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Enhanced Mirror Coatings Will Enable Future NASA ObservatoryProject: Broadband Mirror Coatings for Future NASA Observatory

Sponsoring Organization:
Astrophysics Research and Analysis (APRA) and Strategic Astrophysics Technology (SAT) Programs

Project Lead: Dr. Manuel A. Quijada, NASA Goddard Space Flight Center

Snapshot: A team at GSFC is investigating techniques for creating highly reflective aluminum mirrors sensitive to the far-ultraviolet in addition to the infrared, optical, and visible wavelengths 

Key terms: Far-Ultraviolet, coatings, aluminum, fluorination, metal fluoride
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Left: Engineers in the GSFC coating lab. Left to right: Javier del Hoyo (GSFC), Emily Witt (U. of CO), and Nicholas Nell (U. of CO). Right: A coated primary mirror after it was taken from the chamber on the left. This mirror will be used on the Suborbital Imaging Spectrograph for Transition region Irradiance from Nearby Exoplanet (SISTINE) payload—a sounding rocket mission that will advance the Technology Readiness Level of these new mirror coatings (PI: Kevin France U. of CO)

The more reflective a telescope mirror is at far-ultraviolet (FUV) wavelengths, the better the images it can collect. Scientists and engineers at NASA Goddard Space Flight Center (GSFC) are able to produce telescope mirror coatings with the highest reflectance ever reported in the far-ultraviolet (FUV) spectral range. Now, they have developed a new type of mirror coating envisioned for use on the mirrors of the proposed successors to the James Webb Space Telescope—the Large Ultraviolet/Optical/Infrared Surveyor (LUVOIR) and the Habitable Exoplanet Imaging Mission (HabEx). These proposed missions would tackle a broad range of astrophysics studies, from the epoch of reionization, through galaxy formation and evolution, to star and planet formation.
The FUV spectral region is relevant to many aspects of NASA’s Cosmic Origin (COR) program. However, performing measurements in this wavelength range has historically been quite difficult for a number of technical reasons including poor mirror reflectance in the FUV range.  Consequently, the universe has only been explored by a handful of NASA astronomy missions in this spectral range. The Far Ultraviolet Spectroscopic Explorer (FUSE) observing program was the most extensive by far, but it was limited by modest effective mirror area (20 cm2 below 100 nm and 55 cm2 above 102 nm) and modest spectral resolution (R~20,000).  The average reflectivity of the mirror coatings on FUSE was 60% for the Aluminum + Lithium Fluoride (Al+LiF) coating and 30% for the Silicon carbide (SiC) coating.
Improved reflectivity in itself would bring enormous gains in throughput, and the benefits of more capable optical designs enabled by higher reflectivity would increase sensitivity. Aluminum is the metal with the broadest spectral coverage.  In fact, pure aluminum mirrors are highly reflective over the spectral range proposed for LUVOIR and HabEx observations (90 to 5,000 nm). However, aluminum needs to be protected from naturally occurring oxides with a thin coating of transparent material. 
Unfortunately, no one has developed a coating that effectively protects and maintains a mirror’s reflectivity in the 90- to 130-nm range, also known as the Lyman Ultraviolet range, a spectral regime rich in astronomical targets and spectral lines, including potentially habitable planets beyond our solar system. The low reflectivity of coatings in this range is one of the biggest constraints in FUV telescope and spectrograph design. 
A team funded by NASA’s Science Mission Directorate and led by Manuel Quijada at GSFC is testing several new techniques and materials for creating and applying protective coatings that will produce highly reflective aluminum mirrors sensitive to the infrared, visual, and far-ultraviolet wavelengths. 
Under several research grants from the Astrophysics Division’s Astrophysics Research and Analysis (APRA) program, Quijada’s team is planning to use xenon difluoride to apply a thin layer of aluminum trifluoride to an aluminum sample. Previous studies indicated that the use of xenon difluoride creates fluorine ions that tightly bind to the aluminum surface, preventing the oxidation that decreases reflectivity.  The team is also investigating the use of two other thin-film deposition techniques — Ion-Assisted Physical Vapor Deposition and Atomic Layer Deposition — to apply thin films of aluminum trifluoride, which is environmentally stable compared with other coatings.
Quijada’s team is also working on a third approach, based on a partnership between GSFC and the Naval Research Laboratory (NRL) through a Strategic Astrophysics Technology (SAT) grant.  This SAT project is aiming to develop aluminum-based broadband optical coatings using the NRL Large Area Plasma Processing System (LAPPS). This project is leveraging the improvements in FUV reflectivity that have been developed at GSFC involving aluminum test samples that are protected with a single Aluminum Fluoride (AlF3) dielectric overcoat. The goal is to produce large (1+ meter class) mirrors using the LAPPS reactor at NRL and their patented e-beam plasma system. The ultimate plan is to remove oxide from bare aluminum surfaces and passivate the surface (i.e., make it less reactive) using an aluminum tri-fluoride (AlF3) layer. [image: ]
The LPPS is a facility unique to NRL. Based on e-beams, the LPPS allows the generation of very large area (>1m2), highly uniform, low temperature plasmas. 
[image: ]
Reflectivity from: (a) unoxidized pure Al (black dashed line); (b) a coating generated by the fluorination process at NRL (blue solid line); (c) the HST primary mirror before launch (red dashed line).

The figure at left indicates that using this newly reconfigured LAPPS reactor yielded coatings with FUV reflectivity greater than 50% at 106 nm and reflectivity approximately equal to 90% at 120 nm (blue line) compared to the reflectivity of the Hubble Space Telescope (HST) mirrors prior to launch (red dashed line).  Note that the coating used in the HST mirrors consisted of Al protected with magnesium difluoride (MgF2). 
Preliminary studies on the passivation of thin aluminum films have already demonstrated the feasibility of the plasma process to effectively fluorinate the surface of small aluminum mirror samples without using highly corrosive hydrofluoric (HF) acid. The team is working to develop a process to treat an aluminum surface on a scale as large as 1 meter (m) in diameter. Successful completion of this effort would provide enhanced reflectors in the FUV spectral region (90-180nm), which would ultimately enable new scientific imaging capabilities for the LUVOIR and the HabEx missions.



Crafting Detectors Atomic Layer by Atomic Layer has a High Impact on Ultraviolet Astrophysics Missions Project: Advanced FUV/UV/Visible Photon Counting and Ultralow Noise Detectors

Sponsoring Organization:
Astrophysics Division‘s Cosmic Origins (COR) and Physics of the Cosmos (PCOS) Programs

Project Lead: Dr. Shouleh Nikzad, NASA Jet Propulsion Laboratory

Snapshot: Researchers have developed methods to alter the surface properties of ultraviolet detectors and produce instruments with unprecedented sensitivity and performance. 

Key terms: Ultraviolet, 2D-doping, delta-doping, superlattice doping, CCD, CMOS, detector
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JPL’s production-scale silicon molecular beam epitaxy (MBE) system enables nanoscale engineering of silicon detectors to achieve the quality and quantity needed for NASA missions.

The ultraviolet (UV) spectral range is rich with information about the atmospheres of exosolar planets, star formation, supernovae, the circumgalactic medium, and much more. Two future flagship mission concepts, Habitable Exoplanet characterization (HabEx) and Large Ultraviolet/Optical/Infrared survey mission (LUVOIR), will cover the important UV region. These powerful Earth-orbiting telescopes need detectors that are efficient, sensitive, and optimized for this specific spectral range; otherwise, the majority of photons these telescopes intend to gather will remain “unseen.”  A NASA JPL team has developed new detector technologies that will enable instruments on these and other NASA missions. 
The challenge involved in detecting ultraviolet photons is almost universally experienced by anyone who has suffered a sunburn. Because ultraviolet light is absorbed in the first few nanometers of most materials, our skin suffers the damaging effects of ultraviolet radiation rather than our internal organs. In semiconductors and specifically silicon, UV absorption also occurs within the first few atomic layers of the surface, where defects can trap electrons and prevent detection. Unless these defects are passivated, the UV signal will remain unseen or undetected.Seeing the Unseen
"Everyone sees the unseen in proportion to the clarity of his heart, and that depends upon how much he has polished it. Whoever has polished it more sees more - more unseen forms become manifest to him."
—Rumi, Persian Poet and Mystique
1207 – 1273

A NASA JPL team has developed new ways to refine the surfaces of UV detectors using two techniques—2D-doping (intentionally introducing impurities to change surface properties) and atomic layer deposition (ALD) to filter the light and tailor the detector response. Applying these surface engineering technologies to detectors capable of single photon sensitivity leads to reliable, repeatable, and unprecedented UV performance.
Atomically precise control of surfaces and interfaces is essential to improving the performance of various devices. This nanoscale tailoring is particularly important for detectors in the UV spectral range, where photons are absorbed in the first few nanometers of the silicon surface. Precise engineering of detector surfaces using molecular beam epitaxy (MBE) allows UV-produced electrons that would otherwise be trapped in the silicon to be detected. The energy bands that result from the atomic-scale crafting of the surfaces are shown below. Using 2D-doping, detectors are enabled to “see” every photon that is absorbed in the silicon surface.

[image: ]
2D-doped surface showing nanoscale profile of the field that guides the electrons moving in the detector
Optimizing the selectivity and degree to which photons are absorbed or rejected requires further surface and interface engineering. The NASA JPL group used atomic layer deposition (ALD) for this purpose. ALD is a thin-film deposition technique based on sequential, self-limiting, chemical reactions. Chemical reactants are introduced to the substrate in separate steps isolated by purges with a non-reactive gas, as depicted in the simple schematic below.
ALD enables precise deposition of ultrathin films with sharp surfaces and interfaces and is ideal for coating detectors with multilayer dielectrics or multilayer metal-dielectrics that are designed to enhance wanted light and filter out unwanted light. Metal layers are needed that can block visible light but transmit UV light into the detector. Aluminum can be transparent, as Mr. Scott famously illustrates in a scene from Star Trek IV: The Voyage Home (Onlooker: “Transparent aluminum!?” Mr. Scott: “That’s the ticket laddie!”) and fortunately, aluminum is transparent in UV. The NASA-JPL group fine-tuned the detector’s UV response by alternating multilayer dielectric films with layers of aluminum, which transmit UV light but block visible photons.[image: ]
A graphical schematic of the ALD operation principle enabling layer-by-layer control of coatings and filter characteristics on the detector.

Photon counting (or single photon sensitivity) can be realized in solid state detectors by internally amplifying the signal, e.g., in electron multiplying charge-coupled devices (EMCCDs). Because 2D doping and integrated filter technologies are versatile and applicable to a variety of silicon detector architectures, it is possible to apply them to the latest cutting-edge silicon detector designs, including EMCCDs as well as other devices with gain and low noise. High-efficiency 2D-doped and tailor-coated EMCCDs have been demonstrated and deployed in suborbital missions, as described below. In other instruments such as those baselined for LUVOIR, 2D-doped and ALD-tailored complementary metal oxide semiconductor (CMOS) detectors could potentially be used. [image: ]
Two 2D-doped EMCCDs flanking a calibrating photodiode in a characterization chamber

The predecessors to this advanced technology can be found in everyday life; cameras on cell phones typically employ silicon imagers—especially CMOS detectors—to generate images in the visible spectrum. Given the ubiquity of these devices, this current technology development effort is quite remarkable. First, it effectively leverages the previous and current investments in silicon imaging. In addition, this effort has converted a technology designed to enable photography into one that produces highly efficient UV imagers that are blind to visible light.
To prove this capability for future space missions, NASA is demonstrating 2D-doped and ALD-tailored detectors onboard the Faint Intergalactic Redshifted Emission Balloon’s follow-on mission, FIREBall-2 (FB-2). Although the first flight of FB-2 suffered premature loss of altitude due to a defective balloon, FB-2 successfully demonstrated all aspects of detector capability and detected some targets that a previous FIREBall mission did not. The technology will be further demonstrated in the next two FB-2 flights.  [image: ] [image: ]
(Left) FIREBall gondola with the milky way in the background. (Right) FIREBall-2 prior the 2018 launch 


This ability to precisely engineer detectors’ surfaces and interfaces has created spinoffs into other areas. The same atomic-scale growth and deposition technologies have been extended to ultrathin protective coatings for UV/Optical mirrors, enabling the NASA JPL group to develop and deploy more compact and powerful cameras and spectrometers. These technologies’ advantages in performance, size, weight, and potentially power are applicable to a wide array of UV instruments, including an imaging spectrometer under development at the Principal Investigator’s laboratory at JPL. In addition, NASA’s newly selected Gravitational wave Ultraviolet Counterpart Imager has baselined these technologies to accomplish enhanced UV science using a small, compact instrument. 


Earth Science[image: ]
HARP’s first light on April 16, 2020. 

New CubeSat’s First Light Shows Clouds and AerosolsProject: Hyper-Angular Rainbow Polarimeter (HARP) 

Sponsoring Organization:
Earth Science Division’s In-Space Validation of Earth Science Technologies (InVEST) Program

Project Lead: Vanderlei Martins, University of Maryland, Baltimore County

Snapshot: HARP aims to help identify air pollution, aerosols and clouds.

Key terms: Aerosols, air pollution, clouds, atmosphere, climate CubeSat, small satellite, 

The Hyper-Angular Rainbow Polarimeter’s measurements help us better understand how clouds and aerosols impact weather, climate, and air quality.
The Hyper-Angular Rainbow Polarimeter (HARP) CubeSat achieved “first light” on April 16, 2020. The tiny satellite sent back its very first image over Europe with bright splashes of colors labeling clouds and aerosols, tiny particles in the atmosphere. 
HARP filters light into four wavelengths and uses a prism to rotate that light to three polarization angles. Just as polarized sunglasses help block bright light to help you see when it’s sunny, HARP can block certain wavelengths and make observations from many angles. Its images reveal what is hidden to the naked eye: amounts and types of aerosols as well as the size of water droplets and ice particles inside clouds.
“Every time HARP flies over a region, we see that region from multiple perspectives,” Vanderlei Martins, the Principal Investigator for HARP and a professor at the University of Maryland, Baltimore County, said. HARP launched from NASA’s Wallops Flight Facility on November 2, 2019. Three months later, in February 2020, the CubeSat floated away from the Space Station and began its orbit around Earth. 
HARP marks NASA’s first attempt to put a polarimeter, which measures the polarization of light, aboard a CubeSat. Developed with funds from the Earth Science Division’s In-Space Validation of Earth Science Technologies (InVEST) Program, HARP could pave the way for future NASA missions involving a constellation of little satellites peering down at clouds and aerosols, Martins said. Martins is a physics professor at the University of Maryland, Baltimore County and is affiliated with Goddard through the Joint Center for Earth Systems Technology. He worked with Goddard colleagues to develop HARP. 
“HARP, as the first multiangle wide field-of-view cloud-aerosol CubeSat mission, is a great example of how a creative and innovative team can advance new technologies for atmospheric science observations,” said Charles Norton, special advisor for small spacecraft missions at NASA Headquarters in Washington. 
Chasing clouds and aerosols with rainbows
Martins breathed a sigh of relief when his team first made contact with the tiny satellite in March 2020. “Since you cannot go there and touch it, you try to get as much information as you can in a ten-ish minute timeframe as the satellite passes over the Wallops ground station,” Martins said. HARP sent back a simple one-frame image to let its team know it was working. 
“However, it’s the next one that’s really exciting,” Martins said. That “next one” arrived on April 15 and combined 400 frames into one image. “As we include hundreds of frames into one image, we can start to do exciting science,” Martins said. 
“HARP will be able to provide much more information about the microphysical properties of aerosols than was previously available,” said Henrique Barbosa, a professor and scientist with the University of São Paulo in São Paulo, Brazil, who is collaborating with Martins on HARP and other projects. 
The team must strategically determine when HARP will collect data because it’s a CubeSat with limited power and data capabilities, Barbosa said. For instance, he would like to have it collect data over the Amazon to learn more about the impact of the 2019 Brazilian Amazon rainforest fires, which were much larger and more intense than in previous years. 
Smoke from the Amazon fires includes soot and aerosols, which can all impact weather and climate. Aerosols from burning biomass to clear land are smaller than natural aerosols. With HARP, scientists can determine whether clouds have smaller, pollution-driven droplets, or larger, naturally derived droplets. HARP’s data can also be combined with ground-based observations and experiments to better extrapolate those results and reveal aerosol processes across a wider region, Barbosa said. 
The three HARPs 
Martins may have started with the idea for HARP as a CubeSat, but before the tiny satellite could launch, it had two siblings: AirHARP and HARP2. 
AirHARP used the same polarimeter technology as HARP but flew aboard two aircraft rather than a satellite in 2017. AirHARP was part of the Lake Michigan Ozone Measurements campaign, which involved a NASA UC12 plane, and the NASA Aerosol Characterization from Polarimeter and Lidar campaign, which obtained aerosol and clouds measurements over the U.S. from the NASA high-altitude ER-2 aircraft. 
“We were able to simulate what HARP would do from space,” Barbosa said of AirHARP’s flights. The airborne version helped Barbosa and Martins develop procedures and algorithms that will eventually help download and digest HARP’s data. 
However, unlike AirHARP, which was on a set flight path, HARP cannot be controlled once in space. “Once the CubeSat leaves the space station, its course is whatever it will be, and that’s it,” Barbosa said. Once scientists on the ground make contact with the orbiting HARP, they can predict its orbit and turn it on and off when they want to take a measurement over a particular region, but they can’t alter its course.
HARP2, on the other hand, will be a much more powerful version of HARP. HARP2 will fly with NASA’s Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) mission, which is currently under development and plans to improve NASA’s over 20-year record of satellite observations of global ocean biology, aerosols and clouds. Since PACE is a much larger spacecraft with more power capabilities and a much larger team behind it, HARP2 will be able to operate all the time and collect significantly more science data than HARP. 
“The HARP CubeSat has perfect timing,” Martins said. “We will use HARP’s data to prepare for HARP2,” he continued. 

New Radar to Monitor Volcanoes and Earthquakes from SpaceProject: CubeSat Imaging Radar for Earth Sciences (CIRES) 

Sponsoring Organization:
Earth Science Division’s Instrument Incubator Program (IIP) 

Project Lead: Dr. Lauren Wye, Aloft Research (formerly with SRI International)

Snapshot: To help monitor ground deformation from space, NASA developed a new technology equipped with an S-band Interferometric Synthetic Aperture Radar (InSAR) for a small satellite platform. 

Key terms: InSAR, radar, CubeSat, small satellite, deformation, volcano, earthquake
[image: ]
The ash plume from the Kilauea volcano on the big island of Hawaii was pictured May 12, 2018, from the International Space Station. The CubeSat Imaging Radar for Earth Sciences (CIRES) team flew an airborne campaign over the volcano in July 2018 to test the CIRES technology. Credit: NASA


A global map detailing land elevation changes over time can help scientists pinpoint ground motion before, during, and after earthquakes and volcanic eruptions, and help identify impacts from floods and groundwater pumping. A new technology aims to head to space on a small satellite to capture that information for decision makers, scientists, and others. 
“The CubeSat Imaging Radar for Earth Sciences, or CIRES, can help decision-makers and emergency managers obtain observations sooner after a hazardous event so that they are better prepared to deal with disaster relief,” said Lauren Wye, the technology’s principal investigator who led and recently concluded its development at SRI International in Menlo Park, California.
CIRES is equipped with an S-band Interferometric Synthetic Aperture Radar (InSAR). The S-band radar is able to penetrate through vegetation and reach the ground. CIRES takes two radar images of a specific area from approximately the same position in space at two different times and then processes the two images to determine the difference between them. 

The National Academies of Sciences, Engineering and Medicine’s 2017 Decadal Survey, “Thriving on Our Changing Planet: A Decadal Strategy for Earth Observations from Space,” recommends that NASA use InSAR measurements to help address the dynamics of earthquakes, volcanoes, landslides, glaciers, groundwater, and Earth’s interior. [image: ]
Three Sisters Volcano in Central Oregon. Credit: USGS


A constellation of small InSAR satellites could work in tandem with NASA’s first dedicated InSAR satellite—the NASA-ISRO SAR Mission (NISAR), which is currently in development. Multiple small satellites could collect frequent data to investigate rapidly evolving processes like volcanic eruptions, earthquakes, and landslides, adding to NISAR’s systematic global data. 
Traditionally, researchers monitor ground deformation with ground-based sensors and the Global Positioning System (GPS). InSAR measurements are complementary to ground measurements and can often guide how ground sensors are installed. “InSAR data have revolutionized how we look at earthquakes and volcanoes,” Kyle Anderson, a geophysicist at the U.S. Geological Survey, said. 
In orbit, a series of small InSAR satellites could peer down and record changes in ground deformation. “Volcanoes will often inflate with magma before they erupt,” Anderson said. “Although it’s difficult to predict how big or how long the eruption will be, we can say, this volcano started inflating and there’s a higher probability of it erupting.” 
The CIRES project began in January 2015 at SRI International with funding from NASA’s Earth Science Technology Office to develop the instrument’s radar electronics hardware over two years. It then received an additional three years of funding to prepare the radar for space, demonstrate the imaging capabilities via aircraft, including both onboard and remotely piloted aircraft, and advance a space-deployable antenna to complete the instrument.
“InSAR has been particularly useful for better understanding volcanoes in remote areas,” Anderson said. For example, the technology helped scientists notice deformation near the Three Sisters cluster of volcanoes in central Oregon from 1997 to 2001. InSAR pinpointed deformation in an area that last saw an eruption 1,500 years ago. Because of the observed changes, the U.S. Geological Survey (USGS) installed seismometers, GPS stations and gas-monitoring equipment to check for other signs of activity. In 2004, those instruments detected a swarm of 300 small earthquakes.  “InSAR allows you to get wide areas of coverage and see how one part of the volcano’s caldera is changing relative to another part,” Patrick Rennich, the CIRES signal processing and experiment design lead, said. Typically, researchers place a limited number of GPS sensors on specific parts of the volcano to monitor any movement. “CIRES should be able to cover the entire caldera,” Rennich said. 
For the team to make CIRES, or a CIRES-like instrument work in space, they will need to significantly extend its antenna, from two feet across to 10 feet across, Rennich said. “Everything else pretty much stays the same,” he said.
[image: ]
The CubeSat Imaging Radar for Earth Sciences (CIRES) is loaded on an aircraft before validation tests in Indiana in December 2019. Credit: Michael Huff, SRI International 



Planetary Science[image: ]
Some members of the VIPR/WASSR team preparing to test a VIPR from an aircraft (from left to right: Jose Siles, Richard Roy, Luis Millán, and Ken Cooper).

Exploring a New Approach for Measuring Water Vapor on Earth and Mars 
Mapping water vapor is a crosscutting theme of NASA science investigations across the solar system. Engineers and scientists at NASA’s Jet Propulsion Laboratory (JPL) are exploring a new radar-based remote sensing approach for measuring absolute humidity, both in Earth’s atmosphere from an aircraft and near the surface of Mars on a future rover platform. This technique relies on the frequency dependence of a radar beam’s propagation when tuned near one of the water molecule’s absorption resonances. The strongest of these resonances occur at extremely high frequencies, beyond the reach of traditional radar technology. Consequently, NASA JPL is developing novel hardware components and configurations to enable this emerging measurement concept. 
Water vapor, a dominant greenhouse gas, plays a critical role in Earth’s atmosphere, especially through its influence on the growth and thermodynamics of clouds, which have a major effect on weather and climate models. One way these models could be improved is by measuring water vapor distributions inside of clouds with finer spatial resolution than current remote sensing approaches allow. Beyond Earth, planetary scientists also seek to understand the sources and cycles of water vapor, whether in cometary jets, plumes of icy moons such as Enceladus, clouds around the dwarf planet Ceres, or the atmosphere of Jupiter. On Mars, better knowledge about the distribution and diurnal cycles of trace atmospheric water vapor can improve our understanding of how that planet transitioned from a warm/wet environment in its ancient past to today’s extremely dry and cold conditions. Projects: Vapor Inside-cloud Profiling Radar (VIPR) and WAter Sounding Short-range Radar (WASSR) 

Sponsoring Organizations:
Earth Science Division’s Instrument Incubator Program (IIP) and Planetary Science Division’s Maturation of Instruments for Solar System Exploration (MatISSE) Program 

Project Lead: Dr. Ken Cooper, Jet Propulsion Laboratory, California Institute of Technology

Snapshot: NASA researchers are exploring a new radar-based method to map water vapor both in Earth’s atmosphere and near the surface of Mars. 

Key terms: differential absorption radar, millimeter-wave radar, terahertz radar, water vapor remote sensing 

A team at JPL is currently exploring how differential absorption radar can be applied to the problem of water vapor remote sensing with high spatial resolution. In this technique, a radar beam probes some distant target while its frequency is tuned onto a water vapor absorption resonance. By measuring how the radar beam attenuates as its frequency changes, one may use water’s spectral properties to infer how much water vapor lies along the radar beam’s path.


In Earth’s atmosphere, a prominent water molecule resonance occurs at 183 GHz, several times higher than the frequency used in 5G communications. The corresponding wavelength of 1.6 mm is small enough that radar scattering from cloud particles can be measured. By comparing cloud reflectivity intensity changes over distance and frequency, range-resolved maps of absolute humidity inside of clouds can be obtained. This water vapor retrieval technique has recently been validated in ground and low-flying airborne testing of JPL’s VIPR (Vapor Inside-cloud Profiling Radar) instrument, developed with support from the NASA Earth Science Division’s Instrument Incubator Program (IIP). The success of VIPR has relied in part on the use of JPL’s unique and state-of-the-art semiconductor component technology, including power-combined millimeter-wave Schottky diode frequency-multipliers capable of transmitting hundreds of milliwatts of continuous power. Recently, the VIPR team was selected to deploy the radar from a high-flying aircraft under the Earth Science Division’s Airborne Instrument Technology Transition (AITT) Program. [image: ]
An example of VIPR’s airborne cloud detection.

Building on the same differential absorption radar approach as in VIPR, JPL is also developing the WAter Sounding Short-range Radar (WASSR) concept with the support from the NASA Planetary Science Division’s Maturation of Instruments for Solar System Exploration (MatISSE) Program. WASSR is being designed as a compact and low-power instrument suitable for use on a potential future Mars rover platform. WASSR will detect radar reflections from the local Martian terrain by scanning its beam up hillsides to detect vertical gradients in water vapor abundance, and scanning over ground patches that may affect near-surface humidity, such as the mysterious recurring slope lineae—dark streaks that appear seasonally on some Martian slopes. [image: ]
The opened block of the four-way power-combined Schottky diode frequency-doubler used to generate VIPR’s transmit power.

In the cold, dry, and low-pressure atmosphere of Mars, the best water vapor resonance for differential absorption radar occurs near 557 GHz, well into the difficult-to-access submillimeter-wave (or terahertz) band. JPL and NASA are world leaders in the field of terahertz technology, which historically has been used in passive spectroscopic instrumentation to observe naturally emitted radiation in Earth, planetary, and astronomical contexts. The WASSR team is building the first active terahertz radar sensor that uses its own 557 GHz signal source to measure water vapor in a planetary environment such as Mars. Some technological advances of WASSR’s design, newly developed in the last year, include a transmitter capable of providing more than 6 mW of continuous power, a receiver sensitive enough to detect radar reflections from Martian terrain at distances of several kilometers, and a low-power-consumption millimeter-wave synthesizer-on-a-chip designed by collaborators at UCLA and fabricated at one of the same integrated circuit foundries used to produce chips used in modern cell phones. [image: ]
Recent measurements of JPL’s newest 557 GHz frequency-tripler, to be used in WASSR. Inset shows GaAs chip mounted in a split-waveguide block.  

This research was carried out at the Jet Propulsion Laboratory, California Institute of Technology, under a contract with the National Aeronautics and Space Administration (80NM0018D0004).

[image: ]
SEAL engineers and technicians assemble the flight payload in a clean room at GSFC.

Surface and Exosphere Alterations by Landers (SEAL): NASA’s Next Lunar Payload?Project: Surface and Exosphere Alterations by Landers (SEAL) 

Sponsoring Organization:
Science Mission Directorate – Exploration Science Strategy and Integration Office

Project Lead: Dr. Mehdi Benna, NASA Goddard Space Flight Center

Snapshot: SEAL will provide valuable in situ lunar data to give scientists insight into how a spacecraft landing might affect the composition of nearby regolith samples. 

Key terms: Lunar Exosphere, CLPS, Lunar Payload, Mass Spectrometer, Lunar Regolith, Astrobotic

When a space vehicle lands on the Moon, it interacts with the lunar surface by kicking up dust, creating heat, and even leaving chemical traces. Scientists need a way to gauge how the materials in the vicinity of lunar landing sites are affected to ensure accurate analysis of any surface samples collected nearby. Enter the Surface and Exosphere Alterations by Landers (SEAL) payload—a lunar-bound payload recently developed at NASA Goddard Space Flight Center (GSFC). 
In transit to the Moon and upon landing, SEAL will acquire unique and valuable data that will provide information about the lunar regolith.  SEAL will investigate the chemical response of lunar regolith—or dirt—to the thermal, physical, and chemical disturbances generated during a landing, and will evaluate contaminants injected into the regolith by the landing itself.  It will give scientists insight into how a spacecraft landing might affect the composition of samples collected near a landing site. Developed over the course of only ten months, the shoebox-sized, 5.7 kg SEAL payload was developed by successfully leveraging heritage hardware from a previous NASA mission.  SEAL was assembled from the refurbished spare unit of the Nozomi/Neutral Mass Spectrometer (NMS) instrument.  Following the end of the Nozomi mission, the spare NMS unit was recalibrated and repackaged for use as part of a proposed Mars 2007 Scout Program.  Since then, the spare unit has been in storage at GSFC. Principal Investigator Mehdi Benna and the GSFC team enhanced the unit with advanced technology that was not available when the instrument was designed in the 1990s. This approach facilitated the affordable realization of an extremely capable instrument for Lunar exploration.[image: ]
The SEAL flight payload installed in a thermal vacuum chamber at NASA/GSFC.

SEAL is the first payload completed for one of two upcoming lunar missions selected via NASA’s Commercial Lunar Payload Services (CLPS) initiative. CLPS enables commercial service providers to deliver science and technology payloads to the lunar surface.  Each commercially developed lander will carry NASA-provided payloads that will conduct important and novel science investigations and demonstrate advanced technologies on the lunar surface.  These efforts will pave the way for NASA astronauts to land on the lunar surface by 2024.
CLPS partners will provide end-to-end commercial payload delivery services to NASA, including payload integration and operations, launch from Earth, and landing on the Moon.  The two aforementioned commercial vehicles will land on the Moon before the end of 2021.
The SEAL payload will be stored at GSFC until it is delivered to the commercial partner, Astrobotic, in late 2020.
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        A  graphical   schematic of ALD operation principle enabling layer by layer control   of coatings and filters characteristics on  the detector.  
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  A   custom   dewar   showing   and   pritnted   circuit   board   showcasing   the   capability   of   simultaneous   measurements   of   two   side - by - side   devices   while   independently   measuring   the   flux   with   the   small   calibrated   photodiode   in   the   middle.   One   of   the   many   way   the   team   endeavors   to   ensure   precise   and   accurate   measurement   of   device   response.   Shown   in   the   photograph   are   two   ultraviolet   2megapixel   photon   counting   arrays   ( 2D - doped   EMCCDs).    
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  FIREBall - 2   before   launch   on   its   2018   flight.  
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