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ABSTRACT

Vescent Photonics Inc. and Jet Propulsion Lab are jointly developing an innovative ultra-compact (volume < 10 cm?),
ultra-low power (<10'3 Watt-hours per measurement and zero power consumption when not measuring), completely
non-mechanical electro-optic Fourier transform spectrometers (EO-FTS) that will be suitable for a variety of remote-
platform, in-situ measurements. These devices are made possible by a novel electro-evanescent waveguide architecture,
enabling “chip-scale” EO-FTS sensors. The potential performance of these EO-FTS sensors include: i) a spectral range
throughout 0.4-5 um (25000 — 2000 cm™), ii) high-resolution (AA < 0.1 nm), iii) high-speed (< 1 ms) measurements, and
iv) rugged integrated optical construction. This performance potential enables the detection and quantification of a large
number of different atmospheric gases simultaneously in the same air mass and the rugged construction will enable
deployment on previously inaccessible platforms. The sensor construction is also amenable for analyzing aqueous
samples on remote floating or submerged platforms. To date a proof-of-principle prototype EO-FTS sensor has been
demonstrated in the near-IR (range of 1450-1700 nm) with a 5 nm resolution. This performance is in good agreement
with theoretical models, which are being used to design and build the next generation of EO-FTS devices.

1. INTRODUCTION

The potency of Fourier transform spectroscopy (FTS) for chemical analysis is well established;{Davis, 2001 #11} it
provides identification and quantification of multiple compounds (e.g., biogenically important CH4, NH,, NO,, H,0, and
many more) with a high level of sensitivity (ppm for gas phase detection) and specificity (spectroscopic identification).
Furthermore, FTS has proven advantages over other spectroscopic techniques (e.g. gratings, prisms, or variable filters)
because of both the time-multiplexing effect (better S/N) and optical throughput (all of the photons are collected). As a
testament to the utility of FTS the ATMOS instrument{ #407}, for example, measured over 30 different gases in the
Earth's atmosphere plus over 20 isotopic variants. Furthermore, FTS provides the entire spectrum with each scan, and
unlike grating based spectrometers the spectral resolution is not inversely related to the wavelength range. This “full-
spectrum-at-once” attribute of FTS is especially suited for multicomponent analysis, where overlapping spectral features
of numerous analytes can complicate concentration quantification. This can be especially advantageous when compared
with limited wavelength range tunable laser approaches. Despite this utility, the use of FTS sensors on planetary rovers
and other remote missions has been complicated by the opto-mechanical requirements for traditional scanning Michelson
interferometers. Up till now, there has not been an electro-optic technology that provides sufficient control over optical
phase. As will be shown, the EO-waveguide architecture presented here provides unprecedented voltage control over
optical phase (> 1 mm demonstrated and up to 10 cm possible), orders of magnitude more than any other technology.
This previously unrealizable level of control makes possible an entirely new type of FTS system.
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The essential elements of a traditional FTS absorbance sensor are shown in Figure 1. Very briefly, emission from a
broadband light source, which is typically a heated element for the mid- to far-IR or a tungsten lamp in the near-IR,
passes through the analyte and the interferometer (preferred order dependent upon application) prior to detection. FTS
sensors may also work in solar occultation mode, wherein the sun provides a broadband light soure. The interferogram,
i.e., intensity recorded by the detector as a function of the optical path difference (OPD) between the two arms of the
interferometer, is digitized and Fourier transformed. This OPD is typically generated via a linear translation of a
Michelson interferometer (see Fig. 1). This transform provides the full spectrum, which represents the broadband light
source emission and detector sensitivity profiles modified with depleted regions arising from the analyte absorbance
spectra. From analysis of this spectra constituent quantification is extracted. The extraordinary power of FTS arises
from this ability to achieve detailed spectral information, over a broad region, from a single interferogram.
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Figure 1: Schematic of the elements involved for constituent analysis via traditional FTS.

While the potency of FTS sensors is extremely well established with a long history of success, the moving mirror
assembly provides size, weight, power and durability design challenges. This is especially true with the increased
variety of future exploratory platforms including: flybys, orbiters, landers, airplanes or balloons in planetary
atmospheres, Earth orbiting telescopes and sample return missions to various solar System bodies. Furthermore typical
instruments have an onboard calibration laser to calibrate the linear motion, which further adds to the cost. An alternative
technology free from this moving mirror assembly is therefore sought. Finally, for future NASA missions the moving
mirror assembly provides specific challenges:

1) Over the course of a 5-year mission, tens of millions of strokes will be required, making wear or fatigue a
serious risk

2) The moving optical element cannot be rigidly held, making it sensitive to vibration and requiring that it be
"caged" during launch to prevent damage, adding risk (failure of the caging mechanism to reopen).

3) Accelerating and decelerating the optical elements can torque the spacecraft, making it difficult to maintain
accurate pointing.

In principle electro-optics can be used to replace the moving mirror assembly. {Chao, 2005 #418} Figure 2 illustrates
how the complicated opto-mechanical interferometer (left of Figure 2) may be replaced with a non-mechanical electro-
optic medium. In typical electro-optic crystals, such at KTP or LiNbOs, the birefringence of medium may be voltage
tuned. If the input light is polarized at 45° with respect to the crystal axis then the speed at which the two polarizations
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propagate through the crystal may be voltage tuned. For a given length of crystal this translates into a voltage tunable
optical path difference between the two polarizations. These two “arms” of the interferometer may then be recombined
via another polarizer and a completely non-mechanical EO interferometer constructed. While this approach has long
been known
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Figure 2. Optical path difference (OPD) techniques realized with a traditional Michelson interferometer (left); and
a non-mechanical electro-optic approach (right).

the key challenge to replacing the opto-mechanics has been realizing an EO material that provides sufficient voltage
tunability over OPD. Typical EO crystals realize only a few microns of tunability of OPD, which is suitable for intensity
modulators but hardly provides a viable replacement for opto-mechanics. This is especially true for FTS applications,
where the magnitude of OPD is inversely related to the spectral resolution. In the next section we will present our
proprietary liquid crystal-waveguide architecture that provides unprecedented voltage tunability over OPD.

2. ELECTRO-OPTIC FOURIER TRANSFORM SPECTROMETER ON A CHIP

At Vescent Photonics we have invented and are developing a new electro-optic architecture that provides unprecedented
voltage control over OPD (> 1 mm demonstrated and > 1 cm possible). This previously unrealizable level of control
makes possible new devices with remarkable performance attributes. To date we have demonstrated: ultra-wide field of
view (80°) non-mechanical laser beamsteerers, chip-scale widely tunable lasers (nearly 40 nm tunability demonstrated),
ultra-low power (< 5 pWatts) tunable micro-ring filters and Mach-Zehnder switches, and many more. All of these
devices may be in small LCD-like packages that can ultimately be as low cost as a calculator display. In our work with
JPL we have been using this architecture to build EO-FTS systems.

2.1. The Liquid Crystal Waveguide Architecture: Giant Voltage Control over OPD

Over the past several decades one of the most technically and commercially successful approaches for light control has
been liquid-crystal (LC) optics. LCs have the world largest electro-optic response (An > 0.2 over 5 volts for a typical
LC, which corresponds to 10>-10° pm/V, i.e., several orders of magnitude larger than any other material), are
environmentally stable, and inexpensive.{Khoo, 1993 #13} This has enabled the now > $50 billion a year display
market. A typical “display-like” LC-optic is shown in Figure 3. The light traverses a thin (< 20 um) LC layer that is
sandwiched between glass sheets. Transparent electrodes are used to apply an electric field, which, in combination with
polarizers, may be used to either block or transmit the light.
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