heat Treatment

The same set of tracks (plotted in Figure 3a with -X translation direction) was tested for the effects of heat treatment
and the results were plotted in Figure 6a. It was found that the behaviors of RI contrast in response to a sequence of
thermal annealing processes were sensitive to the amount of pulse energy being used to generate them. The RI contrasts
of tracks generated with low pulse energies (<53 nJ, dashed lines) increased after the first three annealing steps (250,
350 and 500 °C), but after the 4™ step (700 °C) they started to drop. On the other hand, the RI contrast of the tracks
inscribed by high pulse energies (> 53 nJ, solid lines) continued increasing even after the final temperature of 700 °C.
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Figure 5. a) DIC images of optical waveguide cross-sections from different groups of pulse-energy variation schemes.
The set of images in the right-bottom corner shows the near-field intensity distribution of waveguide output for TE and
TM polarizations at 1550-nm wavelength. b) Propagation loss (top) and mode-field-diameter (bottom) of Group A, B
and BX waveguides before the thermal annealing process as a function of initial pulse energy Eo.
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Figure 6. a) Shows the effects of thermal annealing process to the refractive index contrast measured at 530-nm
wavelength of the damage tracks induced by various pulse energies. b) DIC images of waveguide cross-sections
captured from BO7 waveguide before and after a sequence of thermal annealing processes.

The changes in the cross-sectional sizes via the heat were relatively small (sub micro-meter-scale) and were
undeterminable by our optical microscope system with a 100X-magnification objective. It is worth noting that these
observations are considerably different from the previous work of Nguyen et al.*°, where the LRR (1 kHz at 795 nm)
fs-laser was used and the RI contrasts were reported to decrease immediately after the first thermal annealing step at
260 °C. This hence reveals an interesting feature of HRR fs-laser on the fabrication of highly thermal-stable optical
structures, which might also give us a clue for the nature of material modifications by HRR fs-laser.

Figure 6b shows the cross-sections of waveguide BO7 before and after each step of the thermal annealing processes.
It can be clearly seen that the stress field induced during the damage track generation as well as non-damage
modification area (positive RI contrast) were largely erased after it was thermally treated at 250 °C, and seems to
completely disappear after the 700 °C step. Similar result was demonstrated by Burghoff et al.3t. However, the lower
temperature (200 °C) and the shorter time duration (30 minute) were found to be sufficient in their work to clear the
positive Rl humps around their damage tracks generated by the LRR fs-laser (1 kHz at 800 nm). A few shallow surface
cracks were observed in our waveguide cladding area, which was assumed to be an effect of the non-uniform
expansion/contraction of the radiated and the non-radiated areas during subjected to the heats. These cracks appeared
to have no interference to the guided beam which mainly occupied in the waveguide’s core.

The optical guiding performances in both TE and TM polarization states at 1550-nm wavelength were observed to
be significantly enhanced by the heat treatments, especially after the first two thermal annealing steps (see Figure 7).
The propagation loss tended to decrease to the minimum after the sample was annealed at 350 °C, and then slightly to
increase after the higher temperatures of 500 °C and 700 °C had been applied. The lowest propagation losses of less
than 0.44+0.1 dB/cm and 3.5+0.2 dB/cm for TE and TM, respectively, were achieved from the waveguide BO7. This
low value of TE propagation loss was calculated from the measured insertion loss of 3.7 dB, the mode-mismatch loss
of approximately 1.5 dB and the double Fresnel loss which was estimated to be 1.4 dB for the air-and-LN interfaces.
The same trend of change regarding the annealing temperatures also applied to MFD, but with a lower turning point
i.e. the values of MFD started to raise just after the second annealing step at 350 °C. These improvements of guiding
properties might be explained by firstly the increase of light confinement due to the increasing RI contrast (previously
shown in Figure 6a), and secondly the reduction of the induced stress-field as well as some transient defects.

Figure 8a shows the wavelength-dependent guiding characteristics of the waveguide B06. It was found that while
the propagation loss for TE remained approximately constant over the tested wavelengths, the loss for TM instead
changed at around the boundary between the visible and the near-infrared spectrums. The MDF for TE and TM tended
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Figure 7. Propagation loss (top) and mode-field-diameter (bottom) of a set of chosen waveguides before and after a
sequence of thermal annealing processes measured at 1550 nm wavelength and on different polarizations, TE (a) and

™ (b).
to increase with the increasing wavelength. Furthermore, numerical simulation of the near-field intensity profile and
the MDF as a function of pulse energy were found to be comparable with the experimental result, see Figure 8b. The
values of positive RI change for the simulation induced stress-field were varied between 1.0x10**and 3.5x1073. Details
of the simulation study will be presented elsewhere.
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Figure 8. a) Propagation loss (top) and mode-field-diameter (bottom) of the waveguide B06 after the 2" thermal
annealing step at 350 °C for 3 hours as a function of input wavelength. b) Comparison of the mode-field-diameters
from the experiment and the simulation result of the pre-thermal-annealing Group B waveguides as a function of pulse
energy. The considered wavelength was 1550 nm wavelength and for TE polarization. The insets show the near-field
intensity distributions of the waveguide B07 from the experiment (left) and the computer simulation (right).
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4. CONCLUSIONS

We have reported on the fabrication and optimization of optical-lattice-like depressed cladding waveguides in z-
cut 5%-magnesium-doped LN. The optimized waveguides featured low propagation loss for both the ordinary and
extraordinary polarization states and preserved nonlinearity. Single-mode guidance was observed across a wide portion
of the spectrum from visible to near infrared (532 nm to 1550 nm). Two new approaches based on varying the
inscribing laser pulse energy in accordance with the position of the tracks were deployed in the fabrication process,
which led to enhancement of the waveguide’s confinement and intensity distribution symmetry. A large set of RI
contrast values and cross-sectional sizes of the damage tracks inscribed with varying operational parameters was
presented, which elucidated the effects of the laser pulse energy, the speed and direction of translation stage movement,
and the focus depth inside the sample on the fs-laser-induced material modifications in the heat accumulation regime.
The heat treatment of the fabricated waveguides revealed an interesting feature of the damage tracks generated by a
HRR fs-laser: the RI contrast is enhanced by annealing and remains stable under high temperatures up to 700 °C,
opposed to the track degradation that typically occurs in the case of LRR-laser inscription. The low attenuation and
high thermal stability of our waveguides suggest promising applications in telecommunications, nonlinear integrated
optics, and harsh environment sensors.
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