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HORUS: HeterOdyne Regolith Universal Surveyor

Summary 

Our University of Arizona team proposes to build and fly HORUS: HeterOdyne Regolith Universal Surveyor for the NASA OSIRIS Rex Student Collaboration Experiment (SCE).  HORUS will consist of a compact, low-power submillimeter-wave telescope and dual polarization heterodyne receiver-spectrometer tuned to observe the 557 GHz 110-101 ground state transition of H2O and 551 GHz J=5-4 transition of 13CO. HORUS can collect data virtually at any phase of the mission. While in orbit HORUS will make repeated radiometric maps of the surface of RQ36 at a spatial resolution of 2.3 m. These maps, combined with data from other OSIRIS instruments and ground based data, will provide new, valuable information about the physical conditions and evolutionary history of RQ36. HORUS’ dual polarization receiver can be used to probe the asteroid’s surface roughness and dielectric properties on and just below the surface. HORUS will also be capable of searching for trace amounts of water vapor sublimating off the asteroid’s surface. These measurements could be made both before and after sample collection, thereby providing a means for detecting water vapor potentially released as a result of the encounter.  

      During the multi-year voyage to and from the asteroid, HORUS will be used to survey the distribution of water vapor in the Milky Way with unprecedented coverage. Due to H2O in the Earth’s atmosphere, these observations can only be done from space. Water plays a pivotal role in the formation and evolution of molecular species in the interstellar medium (ISM). However, where water comes from and how it is distributed in the ISM is still poorly known. The HORUS Galactic water survey will help provide answers to these important questions. During the cruise phase of OSIRIS, HORUS could potentially survey more than 20 square degrees of sky per year. 

      All HORUS components are estimated to be at a high TRL (>5) and fit within the size, mass, and power envelope for the SCE. HORUS will be student led, under the mentorship of an experienced team of researchers from academia and industry. Students will play key roles in the detailed design of HORUS, participate in its fabrication and space qualification, conduct complementary pre-encounter laboratory investigations of proxy asteroid regolith, and design radiometric imaging and water observing programs for both the encounter and cruise phases of OSIRIS. Students will take leadership roles in compiling, analyzing, and publishing HORUS data.   
1. Science Investigation                                                                                                                               1.1 Asteroid/Planetary Science                    

 A number of astronomical studies based on multispectral reflectance, radar, and orbital dynamics indicate that RQ36 is a spectral B-class asteroid, similar to heated (but still hydrated) CI and CM carbonaceous chondrite meteorites. However, some fundamental questions remain about the origin and evolutionary status of RQ36. What are the properties of its regolith? Is RQ36 a heavily hydrated CI, CM or similar carbonaceous chondrite, but not icy? Is it a dead or dying ice-bearing “Main Belt Comet” or transition object? Is RQ36 representative of the source population of objects that supplied Earth with water, or is it more typical of comets or carbonaceous chondrites? HORUS provides unique capabilities to address these questions. It has the ability to use passive emissions from the asteroid to assess the surface temperature-emissivity distribution and deduce regolith properties. HORUS also has the ability to interrogate the space surrounding RQ36 for spectral indicators of outgassed volatiles, especially water.    

1.1.1 Deducing Regolith Properties
Mapping the surface of RQ36 using HORUS’radiometric spectrometer will allow variations in the temperature and emissivity of its surface to be investigated at a spatial resolution of 2.3m (for an orbital distance of 700 m). The interdependency between observed temperature and emissivity will be broken by 1) making multiple observations of the same spots on the surface on multiple occasions during the asteroid’s day and night, and 2) using the polarization sensitivity of HORUS to probe variations in emissivity related to changes in the electromagnetic properties of the surface materials. HORUS radiometry can be used to globally map the scattering phase function and hence the effective particle grain-size-frequency distribution of the upper several millimeters of the asteroid.  To test the viability of this approach, measurements of the submillimeter wavelength electromagnetic properties of a meteoritic sample expected to be similar in composition to 1999 RQ36 were made.  A THz Time Domain Spectrometer (THz-TDS) was used to extract the complex index of refraction near the frequency of interest of 557 GHz.  The sample was research grade wire saw dust of a carbonaceous chondrite, designated NWA 5515.The measured index of refraction at 557 GHz is 
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 with the loss generally increasing with frequency and the real part remaining constant.  Such results can be used to calculate both the total thermal emission, as well as the contribution of radiation emitted from more than 5mm beneath the surface. HORUS will measure the degree of polarization at oblique angles, providing constraints on the allowable optical properties of the material (complex index of refraction and roughness). This approach has been demonstrated experimentally for both high- and low-conductivity materials (Jordan, Lewis & Jakeman 1996) and has been used in the long wave IR to characterize effective complex index in emissive measurements (Wellems, Ortega, Bowers, Boger & Fetrow 2006).
1.1.2 Searching for Volatile Emissions
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How detectable are RQ36’s possible volatile emissions? HORUS has powerful capability to detect outgassed H2O and CO. We expect H2O to be detectable when molecular column densities approach ~1010 molecules/cm2. For a “Main Belt Comet” or “comet-asteroid transition object” (Hsieh and Jewitt 2006, Emery et al. 2010, Hsieh 2010, Licandro et al. 2007) find the H2O outgassing rate to be ~1022 molecules/s (~ 0.001% the rate of a typical small comet). From this we calculate a column density of ~1013 molecules/cm2 along a surface-tangent chord out to a radius of 500 m. This estimation assumes radial ejection of neutral gases, a noncollisional atmosphere and surface-thermalized rms ejection speeds ~500 m/s. The estimated abundance is ~1000 times the detection level for our instrument. A much more weakly active transition object could still have measurable outgassing.  If the volatiles are emitted in jets or from other localized sources, the local abundance might be highly variable and much greater over some regions. If emissions are modulated by diurnal temperature variations due to transient adsorption in the regolith, further fluctuations would occur with solar longitude (time of day) and latitude, whereas if volatile jets arise from deeper than the diurnal skin depth and do not exist long as transient adsorbed species, we won’t see diurnal variability. CO is likely to be measurable for almost any typical comet-like volatile assemblage of gases or a mixture comparable to Enceladus’ plume. 
Figure 1.  Simulation of HORUS data through a spectral slice through an active star forming region in the 550 GHz lines of 13CO and ortho-H2O, overlaid on a Spitzer 8 & 24 um map of a 3 degree portion of the Galactic Plane.  Note that both spectral lines are clearly resolved and are markedly different from each other, reflecting the unique chemical and physical origin of each species.  As a dedicated instrument with a long lifetime, HORUS could probe the 550-557 GHz lines of hundreds of star forming regions during the cruise phase of the OSIRIS-ReX mission, well beyond the capabilities of all previous or planned missions combined.
1.2 Galactic Science
Water plays a pivotal role in the chemical evolution and energy balance of the interstellar medium (ISM), analogous to its role in the evolution of life on Earth. Water is also the very best molecular diagnostic of the star and planet formation process, as its abundance is critically sensitive to environment.  In quiescent dark clouds, water lies comparatively dormant at an abundance of 10-8 relative to hydrogen.  However, once heated by radiation or shocks, its abundance rises to 10-4 and can be the dominant carrier of interstellar oxygen in active star-forming regions.  Its spectral line radiation is then a significant coolant, and thus a regulating force on the global star formation.  On smaller scales, it governs the detailed chemical and physical evolution of both circumstellar disks and planets.  In sharp contrast to this sensitive behavior of H2O, the 'typical' probe of molecular clouds, carbon monoxide (CO), does not vary at all between dark interstellar clouds and star forming regions.
The importance of water to the global picture of star, planet, and life formation of course is widely recognized.  Two space missions, the Submillimeter Wave Astronomy Satellite (SWAS) and the Herschel Space Observatory have both dedicated large portions of their observing time to the understanding of interstellar water.   Both facilities have measured the 557 GHz ground state transition of ortho-H2O in dense molecular clouds, in the dynamic regions associated with the formation and evolution of young stars and planetary systems, and even in what is believed to be the evaporation of the analog to Kuiper Belt objects associated with a nearby evolved star.   





Despite these great advances, the area of the sky targeted by SWAS and Herschel in water lines still amounts to about 1 square degree, about 1/1000th of the molecular material in the Milky Way Galaxy.  In order to understand the formation, abundance, and evolution of water in the larger context of the Galaxy, a much larger, systematic survey must be undertaken.  During the long cruise phases of the OSIRIS-ReX mission, HORUS will perform the first large scale surveys of the Galactic Plane in the 557 GHz line of water, in combination with the J=5-4 line of 13CO.  The surveys are conducted toward regions of the Milky Way the HORUS telescope can see along the trajectory to and/or from RQ36.  The HORUS survey could observe 20 square degrees of the Galactic Plane per year to a mean noise level of 0.1 K, comparable to the quality of the spectra obtained by SWAS and Herschel (see Figure 1). The survey will provide new insights into the distribution, abundance, and role H2O plays in sculpting the formation of stellar and planetary systems within the Milky Way, and will place the detailed study of interstellar water from SWAS and Herschel in a far broader, richer context.
2.0 HORUS Instrument Description
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The observational goals of HORUS are to make polarization sensitive, high angular resolution (5’) and spectral (>106) maps of RQ36 and the Galactic plane at 553 GHz.  This frequency puts the ground state water line in the upper sideband of the receiver and the 13CO J=5-4 line in the lower sideband (same as on SWAS). To achieve this angular resolution and fit within the designated SCE instrument volume, HORUS will utilize a light-weight (carbon-fiber), off-axis, Gregorian telescope with an aperture of 20 cm. To achieve the target spectral resolution and polarization sensitivity, HORUS will utilize a dual polarization, heterodyne receiver system. A view of HORUS showing the placement of the receiver system is shown in Figure 2. The compact, low-power receiver will consist of two, ambient temperature Schottky diode mixers, a solid-state local oscillator source, intermediate frequency (IF) amplifiers, and a correlator spectrometer & computer. A block diagram of the receiver system is shown in Figure 3. All HORUS components -technologies are estimated to be at a high TRL (>5) and fit within the size/mass/power/data volume envelope for the SCE (Table 1).
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The complete HORUS instrument will be made of space-rated components and undergo qualification in thermal-vacuum chambers made available
by Raytheon Inc. (see support letter). The testing will be conducted primarily by students under the supervision of Raytheon and/or senior HORUS team members.   HORUS will have two primary observing modes: 1) Frequency Switched (FS) and 2) On-the-Fly (OTF). In FS mode the instrument performs a series of integrations ON and OFF the frequency of the water line. By subtracting ON and OFF integrations, the instrumental response of the receiver system is normalized out. The FS mode will be used, for example, when OSIRIS is on approach to RQ36 and the asteroid is unresolved in the HORUS beam. The asteroid and Galactic Plane will be mapped by making (when possible) adjacent On-the-Fly (OTF) strip maps. In OTF mode the spectrometer is read-out at a Nyquist rate as the HORUS beam moves across the target. A map of the target area is generated in post processing where the raw data is re-gridded and a clean algorithm applied.  Absolute calibration of the FS and OTF data will be obtained using a calibrated noise diode integrated into the receiver. The data will be pre-processed on-board to meet data bandwidth requirements: 30-50 Mbit of preprocessed asteroid data and less than 1 Mbit of spectral data per square degree of mapped area during the ‘astronomical’ cruise phase. With this approach, for example, multiple radiometric maps of RQ36 can be made when OSIRIS is in orbit. At an orbital distance of 700m a map of RQ36 will have a spatial resolution of 2.3m. Where needed, maps can be co-added to increase sensitivity. The same strategy will be used to make strip maps of the Galactic Plane during the cruise phase. 
	Table 1: Power & Mass Budget
	CBE (W)
	Mature(W)
	CBE(Kg)
	Mature(Kg)

	CFP Telescope/Support Structure
	0
	0
	1.3
	1.6

	557 GHz Mixer/LO (VDI):                   
	3
	4
	0.2
	0.3

	Miteq PLDRO:                                      
	4
	5
	0.13
	0.17

	Spectrometer/Instr.Comp.:                     
	4
	5
	0.3
	0.4

	Total
	
	14
	2.0
	2.5


3.0 Project Management 
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 Our overall HORUS management approach is to integrate a strong educational experience with an ad-hoc organizational structure to achieve a tight schedule in a cost-cap environment. The first step is to develop a Project Implementation Plan (PIP) containing processes and management strategies that include weekly telecons and reports, monthly and quarterly reviews, and data management tools. Earned Value Management (EVM) will be the major tool employed to measure progresses. The HORUS management structure will ensure a hierarchical traceability that provides the management with insight into schedule, performance risk, changes, status, reserves and lesson-learned.

3.1 Team Members roles and responsibilities

The HORUS organization is shown in Figure 4, whereas the Work Breakdown Structure (WBS) is reported on Figure 5. The IS (Dr. Chris Walker) and deputy IS (Dr. Roberto Furfaro) are responsible for delivering HORUS to ATLO and for making the final science, engineering and management decision. Key roles such as HORUS Instrument Manager, System Engineer and all subsystem engineers are covered by professionals that support the HORUS student team. The professionals are identified from UA, TeraVision and Raytheon (see personnel section for individual role). The student team is organized hierarchically with graduate students covering the lead positions and overseeing undergraduate team members. Science advisor (Dr. Jeffrey Kargel) and Engineering advisor (Dr. Scott Tyo) will help guide student teams with proper scientific and technical knowledge. Raytheon engineering personnel have agreed (see appendices) to help guide the students in developing and implementing successful strategies for the overall design, building, integration and space qualification of the HORUS instrument.

3.2 Decision-Making Process

	TABLE 2

	Risk Title
	Cost and Technical Mitigation Approach

	Student Space Qualification Approach
	HORUS Team develops and implements a tightly controlled QA plan.

Assistance from RMS experienced engineers

Large reserves for hiring more senior professionals during the testing and integration phase

	Instrument Cost Development
	HORUS team has already performed a preliminary heritage assessment

Students are guided by experienced professional personnel

HORUS Team is implementing a EVM-based reporting mechanism

15% cost reserve has been implemented

A Descope List has been identified (see table 3) 

	Instrument Power Overrun
	Students are assisted by experienced RMS personnel

A Descope List has been identified(see table 3) 


The HORUS team is comprised of experienced individuals that will oversee a team of students by actively helping them address the challenges that arise in taking an instrument from concept to ATLO. Day-to-day decisions will be made by the student management team and reviewed by the corresponding professional mentors. All decisions are based on a global assessment of the instrument science requirements, performance, risks, budget, and schedule. The HORUS decision-making process is documented in the project plan and SEMP. We will also establish a Management Advisory Council comprised of senior UA personnel involved in OSIRIS REx mission. The Council will provide external assistance, organizational impasse resolution, and response to unforeseen events or requirements. 

3.3 Risk Management,Top Risks, Descope Options and Mitigation Strategies
The HORUS team is set to manage risks according to NPR 8000.4. A risk board, chaired by both IM and student IM and comprising IS and deputy IS, technical advisors and subsystems leads (professionals and students), will meet monthly. Risk entries come from HORUS staff/students, fault tree analysis, peer reviews, and probabilistic risk assessment. The risk board assesses each new entry and decides whether to declare it a risk needing action. Risks are captured and tracked using an integrated, project-wide database. HORUS has been designed to reduce risk by leveraging high heritage components, technologies, and/or approaches and providing adequate mass, power, cost and schedule reserves. Early risk analysis and classification has been conducted to capture the top risks. Table 2 shows risk title and cost/technical mitigation approach. The top risk is represented by the need to space qualify electronics. RMS will permit use relevant test facilities on a non-interference basis. Morever, RMS engineers will assist students during the space qualification approach.  Our team has already identified a Descope List as reported in Table 3.
3.4 Additional training opportunities for students

Student training and educational experience will be enhanced by establishing a set of academic activities in support of the HORUS program. Leveraging on existing classes offered by IS and deputy IS, we will formally train students on the fundamentals of science and engineering behind HORUS. Dr. Walker’s TeraHz lab will be used by UA students involved in experimental activities in support of HORUS, including instrument development and the characterization of asteroid-like materials. We have established a collaborative effort with the Southwest Meteoritic Institute which will provide meteoritic material for student-based experiments. 
	TABLE 3

	Descope Options
	Δ Mass
	Δ Power
	Δ Cost
	Decision Date
	Rationale/Consequences

	No spectroscopy
	-0.2 kg
	-3W
	-$300K
	11/2013
	Reduce cost/complexity, lose cruise & outgassing science

	Ops at RQ36 only
	0 kg
	0 W
	-$200K
	9/2016
	Reduce cost/complexity, lose cruise science phase

	Single polarization
	-0.2 kg
	-2W
	-$250K
	11/2013
	Reduce cost/complexity, lose polarization science


4.0 Budget

The HORUS instrument is estimated to cost $4,792,434 in FY10 dollars.  Including 16% reserve ($907K FY10), the overall instrument cost is projected to be $5,699,434. Details of the budget, staffing plan and HORUS master schedule can be found in the appendices.  
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Figure 2:  HORUS is a 20 cm off-axis Gregorian telescope with heterodyne receiver and associated electronics. The telescope looks perpendicular to the instrument platform.  
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Figure 4: HORUS Work Breakdown Structure (WBS, left box) and HORUS Org Chart (Right box)











Figure 3. Instrument Block Diagram: 553 GHz light from the telescope is collected with a corrugated feedhorn and split into horizontal (H) and vertical (V) components by a waveguide orthomode transducer (OMT). The two polarization components are downconverted  by a pair of Schottky diode mixers to baseband (0-1 GHz).  The power spectrum is then generated using a low-power digital autocorrelator. The autocorrelator is  read-out by the  instrument control computer which stores the data and transfers it to the spacecraft when appropriate.
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