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Andrew Christensen (Aerospace), Scott Budzien (NRL), Andrew Stephan(NRL), Rebecca Bishop (Aerospace)
For the past year, a remote sensing limb-scanning spectrometric mission has been operating on the ISS.  This instrument suite of eight separate spectrometers and photometers comprises the RAIDS experiment, developed jointly by the Naval Research Laboratory and The Aerospace Corporation. The experiment was launched in September 2009 as part of the HICO-RAIDS (HREP) Experiment Payload on the inaugural voyage of the H-IIB rocket and the H-II Transfer Vehicle (HTV), a Japanese unmanned resupply capsule for the ISS. HREP became the first US payload to be attached to the Japanese Experiment Module (JEM) Exposed Facility on the Kibo module.  HREP/RAIDS is serving as a pathfinder mission for performing atmospheric remote sensing aboard the ISS, This paper summarizes the experiences of the RAIDS team relevant to the use of the ISS as a science platform.
NASA has placed a priority upon maximizing the scientific return from ISS user experiments, and the space agency has been very cooperative with the RAIDS team throughout the planning and operational phases of the project. During the startup phase of the RAIDS mission there was some confusion about mission operations, policies, information system access, and communications with NASA.  Some of these difficulties originated in the extremely short development times for HREP/RAIDS and in RAIDS being the first external limb-viewing payload, which presented new operational challenges. However, after overcoming the roughness of the startup phase, we have established clear lines of communication with NASA.  They have been very responsive to our needs, including, for example, by providing unscheduled real time commanding and data feeds and by responding quickly to our concerns on attitude stability.
A partial history of the ISS altitude is plotted in Figure 1. During the past year the altitude has averaged near 350 km. An example for Sept 13, 2010 is shown in Figure 2. The inclination of ISS is 51.6 degrees with a period of 91 minutes.
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FIGURE 1. ISS altitude history: Apogee height -- Mean Altitude -- Perigee height 
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Figure 2.  ISS altitude profile for one day, September 13, 2010.

The Japanese Experiment Module, or JEM, called Kibo -- which means "hope" in Japanese -- is Japan's first human space facility and enhances the unique research capabilities of the International Space Station. Kibo consists of six components: two research facilities -- the Pressurized Module and Exposed Facility; a Logistics Module attached to each of them; a Remote Manipulator System; and an Inter-Orbit Communication System unit. Kibo also has a scientific airlock through which experiments are transferred and exposed to the external environment of space. The instruments are attached to a port on the Exposed Facility (porch) as shown in Figure 3.  The instrument is held by a manipulator arm and plugged into the port which supplies mechanical support as well as power and communications with the experiment.
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FIGURE 3.  The HREP instrument package which includes both the HICO and RAIDS experiments is pictured during the attachment to the KIBO porch on the ISS.
The KIBO module and its porch to which the RAIDS is attached is indicated in Figure 4. The ram direction is out of the page.  It is evident that in the anti-ram viewing configuration, there are ISS structures in the foreground of the sensor fields of view that are sources of scattered light from the sun and Earth.  Viewing in the ram would avoid these sources. RAIDS  is mounted to view the Earth’s limb in the anti-ram direction chosen to minimize the collection of out-gassed materials on the optical surfaces, but this configuration has impacted the analysis of some sensor data due to these scattered light issues.
[image: image4.emf]
FIGURE 4.  Sketch of the ISS with the location of Kibo and its attached Exposed Facility to which the HREP package was attached is indicated.  The ram direction is out of the page.
Some of the items that are of interest to scientists planning to use the ISS as an observatory are summarized below.
Pointing Issues


The ISS in normal operations (no Soyuz or Shuttle docked) flies with the X coordinate of the station in the ram direction (Figure 5).  However, during Shuttle and Soyuz docking and at other times the ISS attitude undergoes large changes. It may be pitched toward the Earth up to 90 degrees or yawed up to 180 degrees. Initially, it was our experience that these attitudinal changes sometimes occur without prior knowledge of the science team.  However, after a lengthy process of  gaining access to NASA information systems, the RAIDS team eventually obtained Attitude Time Line updates, which provide about  1 week notification about attitude changes. 
During normal operations there are oscillations in pitch, roll, and yaw with periods of approximately 45 minutes (1/2 orbit) arising from torques on the large, rotating solar arrays.  The amplitude depends on the attitude controller units utilized by the ISS.  Using the ULF-4, the amplitude of the pitch and roll oscillation is approximately ±1 degree as shown in Figure 6.

With the new ULF-5 mixed/blended controller the pitch is maintained to ± 0.35 degree as shown in Figure 7. The corresponding roll amplitude is approximately 0.4 degree.  The ULF-5 controller was implemented on the ISS in October in preparation for the final ISS module configuration.  In mid-summer 2010 in response to the need for greater stability of the pitch oscillation expressed by the RAIDS team, NASA specially implemented the older 2JA momentum controller to provide ± 0.2 degree pitch stability.
[image: image5.emf]
FIGURE 5.  Sketch of the ISS indicating the body coordinates of the system.
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FIGURE 6.  Pitch and Yaw with the ULF-4 controller on the ISS
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FIGURE 7. Pitch and Roll of the ISS using the ULF-5 attitude controller on the ISS.

The RAIDS instruments except for the FUV spectrograph are attached to a scan platform that nominally sweeps the instrument FOVs vertically on the limb from approximately 90 to 300 km. Knowledge of the zenith angle with respect to the local vertical is very important for limb scanning type observations.  For RAIDS, the requirement was zenith angle knowledge <0.05° The team was not sure how closely the attitude data reported by the ISS would apply to our instrument located on Kibo. Therefore, to meet our pointing requirement, a star tracking instrument was attached to the HREP enclosure. We have been able to interleave the attitude data from these two sources to meet the RAIDS pointing requirement.   Comparisons of the attitude reported by our star tracker and the ISS show relative agreement to the 0.001 degree level.  At the present time the absolute biases between the ISS and star tracker attitudes have not been determined, since our practice has been to scale and interpolate the ISS values to fill-in missing star tracker attitudes.  Without a star tracker our pointing knowledge would be dependent on the mechanical mating tolerances of the experiment to the ISS and possibly the location of our payload on the ISS. The requirements for yaw and roll knowledge were substantially relaxed (about 5x) compared to pitch.
Scattered Light


The RAIDS photometers and spectrometers view aft from the Kibo porch.  From this location, there is ISS structure in the foreground of the instruments.  Although, they have extended baffles, there is some scattered light that is detected by the PMT’s in the near-IR region sensors.  The EUV , FUV,  mid-UV and near-UV instruments are not sensitive to the scattered light. The scattered light varies by orders of magnitude depending on the location of the sun with respect to the ISS.  Figure 8 is an example of photometer limb scans separated by several minutes.  The data above approximately 120 km tangent altitude are subject to scattered light from the ISS.
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FIGURE 8.  The observed PMT counts from successive limb scans of the dayside airglow layer at a wavelength of 765 nm.  The count rates at the upper altitudes are strongly affected by scattered light from ISS structures in the foregrounds of RAIDS.

Contamination of the Optics

Initially there was great concern on the experiment team regarding contamination of optical surfaces in the instrument and a subsequent loss of signal, especially in the EUV instrument. The instruments have been operating in the ISS environment for the past year.  There is no indication of significant impact to sensor capability due to loss of signal on the mid-UV, near_UV, nor near_IR instruments.  The EUV instrument has exhibited a slow loss of count rate during the year, but the original count rate has been reestablished by increasing the gain of the EUV micro-channel plate detector. It is  not yet clear to what extent the loss of gain is attributable to contamination of the optics or the open detector.  Neverthless, the instrument has retained its full science capability now over one year into the mission.
The plot in Figure 9 shows the combined effect of detector gain sag and contamination on the total responsivity of the RAIDS EUV sensor.  The data show total counts measured across the entire 800-1100 A passband compared to data from initial sensor operation in late October 2009.  These measurements were collected at nearly identical solar zenith angles and conditions, with only minor differences in the solar F10.7 index.  These data were all obtained prior to the first high voltage adjustment that allowed some of the loss to be recovered.  The red symbol indicates the median values of these ratios, fit with the blue line showing a 0.2% drop per day from the initial sensor responsivity.  
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FIGURE 9. Count degradation of the EUVS in the RAIDS experiment on ISS during the first 9 months on orbit.
Preflight testing and certification

The RAIDS experiment was originally designed to be launched on a TIROS satellite and had therefore been designed mechanically and electrically for that platform and launch environment.  To meet the requirements for the launch and operation at ISS, several changes and studies needed to be completed for RAIDS as summarized here.
· Safety Review

· Three stages of Safety Review

· Design Analysis

· Analysis of existing basic mechanical design

· Re-scoping of the test environment

· Replacement of fasteners on the experiment

· New electrical interface

· Changes to the thermal system

· Additional of survival heater busses

The RAIDS team held a kickoff meeting in March 2007 and shipped the instrument two years later to Japan in April 2009. During that period the mechanical, electrical and thermal designs were examined in light of the new launch vehicle, processing and attachment to the ISS and operations in the ISS environment. This led to new testing requirements to verify compliance with new launch loads and new electrical and thermal interfaces. 

As a result of the analyses, all the screws in the payload were replaced.  A Power Distribution Unit was added to the instrument to interface between the original TIROS electrical interface and the ISS interface. The location and thickness of thermal blankets were also adjusted to fit the new thermal environment.  

A significant difference between a normal space experiment and the ISS experiment is the range of thermal environments experienced by the instrument.  In our case we had five survival heater busses for the following configurations.

· Launch phase
· Docked at the ISS but still in the launch capsule

· Robotic transfer phase

· Storage on the JEM

· Operations
The requirements for placing an experiment aboard the ISS means satisfying requirements in several areas.  Developing ISS payloads does require analysis or testing to demonstrate compatibility with several different interfaces, namely, the payload carrier on the launch vehicle, the on-orbit installation interfaces, the ISS itself, and any disposal interfaces required.  The number of interfaces involved is higher than a typical satellite mission, where one is only concerned about the experiment-spacecraft interface.

    Any spaceflight mission entails optimizing risk within the trade-space of hardware resources (mass, power, telemetry), budget, and schedule.  Manned-mission safety compliance is commonly perceived to be a budget-buster.  However, the HREP development team found that the generous resources available to payloads on the ISS led to engineering design and hardware cost savings, which help offset the effort required for safety compliance.  Moreover, the simplified engineering approach adopted by the development team was critical in enabling HREP meet an unusually compressed development and testing schedule of two years from design to delivery.  

     Since there are a variety of manned and unmanned vehicles to carry payloads to the ISS, the requirements for launch can vary widely.   Since RAIDS was carried by an unmanned vehicle, there were no onerous safety concern as might be the case for a Space Shuttle payload.  The analysis and environmental testing required to demonstrate compatibility with ISS interfaces was no different than that of any space mission.   An added dimension is the manned mission safety process, which includes a sequence of formal reviews in a parallel track with the typical mission design review process.  This consisted of Phase 0/I, Phase II, and Phase III Safety Panel reviews which addressed a wide variety of mechanical, electrical, chemical concerns.  A number of analyses of high voltage devices, the launch lock mechanism, and astronaut EVA safety were performed.
Operations – Commanding and Data Telemetry

Upon connection to the Kibo porch, power and communication with the experiment was established within a couple of days.  The data were downlinked from TDRSS to White Sands, routed to NASA Marshall SFC, and directly streamed over the Internet to the Naval Research Laboratory for analysis and archiving. This system worked very well. There were no anomalies in the commanding and data link operations.  The early orbit checkout of the RAIDS experiment was facilitated with scheduled daily command windows including weekends.  In addition, NASA was usually able to support unscheduled command windows depending on ISS operations. .  Since initial sensor checkout, RAIDS and HREP have been conducting routine commanding sessions through the scheduled 4-hour window available every weekday as well as occasional special command windows that have been granted through requests to NASA and the ISS Payload Operations Director.  The receipt of ISS ephemeris and attitude data was worked out within the first couple of months of operation and has been consistently available since then.

Summary

A remote sensing space experiment, the RAIDS payload, has been successfully operated on the International Space Station since Oct 2009.  Our experience has demonstrated that the Exposed Facility on the JEM module is suitable for siting optical instrumentation and conducting scientific experiments.  The attitude of the ISS can be adequately controlled so in combination with an experiment dedicated star tracker very accurate knowledge of the pointing direction can be known.  The contamination environment appears to be a non-factor in the performance of the instrumentation and NASA has worked out the procedures for commanding and data communication that works very smoothly.  We conclude that the ISS provides a space observing platform that has many advantages and should be seriously considered as a new opportunity for solar and space physics research.  
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