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Abstract  
The NASA Engineering & Safety Center (NESC) was established in 2003 (after the Columbia accident) to provide an independent technical resource for the resolution of challenging technical problems (through the use of studies, analysis, tests, etc.) for NASA programs and projects. Since its inception, NESC has completed nearly 1000 technical assessments for NASA’s Human Exploration and Operation Mission Directorate (HEOMD), Science Mission Directorate (SMD), Space Technology Mission Directorate (STMD), and Aeronautics Research Mission Directorate (ARMD). Of the SMD related assessments, several were for the resolution of technical problems, analysis, or studies related to NASA’s astrophysics missions in various phases of the project from design to operation. Some of the recent examples of NESC technical support for NASA astrophysics missions have been for: Hubble Space Telescope (HST), Chandra X-ray Observatory (CXO), Fermi Gamma-ray Space Telescope, Kepler Space Telescope, Transiting Exoplanet Survey Satellite (TESS), James Webb Space Telescope (JWST), and Laser Interferometer Space Antenna (LISA). In this paper, we outline some of the technical challenges faced by these astrophysics missions and describe how NESC contributed to their resolution. The case studies cover a wide range of disciplines involving space telescopes, detectors, lasers, and attitude control systems. These efforts include innovative solutions for extending the life of the missions, technical resolution of challenging problems, strategies for risk mitigation, and failure investigations combined with lessons learned reports to advance discipline knowledge, enhance NASA capabilities, and avoid future problems. 
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1. INTRODUCTION 
The NASA Engineering & Safety Center (NESC) was established in 2003 shortly after the Columbia accident to provide an independent technical resource for the resolution of the Agency’s most challenging technical problems [1]. The NESC performs value-added, independent technical assessments, testing and analysis for NASA’s high-risk projects, from design to operation, to ensure mission success and safety. The NESC’s cadre of NASA Technical Fellows (one for each major engineering discipline) and their supporting Technical Discipline Teams with more than 700 subject matter experts drawn from across NASA’s field centers, industry, academia, and various government agencies provide a ready resource of technical expertise that can be rapidly applied to critical problems. Since inception in 2003, NESC has completed nearly 1000 technical assessments (or support tasks) in response to requests from NASA’s Human Exploration and Operations Mission Directorate (HEOMD), Science Mission Directorate (SMD), Space Technology Mission Directorate (STMD), Aeronautics Mission Directorate (ARMD), as well as entities external to the Agency. Figure 1 shows the total distribution of accepted and completed technical assessments or support by NESC.

As seen from the figure, HEOMD related assessments lead the total number of NESC assessments. HEOMD programs that have received NESC technical support include the Commercial Crew Program (CCP), Space Launch System (SLS), Orion Multi-Purpose Crew Vehicle (MPCV), International Space Station (ISS), Artemis, and Gateway. 

A sizable number of technical assessments are in response to broad agency requests. Examples include: “State of Hydrazine Synthesis and Its Potential Impact on Spaceflight Applications”; “Guidelines for an Avionics Radiation Hardness Assurance”; and “Assessment of Spacecraft Passivation Techniques”.
From time to time, NASA also receives requests from external organizations to assist with challenging technical issues. For example in 2010, NESC provided technical support in response to a request from the Chilean government to aid with 
freeing of trapped Chilean miners. Currently NESC is providing technical support for the recovery plan to bring Arecibo Observatory online after the auxiliary cable failure that occurred in August 2020.
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     Figure 1. Distribution of NESC technical support or assessments since NESC inception in 2003.  
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     Figure 2. Distribution of NESC technical support or assessments for NASA Science Mission Directorate (SMD) since NESC inception in 2003.
The next largest customer of NESC’s technical expertise is SMD with a total of 175 SMD related technical support or assessment completed or ongoing as of October 2020. Figure 2 shows the distribution of assessments for NASA SMD. 
These requests are distributed across Earth Science, Planetary, Astrophysics, Heliophysics, and Joint Agency Satellite Division (JASD) projects. JASD projects cover joint NASA/NOAA projects such as GOES and JPSS. A quarter of the assessments have cross cutting applications across SMD focusing on areas such as spacecraft platforms, launch vehicles, airborne platforms, balloons, robotics, satellite servicing, and cryocoolers. 
In this paper, we primarily focus on NESC’s technical support of NASA’s astrophysics science missions, describing some of the technical challenges faced by these projects and explaining how the NESC contributed to their resolution. In the next few sections, we describe NESC’s work for the following NASA projects: Hubble Space Telescope (HST), Chandra X-ray Observatory, Fermi Gamma-ray Space Telescope, Kepler Space Telescope, Transiting Exoplanet Survey Satellite (TESS), James Webb Space Telescope (JWST), and Laser Interferometer Space Antenna (LISA). 
The cases discussed below cover a wide range of technical assessments that include innovative solutions for extending the life of the missions, strategies for risk mitigation, technical resolution of challenging problems, and anomaly or failure investigations combined with lessons learned reports to advance discipline knowledge, enhance NASA capabilities, and avoid future problems. 
2. Hubble space telescope
Named in honor of the astronomer Edwin Hubble, NASA’s Hubble Space Telescope (HST) is a national asset that has revolutionized astronomy since its launch into low Earth orbit on 24 April 1990 by the space shuttle Discovery. The HST continues to be a highly productive platform for science discoveries in the near infrared to the ultraviolet electromagnetic spectrum and visible light region (115-2500 nanometers). Over the past thirty years of operation, the HST has been upgraded with new technology and instruments over the course of five astronaut servicing missions. To date, HST has made over 1.4 million observations and produced over 17,000 peer-reviewed science papers.
HST depends on a robust and reliable Pointing Control System (PCS) to determine its inertial attitude, to maneuver toward a celestial target, and to ensure the telescope’s pointing stability while fixed on that target perform science instrument observations. For performing the fundamentally important inertial attitude determination function the HST PCS employs a complement of six single-axis hydrodynamically floated spinning mass gyroscopes (hereafter referred to simply as ‘gyros’).  An exploded view of a typical HST gyro is depicted in Figure 3. These are strategic navigation grade gas bearing gyros originally designed by Charles Stark Draper Laboratory (then part of MIT) back in the 1960’s for ICBM inertial guidance systems and subsequently manufactured by the Bendix Corporation (later L3).
Nominally, a minimum of three gyros are needed to provide angular rate measurements. Two gyros each are contained inside one hardware enclosure called the HST Rate Sensor Units (RSA) as shown in Figure 3. As will be described in the following section there are unintended consequences of packaging the two gyros in close physical proximity inside the RSU.
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      Figure 3. Left Panel: Exploded View of HST Gas Bearing Gyroscope; Right Panel: HST Rate Sensor Unit (RSU) Containing Two Gyros

Unfortunately the HST gyros have had a history of technical issues with ten gyros experiencing on-orbit failures since launch in 1990. Anomalous gyro behaviors and outright gyro failures led attitude control engineers at NASA GSFC to creatively develop contingency modes of HST pointing during science data collection periods using only one or two gyros. 
The majority of these gyro failures were attributed to corrosion, caused by the gyro flotation fluid, of their flexible lead wires that are used to carry the motor current to spin the rotor as well as torquer currents for nulling the gyro.  These flex leads are small thin Ag-Cu flat wires (there are four motor flex leads and three torquer leads) that are immersed in a bromo-tri-fluoro-ethylene (BTFE) gyroscope floatation fluid. The gyro failure mechanism was determined to be copper depletion (i.e., corrosion) of the Ag-Cu flex lead material by the BTFE fluid that caused gyroscope motor failure.
In response to this observed corrosion failure mode NASA and industry engineers developed silver plated Enhanced Flex Leads (EFLs) as a higher reliability alternative to gyro’s original Standard Flex Leads (SFLs). The expectation was that the silver plating would protect the SFLs from corrosion and an additional step was taken to remove oxygen from the gyro fluid fill process.
The HST observatory was purposefully designed to be serviceable in orbit which allowed NASA to replace those gyros which had failed or exhibited anomalous behavior. Six replacement gyros were installed in HST during the STS-125 (Atlantis) SM-4 mission in May 2009. These replacement gyros had two different types of flex leads: three gyros used the SFLs (Gyro-1, Gyro-2, and Gyro-5), and three gyros used the newly developed EFLs (Gyro-3, Gyro-4, and Gyro-6).
In the next three sections, the multiple NESC technical assessments performed on both the HST PCS gyro component-level issues and at the HST system-level will be summarized.

HST Gyroscope Attitude Observer Anomaly 
Within approximately one year after the SM4 servicing mission, two of the six gyros exhibited higher amplitude rate response at transitions between orbit day/night transitions known as Attitude Observer Anomaly (AOA) “signatures”.  The AOA events caused HST to experience occasional anomalous loss-of-lock events during fine guidance sensor (FGS) guide star acquisitions, threatening potential loss of science. One of the gyros exhibiting this AOA behavior was switched from its primary to secondary power source and began operating nominally with no AOA signatures observed after switching. The secondary power source used a higher bandwidth gyro thermal controller and was found to be a way to temporarily mitigate the AOA impacts on HST science observations. 
Another gyro (Gyro-3) was also switched to its secondary power source but it continued to exhibit the AOA signature and was subsequently powered off in 2011. The failure of Gyro-5 in March 2014 left HST with four fully functional gyros (Gyro-1, Gyro-2, Gyro-4, and Gyro-6) and one problematic gyro (Gyro-3) with operational/science observation liens against its use due to its undesirable AOA behavior. To better understand and mitigate the HST gyro AOA anomalous behavior the HST Program Office at NASA GSFC contacted the NASA Technical Fellow for Guidance, Navigation, and Control (GN&C) requesting the support of the NESC GN&C Technical Discipline Team (TDT) in specific areas of technical investigation such as experimentally demonstrating the root cause of the gyro flex lead corrosion mechanism, updating the  gyro lifetime models using the new data analysis methods developed by the project. The HST project had a great interest in gaining a more detailed understanding of the corrosion mechanisms and how they might result in flex lead curvature changes or flex lead kinking. However, the ultimate objective of this NESC independent technical assessment was to provide the HST project with recommendations for a gyroscope failure management plan. 
An immediate challenge for the NESC assessment team leader was identifying and recruiting sufficient spinning mass gyro subject matter experts. It is important to mention here that the use of mechanical spinning mass gyros on spacecraft has greatly diminished over the last several decades with the advent and widespread application of Ring Laser Gyroscope (RLG), Fiber Optic Gyroscope (FOG), Hemispherical Resonating Gyroscope (HRG), and silicon MEMS gyro technologies. Consequently it was difficult to identify, within the NASA GN&C community of practice, engineers with practical hands-on subject matter expertise in mechanical spinning mass gyros of the kind flown on HST. In fact, the majority of GN&C engineers with this knowledge are nearing retirement or already retired. Utilizing the NESC’s deep network of technical experts the GN&C Technical Fellow was able to successfully recruit a number of subject matter experts to participate in the assessment who were intimately familiar with the 1960 – 1980 era spinning mass gyro technology. Along these lines a particularly important accomplishment was the recruitment of a retired senior gyro engineer/manager who possessed direct hands-on HST gyro design and test experience from his decades of working at the company (i.e., Bendix/L3) that produced these gyros. This was a particular good example of the NESC’s unique hallmark ability to agilely search out, recruit and employ world-class technical subject matter experts in multiple engineering disciplines. Such was the case here for the NESC’s HST gyro AOA assessment. 
Evaluation of the flex lead corrosion mechanism was conducted through an inspection of returned (form SM4) HST gyroscope flex leads and experimental testing of existing SFLs.  No corrosion experiments were performed on EFLs, as originally planned, due to the closure of the GSFC Parts Analysis Laboratory.  Flex lead failures were originally assumed to be related to mechanical strain that resulted from asymmetric flex lead degradation due to corrosion, but the inspection of HST flex leads revealed the corrosion to be uniform.  
Laboratory testing of SFL corrosion was performed by members of the NESC assessment team using  varying concentrations of Bromine (Br) ion solution.  The existing unplated flex leads were silver (Ag) sputtered with the intention (not realized) of performing corrosion rate comparisons with unplated leads.  Automated data collection of electrical resistance and lead failure was employed throughout the accelerated corrosion tests that lasted several days.  These test results were used to understand the HST gyroscope flex lead corrosion process.  The NESC team observed that SFL and EFL corrosion degradation is temperature dependent. The SFL degradation rate increases exponentially with temperature according to the Arrhenius model and can be used for comparison of SFL to EFL life. The temperature of the surrounding fluid is also considered to be a key contributor to the speed at which a flex lead degrades and eventually breaks.  
Corrosion rate typically increases exponentially with temperature, which is a function of on-off times of the individual gyroscope in question and of the on-off times of the neighboring gyroscope that is housed in the same two-gyroscope Rate Sensor Unit (RSU). It was not previously understood that flex lead corrosion affects both active and inactive gyroscopes. Identification that the rate of corrosion of an unpowered gyroscope would occur at a higher rate when the temperature of the RSU was elevated due to its neighboring gyroscope being powered on was also an important observation from this assessment.  As a result of this key finding by the NESC assessment team, the gyroscope reliability model was updated to include temperature adjustment factors. 
Gyro lifetime analysis completed prior to the NESC assessment did not take into consideration individual usage patterns of each gyro.  Furthermore, the impact of collateral thermal degradation on powered off gyroscopes that were paired with operating gyroscopes was not taken into account in earlier gyroscope reliability models.  The NESC assessment team developed new gyro reliability simulation models that rigorously incorporated all these factors.  Gyroscopes lifetime predictions were based on the latest usage and failure data of the HST gyroscopes.  The impact of the collateral thermal degradation was also incorporated.  Stochastic Petri Nets were used to provide a convenient means for graphically modeling the contingency scenarios.  Simulation sensitivity studies were performed, including investigation of impact of the improved lifetimes of the silver-plated EFLs for three of the six HST gyroscopes as compared with the original, unplated SFLs.  The simulation results for the gyroscope lifetime predictions were used to inform the development of a failure response plan that produces the largest possible mission science return.  All possible future configurations of powered gyroscopes were modeled to aid in recommending a response plan to gyroscope failures (e.g., which gyroscopes should be switched on or off in the event of a future gyroscope failure).  For example, when HST Gyro-5, a gyro with SFLs, failed on 8 March 2014, the HST Project reconfigured the five remaining gyroscopes to use the gyroscopes with SFLs first, in accordance with the NESC’s recommended gyro response plan.
2.2 Gyro 1 & Gyro 2 Elevated Motor Current Investigation
In 2015 the HST was operating in its normal 3-Gyro Science Operations mode using the gyro triad of Gyro-1/Gyro-2/Gyro-4. The state of the other three gyros was: Gyro-3 had been powered off in 2011 due to its anomalous AOA behavior, Gyro-5 had failed in March of 2014, and the fully functional Gyro-6 was powered off but available if needed. On November 8, 2015, the HST's Gyro-2 experienced a shift in motor current from the nominal 130 mA to 165 mA. Shortly thereafter, on November 11, 2015, HST Gyro-1 experienced a motor current shift from 125mA to 201mA. A transient peak to 268 mA was observed in the Gyro-1 motor current followed by a decay to ~200 mA. Both gyros continued to operate at their elevated motor currents and supported nominal 3-Gyro Science Operations. These were the 9th and 10th HST gyros to exhibit motor current increases on-orbit. Four of these failed on orbit with two failing within 80 days following the initial motor current increase. Hence the HST Project was very concerned about these anomalies as undesirable precursor events leading to potentially more gyro failures. The support of the NESC GN&C TDT was requested by the HST project to augment a GSFC-led Tiger Team that was investigating the Gyro-1 and Gyro-2 elevated motor current anomalies. Given their intimate technical and historical understanding of the HST gyros the members of the NESC HST gyro AOAO assessment team were recruited once again to provide their technical insights to help determine the most likely cause of the elevated motor currents on these two gyros. The HST project was specifically interested in knowing if a single cause existed for both events. The team was also tasked with determining any correlation of motor current increase with expected gyro failure. The team initially began its investigation by attempting to determine any correlation of increased motor current for HST Gryo-1 and Gyro-2 with orbital events or spacecraft activities.

After several months of investigation the Tiger Team, with the NESC’s support, was unable to identify any single common cause would link the Gyro-1 and Gyro-2 motor current events that had occurred several days apart. The team concluded the most likely causes of the elevated gyro motor currents were either a rotor restriction (due to internal debris in the gyro’s gas bearing) or a gyro clock discontinuity. The team’s analysis of the gyro telemetry led them to believe the Gyro-1 most likely experienced a major-transient rotor restriction. Gyro-2 most likely experienced a minor duration rotor restriction or clock discontinuity. 
Most importantly, the team performed a detailed risk/benefit evaluation of performing a gyro running restart. Such a running restart had the potential to restore a lower steady-state running motor current and thus create a situation where less flex lead degradation/corrosion would occur. The team also recognized that because a higher motor voltage is initially applied for a brief period of time during a motor restart a higher torque margin would be available to crush any future internal debris thus minimizing the chance of another rotor restriction. 

The Tiger Team’s primary recommendation was for the HST project create a ground software macro to perform an autonomous running restart of either Gyro-1, Gyro-2, or Gyro-4 when its motor current approaches stall level. The rationale being that under a pending motor stall condition, a stall failure is imminent and the increased motor torque during restart may mitigate the pending stall failure. A second team recommendation was for the HST project to proactively execute a running restart of both Gyro-1 and Gyro-2 to support life extension of these two SFL equipped gyros.
2.3 Gyro-3 Anomalous Rate Output
The HST Gyro-2 failed on 5 October 2018, due to what was assumed to be a flex-lead failure. The bias on Gyro-2 had been changing rapidly and the failure was expected. Gyro-2 was the last of the SFL equipped  gyros. With the failure of Gyro-2 in October 2018 a total of three of the complement of six replacement HST gyros provided on SM-4 in 2009 had failed. At this point in the mission the proper operation of Gyro-3 was essential for HST to continue fine pointing science operations in the three-gyro attitude control. Recall that Gyro-3 had been powered off in 2011 due to its anomalous AOA behavior. What was unexpected was the very large rate outputs seen when the HST flight operations team powered-on Gyro-3 as a replacement for the failed Gyro-2. Initially the Gyro-3 had an extremely high bias (~450 degrees/hour rate output) in the high-rate mode of operation that was orders of magnitude higher than expected. At the same time the Gyro-3 rate output when operating in the low-rate gyro mode was saturated. 
The NESC GN&C TDT was contacted by the HST Project shortly after the Gyro-3 anomaly occurred and once again requested to provide spinning mass gyro subject matter experts that could support the deliberations of their internal Gyro-3 Anomaly Resolution Board (ARB). In this case the NESC was once again successful in assembling a technical support team that included four very experienced spinning mass gyro hardware Subject Matter Experts (SME’s) from both NASA GSFC and JPL and the ranks of retired engineers. These NESC SME’s initially contributed to the GSFC ARB activity by reviewing build description documents, past ARB reports and current test data on the HST gyros. This was the first on-orbit anomaly of an excessive bias in the Hubble’s history of gyros, so there was no directly relevant gyro historical performance information on which to base the ARB’s investigation. The NESC assessment team supported the ARB in the definition of specific trouble-shooting on-orbit gyro tests and the associated detailed review of telemetry data gathered from those diagnostic tests. 
The NESC gyro SME’s participated in the development of the fishbone diagram and its subsequent analysis. The analysis of the Fishbone Diagram mainly consisted of ruling out potential failure modes that did not match this first-of-a-kind gyro high bias anomaly. This work by the NESC contributed to the formulation of key observations concerning the G3 Bias anomaly. The Fishbone analysis concluded the most likely cause was a physical change in the gyro’s flex leads, in particular a change in the Flex Leads freedom. The ARB postulated that an asymmetric change in any one (or more) of seven gyro flex leads freedom could alter the gyro’s mechanical zero position. The anomaly appeared to be a Gyro-3 float freedom or float suspension system issue. In particular the anomaly signature matches a state where the Float’s Mechanical Float’s ‘Zero” position ’ is no longer aligned to the Electronic Control’s “Zero” position’. Of most interest to the ARB was the possibility of a flex lead touching the outer gyro housing/float near a flex lead end. It was believed that the effect could be exacerbated by accumulated corrosion created around a pin hole in a flex lead, essentially kinking the flex lead and positioning the flex lead closer to the gyro housing surface. A second series of on-orbit gyro diagnostic tests were performed in which small attitude slews of the HST spacecraft were commanded to determine their influence on the G3 bias output. The spacecraft slew rates and slew durations generated internal forces that were apparently sufficient to overcome the flex lead corrosion force inside Gyro-3 and free the float. Based upon these encouraging in-orbit test results the ARB, with the support of the NESC team members, formulated and recommended to the HST project a multi-step procedure to resolve the gyro high bias condition caused by undesirable flex lead contact with the outer gyro housing/float. 
2.4 System Reliability Review
As part of future-year budgetary activities, HST Project management undergoes a biennial senior planning cycle. In preparation for the budget justification to 2018, the HST Project requested the NESC perform an independent evaluation of the current reliability model to determine critical subsystem component reliability as a function of time. This request was in part due to the HST Project team’s belief that the current model may be too high level and may contain overly conservative assumptions.
The major objectives of this NESC assessment were to develop the most appropriate HST observatory system reliability model given current knowledge, assemble a list of most probable life-controlling subsystems, and identify HST observatory operational policies, guidelines, and practices that may have a deleterious impact on mission life.
It was determined that no one subsystem is a significant reliability driver, but the fine guidance electronics are the dominant cause of the predicted HST reliability of 0.62 at January 2018. The HST has four reaction wheel assemblies (RWAs), with three of four required for science mission. Changing the mission minimum requirement from three to two required RWAs does not significantly change the HST system reliability estimate for January 2018.
Based on the findings, the NESC recommended the HST Project utilize the updated reliability model for HST system reliability predictions. It should be recognized that there are a number of important limitations to the updated reliability model. The most significant are that only science mission success was modeled; the reliability of safe-mode operation was not assessed; and only the top 12 subsystems of interest were assessed. When possible, the HST Project should analyze the remaining hardware for reliability considerations, as other subsystems may affect HST degradation reliability more than currently anticipated. 
To remove the limitations and use the model to predict system reliability until 2023, NESC recommended that the HST Project should perform the technical analysis that would extend the RWA and total ionizing dose modeling assumptions. Another recommendation was that the HST Project team should assess the effect of solar array electrical shorts from micrometeoroid and orbital debris impact, which could potentially cause HST functional failures.
The identified recommendations were implemented resulting in an updated HST system reliability estimate used to justify continued funding.  The HST operational life is expected to extend to at least the mid 2020’s, and the Space Telescope Science Institute based in Baltimore, Maryland continues to solicit annual proposal for scientific investigations.  Finally, the details of this assessment can be found in NASA Technical Memorandum TM-2014-218161.

3. chandra X-ray Observatory
The Chandra X-ray Observatory (CXO) is a NASA flagship-class X-ray Space Telescope that was launched on July 23,  1999, aboard the Space Shuttle Columbia during STS-93. Chandra has opened a new window to the X-ray universe with a 0.5 arcsecond angular resolution enabling studies of the very hot regions of the universe such as supernova remnants, regions around supermassive black holes, and clusters of galaxies. The high-resolution X-ray mirrors combined with four science instruments aboard the spacecraft cover the energy band 0.1-10 keV. Figure 4 shows a schematic of CXO’s spacecraft and instruments.
3.1 Space Radiation Evaluation for Chandra’s Detectors
Following the 1999 launch of NASA’s Chandra X-ray Observatory, the Advanced CCD Imaging Spectrometer (ACIS) instrument team determined the ACIS CCDs were degrading due to radiation faster than predicted by pre-launch analyses.  The charge-transfer inefficiency (CTI) of the CCD detectors were found to be sensitive to protons with energies from approximately 100 keV to 200 keV [2,3].  Chandra encounters protons in this energy range every orbit near perigee when passing through the ring current within the Earth’s magnetosphere and during episodic exposures to solar particle events outside of the magnetosphere.  The Chandra team immediately implemented new operating procedures to stop the rapid CTI increase by moving the ACIS detector out of the focal plane to a position shielded from the damaging protons during passage through the inner magnetosphere.  To protect ACIS from high proton flux during solar particle events outside of the magnetosphere, the Chandra team developed and implemented a radiation-management strategy that includes autonomous safing of the instruments that is triggered by on-board radiation monitors and real-time space environment data monitored by the Chandra operations team [4,5,6,7,8,9].  
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    Figure 4. Schematic of Chandra X-ray Observatory (Source: NASA CXO Project)

Real-time space environment data used in the Chandra radiation-management strategy is obtained from two sources.   Instruments on NOAA’s Geostationary Operational Environmental Satellites (GOES) spacecraft sensitive to protons with energies exceeding a few MeV provide a proxy for the low energy protons that damage the ACIS CCDs and protect the instruments from high energy charged particles during solar particle events.  The 115 keV – 195 keV P3( channel of the Electron, Proton, and Alpha Monitor (EPAM) instrument on NASA’s Advanced Composition Explorer (ACE) spacecraft provides the only direct real-time measurement of the low energy proton population contributing to ACIS radiation degradation outside of the magnetosphere.  Chandra obtains the EPAM data from the ACE Real-Time Solar Wind (RTSW) data stream provided by NOAA’s Space Weather Prediction Center.

A potential issue in access to the ACE RTSW data arose when NOAA planned to replace ACE with the Deep Space Climate Observatory (DSCOVR) satellite as the primary real-time source of space weather data at the L1 point upstream of the Earth.  Launched in February 2015, the DSCOVR satellite does not carry an instrument package corresponding to EPAM on ACE and Chandra potentially would have lost the ability to monitor the low energy proton environment when NOAA switched from ACE to DSCOVR in July of 2016.  The strategy of the Chandra team during the DSCOVR-era NOAA space weather monitoring operations is to develop contingency plans to operate the radiation-management strategy without the ACE RTSW data while in parallel to work with NOAA to identify options for continuing the ACE RTSW data stream.

During the transition period following DSCOVR launch and the final switchover from ACE to DSCOVR, an NESC technical support activity was established for Space Environments Technical Discipline Team (TDT) personnel to support Chandra Program management in their effort to maintain access to the ACE RTSW data.  NOAA agreed to a NASA request to continue processing and distributing ACE RTSW data if NASA would arrange to provide the ACE data to NOAA.  Because NOAA SWPC’s tracking station network used to acquire the real-time ACE data was redirected to DSCOVR activities and the number of tracking assets is not sufficient to support both spacecraft, a team of Space Environments TDT, Chandra Program, and NOAA SWPC personnel worked to identify alternate tracking stations to acquire the ACE RTSW signal and forward the data to NOAA.  The team confirmed the RTSW signal would continue to be forwarded to NOAA during the ~3.5 hour period each day that ACE science data is downlinked through NASA’s Deep Space Network (DSN) at Goldstone and White Sands and that NOAA’s Wallops Command and Data Acquisition Station (WCDA) would continue to provide tracking coverage for ~7 hours each day, assuring coverage for North America.  In addition, the team confirmed that John Hopkins University, Applied Physics Laboratory tracking resources could be obtained for periods of 0.5 to 1.5 hours each day if it becomes necessary to backfill either DSN or WCDA should they be redirected to other tasks.  European coverage is provided by the German Aerospace Center (DLR) and the University of Kiel for ~6 hours and ~5 hour each day, respectively.  The ACE RTSW data remains available to Chandra (as well as other US and international space weather programs) at greater than 66% coverage for a 24-hour period with up to an 8-hour data gap occurring in the Asian sector. However, occasional coverage by the Korean Space Weather Center does fill the gap periodically and there are times when the coverage is 80% to 100%.  The team continues to look for additional tracking assets to fill the Asian gap, an important consideration as solar activity increases with the start of the new solar cycle.  While the NESC support activity was formally closed in September 2019, NESC Space Environments TDT personnel continue to support the Chandra Program’s radiation mitigation team addressing space radiation issues and monitoring the status of the ACE RTSW data stream.

3.2 Composite Overwrap Pressure Vessel (COPV) Risk Assessment
The CXO Project requested evaluation of the impact of the increased thermal environment on the integral propulsion system (IPS) COPV propellant tank due to degraded multi-layer insulation and Sun orientation.  The IPS was disabled once CXO reached its final orbit. Changing the temperature profile would allow additional flexibility in scheduling scientific observations around low altitude perigee passes.
To determine if there is additional risk to the IPS tank, a review was conducted of COPV failure modes that would be affected by increased temperature. After evaluation of the failure modes, the review focused on two main COPV failure modes: stress rupture
 and liner corrosion/crack growth
 at elevated temperature. The effects of increased temperature on stress rupture are not currently known, but desired temperature and pressure increases were assumed in an analysis of the IPS tank behavior for comparison to current stress rupture risk assessment guidelines. Crack growth in the liner can accelerate under corrosion conditions, leading to changes in expected fracture behavior. Existing hydrazine compatibility test data were compared to desired IPS tank conditions to understand any relative increases in risk.
Based on current understanding of stress rupture behavior in carbon fiber/epoxy composites, the IPS tank has a low risk of failure from this failure mode at 330 psi and 160 °F. However, during analysis of the mechanical response of the vessel at these conditions, it was noticed that the composite strains would be higher than previously proof tested. Because the demonstrated burst of a qualification vessel (burst at 927 psi) was significantly higher, this constitutes a relatively small increase in risk for the IPS tank. To ensure that pressure and temperature increases do not exceed 330 psi and 160 °F, pressure and temperature should continue to be monitored so that the project will remain informed about any changes.

Existing hydrazine compatibility data were found not to be sufficient to fully identify potential issues with surface corrosion, stress corrosion cracking, and environmentally assisted crack growth relevant to desired temperature, strain, and material conditions of the IPS tank liner. Test methods from other material compatibility tests provide a starting point to develop a test approach to address the specific conditions of the IPS tank, but development of a test plan specific to the needs of the IPS tank would be necessary. The NESC recommended this test plan should be developed and then conducted to characterize any relative increase in risk associated with 6061-T6 exposed to hydrazine at pressures up to 330 psi and temperatures up to 160 °F for the anticipated time frame. The CXO Project elected not to pursue the recommended test plan and accept the increased risk of COPV stress rupture.  The topic of COPV stress rupture failure at elevated temperatures and/or pressures for various liner and overwrap materials was subsequently addressed by several engineering organizations and subject matter experts including the NESC and Materials and Structures NASA Technical Fellows.  As of the writing of this paper, the CXO continues to obtain invaluable scientific information and is entering its 22nd year as the most sophisticated X-ray observatory built.  Finally, the details of this assessment can be found in NASA Technical Memorandum TM-2013-217793.
4. Fermi gamma-ray space telescope
The Fermi Gamma-ray Space Telescope, launched on June 11, 2008, provides a window to the most extreme phenomena in the Universe with sensitivity to gamma rays in the energy range of about 20 MeV to 300 GeV.  It carries two instruments: the Large Area Telescope (LAT), and the Gamma-ray Burst Monitor (GBM). 
4.1 On-orbit Slip Ring Anomaly
The NESC was requested to provide technical support to an investigation of a Fermi on-orbit slip ring anomaly.  On February 3, 2011, during routine review of daily guidance, navigation, and control (GNC) data, odd behavior was discovered in the Coarse Sun Sensor (CSS) telemetry.  It was determined that over the prior 6 months, 8 of the 10 CSS units exhibited signal drops that appeared to be coincident with solar array slews.  The 2 CSS that were not exhibiting this behavior are body-mounted on the spacecraft.  The other 8 CSS units are mounted on the solar arrays.  The preliminary thoughts regarding a potential cause of the anomaly included an issue with the Solar Array Drive (SAD) Slip Ring Assembly (SRA).  

The SAD was purchased from Moog and the SRA from Mecanex (Switzerland) for Moog.  Mecanex was subsequently bought by Ruag Space.  The SRA was sold as heritage equipment from the SWIFT spacecraft.  The team gathered orbit telemetry from SWIFT and Fermi and collected details on the SRA design from Ruag.  The NESC provided technical support by reviewing the on-orbit telemetry and investigating design details with the vendor (RUAG).  The team methodically ruled out component anomalies other than the SRA.  Minor operational changes to preserve slip ring life were recommended and implemented.

To date, the anomalous behavior has stabilized and the spacecraft is fully functional.
5. kepler space telescope

The Kepler Space Telescope, launched on March 7, 2009, was designed to survey a portion of the Milky Way galaxy in search of exoplanets (planets outside our solar system). More than 2600 candidate exoplanets have been identified by the mission and a handful of them are thought to be Earth-like planets in orbit in the habitable zone of their respective stars. Kepler  eventually ran out of fuel and was retired on October 30, 2018. 
5.1 Spacecraft Hybrid Attitude Control Concepts Evaluation

The Kepler spacecraft was designed and built by the Ball Aerospace and Technologies Corporation (BATC). The loss of a second of the four reaction wheels on board the Kepler spacecraft in May 2013 ended Kepler's four-year science mission to continuously monitor more than 150,000 stars to search for transiting exoplanets.
In May 2013, after the Kepler spacecraft experienced anomalous behavior of two of its four reaction wheel attitude control actuators, the Kepler Project Office (PO) at Ames Research Center (ARC) requested that the NESC serve as a partner in evaluating various new and emerging concepts for hybrid (i.e., mixed wheel/thruster actuator) Kepler spacecraft attitude control with only two reaction wheels. Specifically the Kepler PO requested that the NESC GN&C Technical Fellow and his GN&C TDT take the lead role in technically investigating and evaluating promising hybrid attitude control concepts that had emerged from the NESC-sponsored Hybrid Attitude Control Workshop that was held in Greenbelt, MD, in April 2013. Shortly after this NESC workshop, on 11 May 2013, a second reaction wheel failed such that the Kepler spacecraft could no longer perform its primary mission with only the two remaining functional wheels. 

Because the pointing stability of 9 milli-arcsecond required for the primary Kepler mission did not appear to be achievable with only two RWs, the Kepler project scientist at NASA ARC issued an open call for science white papers after the failure of Kepler’s second RW in August 2013, seeking science observation ideas to repurpose a new mission for the Kepler observatory. The NESC supported the Kepler Project Office in the process of identifying hybrid control/science observation combinations for a potential repurposed Kepler spacecraft. NESC engineers provided technical support to define attributes, preliminary performance estimates, and flight implementation challenges of the selected hybrid control concept. In conjunction with the science white paper call, the NESC released, through NASA’s Langley Research Center, a NASA Request For Information (RFI) seeking new and innovative hybrid attitude control approaches for possible application to the now under-actuated Kepler spacecraft. The main goal was to develop a 2-wheel hybrid mode that could deliver long-term pointing with acceptable pointing stability while observing some other science target(s). 

Numerous science ideas and several concepts relevant to two-wheel hybrid control were surfaced through the combination of the science white paper call and the NESC’s RFI. The NESC GN&C team reviewed and evaluated all the RFI responses received based on: 1) their relevance to the Kepler hybrid control problem, 2) their likelihood of technical implementation success, and 3) their degree of operational difficulty. In September 2013 the NESC also planned and conducted a 2-day pointing Technical Interface Meeting (TIM) with the Kepler Project Office engineering and science teams at NASA ARC with the goal of identifying the best hybrid attitude control approach for a repurposed Kepler spacecraft. The results of the Kepler pointing TIM were then presented to the Kepler PO stakeholders. Not surprisingly, given BATC’s in-depth knowledge of the spacecraft and its operating environment, the Project Office selected the BATC-developed 2-RW hybrid control architecture as the baseline approach for the repurposed Kepler mission, and proposed this to the NASA SMD as a repurposed Kepler mission called K2. Note that this was not a true hybrid (i.e., wheels and thrusters) attitude control approach since the minimum impulse bit of the spacecraft’s propulsion subsystem thrusters was not small enough for precision attitude control given that these thrusters were originally sized for fine attitude control purposes. The K2 mission represents a new “re-purposing” concept for spacecraft operations that enables continued scientific observations with the Kepler space telescope. After evaluation and inflight testing, NASA approval of the K2 mission was announced in May 2014. 

After the successful transition to the K2 mission, there remained the necessity of turning to point to Earth to downlink data after each ~83-day science observation campaign, and then back to science observation attitude, requiring large-angle slews of nearly 90 degrees to and from the Earth-pointing attitude. These slews were accomplished using the spacecraft’s thrusters, which were used concurrently to dump reaction wheel momentum. These maneuvers became the principal consumers of the limited propellant during the K2 mission. The NESC proactively conducted a follow-on assessment with engineers from the Naval Postgraduate School (NPS) in July 2014 to research methods of reducing or eliminating the propellant consumption needed to accomplish these large-angle slews, leveraging the NPS experience in designing the “zero propellant maneuver” which was successfully implemented onboard International Space Station (ISS) using torque from solar arrays. As a result, the NESC proposed to the Kepler PO an alternate large-angle slew strategy in which the maneuvers are performed using only wheels, saving 100% of the propellant used in the baseline thruster-based slewing strategy. 
6. transiting exoplanet survey satellite

NASA’s Transiting Exoplanet Survey Satellite (TESS) is an all-sky survey mission designed to identify exoplanets around nearby bright stars. Launched in April 18, 2018, it completed its primary mission in July 2020, imaging about 75% of the sky as part of a two-year campaign. To date, TESS has found 66 new exoplanets and nearly 2100 candidate exoplanets which are currently being studied.
6.1 Fine Pointing Attitude Control

Shortly after its launch, in May 2018, the TESS spacecraft experienced difficulties maintaining operation in its Fine Pointing attitude control mode needed for science data taking observations.  The project office at NASA Goddard Spaceflight Center (GSFC) established a project-independent Fine Pointing Advisory Board (FPAB) to help resolve this anomalous Attitude Control System (ACS) behavior.  The board had representation from GSFC, Massachusetts Institute of Technology (TESS mission Principal Investigator), Northrop Grumman Innovation Systems (spacecraft prime contractor), and other organizations.  GSFC requested the NASA Technical Fellow for Guidance, Navigation, and Control (GN&C) join the TESS FPAB to help identify and evaluate alternative solutions to the TESS Fine Pointing problem. Beginning in June of 2018 the NASA Technical Fellow for GN&C and two of his NESC GN&C TDT members began to work closely with the GSFC TESS system engineer and the prime contractor’s ACS team.  The NESC supported the analysis of ACS telemetry and the associated development of an ACS fight software (FSW) patch to improve Fine Pointing mode performance. This work was done in a combination of weekly anomaly resolution team telecons, face-to-face team meetings at the prime contractor’s facility, as well as face-to-face meetings with the TESS Mission PI and his team at MIT in Cambridge, MA. It was encouraging that several obstacles to achieving robust and reliable TESS Fine Pointing were rapidly cleared by the team and the ACS demonstrated periods of Fine Pointing that met established performance requirements. The NESC was impressed with the prime contractor’s ACS team’s commitment, determination, attention to detail, and creativity in resolving the remaining Fine Pointing issues. The anomaly resolution team focused on the two particular aspects of the Fine Pointing problem: 1) undesirable torque noise emitted from the reaction wheels, and 2) the fact that the TESS ACS did not employ gyroscopes for rate feedback. In the TESS ACS architecture there is no direct measurement of spacecraft angular rates, instead rates are estimated using reaction wheel speed tachometer measurements. One of the early corrective steps taken was to autonomously perform reaction wheel momentum unloading at a more frequent cadence to maintain wheel speeds in a low-speed range that met performance requirements.
In time the NASA Technical Fellow for GN&C came to assume a technical leadership of the TESS FPAB. The FPAB recommended the development of an Instrument-Only Fine Pointing mode using solely the science instrument (a high performance camera) output quaternion information to derive angular rates as a less-noisy substitute for reaction wheel speed estimation. An “Instrument-Only ACS” peer review was organized to critique this potential anomaly solution.  Particular attention was directed at the overall spacecraft system impacts of such a new form of ACS fine pointing. The necessary spacecraft configuration changes were carefully examined as well as how ACS mode transitions would be accomplished and what the responses of the spacecraft fault detection and correction subsystem would be. The design of this new mode of “Instrument-Only ACS” operation was challenging. Among the aspects that needed to be addressed in detail were: the difference between the rate of camera measurements (2 Hz) and the ACS loop closure rate (5 Hz) and the negative impact of control system phase margin due to the loop transport lag of ~3 seconds. A new ACS FSW patch was developed, including code reviews and Flatsat verification testing, by the prime contractor that implemented the necessary ACS Fine Pointing attitude control law design modifications. Once this FSW patch was uploaded to the spacecraft the TESS observatory achieved stable Fine Pointing mode performance and resumed its normal science data collection. 
7. james webb space telescope
The James Webb Space Telescope (JWST) is a follow-on to the Hubble Space Telescope (HST) planned for launch on October 31, 2021. JWST, is an infrared observatory covering the 0.6-28 microns band, and will complement and extend the discoveries of the HST with longer wavelength coverage and improved sensitivity. JWST will have a 6.5 meter diameter primary mirror much larger than HST’s 2.4 meter diameter, providing significantly larger collecting area. Additionally, JWST will have 15 times larger field of view than that of HST.
7.1 Shaker Anomaly

	
	


In early January 2016, TEAM (shaker manufacturer) saw indications of stiction in the 50,000 lbf shaker, required for vibration testing of JWST Optical Telescope Element/Integrated Science Instrument Module (OTIS).  Upon removal and inspection of the primary bearings, there were indications of wear and marks that indicated binding in one of the two bearings had occurred. After changing out the bearings and reassembling the shaker, the anomalous behavior was still present.  An Anomaly Review Board (ARB) chaired by NASA GSFC requested members from the NESC Mechanical Systems and Loads and Dynamics Technical Discipline Teams to assist with the investigation and resolution of the anomalies. At that time, JWST had only 6 weeks to resolve the issue to avoid a JWST launch schedule slip.

Members of the NESC Mechanical Systems Technical Discipline Team (TDT) and NESC Loads and Dynamics TDT supported regular teleconferences with NASA and TEAM, reviewed drawings and test results, supported face-to-face meetings, and provided guidance to the ARB, advancing recommendations for operation of the James Webb Space Telescope (JWST) shaker units (vertical and horizontal) using multi-shaker control. The team determined that the failure of JWST Shaker #1 (armiture failure) was due to poor manufacturing process control, recommended using JWST Shaker #2 in an “as is” configuration and recommended operational constraints for JWST Shaker #3 (horizontal). The result was a successful vibration test in both vertical and horizontal orientations without a schedule slip.

7.2 Space Environment Launch Constraints

The JWST will be launched into a direct ascent trajectory that takes the spacecraft on a single outbound transit through the Earth’s radiation belts and into interplanetary space where the spacecraft will ultimately take up mission science operations in a loosely-bound orbit about the Sun-Earth L2 point.  JWST is well designed for operations in both the nominal and extreme space radiation and plasma environments the spacecraft will encounter during science operations while in orbit about L2, but there is some risk that single-event effects due to protons and heavy ions in a solar particle event could impact operations of avionics hardware required for critical spacecraft commissioning events in first 18 hours following launch.  In addition, there is a risk for electrostatic discharge damage to critical spacecraft systems and materials during the 4-hour period required to transit the radiation belt because the hot plasma and energetic electron environments responsible for surface and internal charging in the outer radiation belt are more severe than environments JWST will encounter during science operations at L2.  An option to reduce these risks during the 18-hour period following launch is to hold the launch if a solar particle event and/or radiation belt charging threat is present during launch operations and resume launch activities once the threat no longer exists.  The advantage of this operational approach to managing space environment risks is that it requires no modification of JWST flight hardware, although there is potential impact to cost and schedule of launch operations.

GSFC electromagnetic compatibility personnel responsible for JWST spacecraft charging and space weather activities requested an NESC technical assessment to:

· Conduct an independent evaluation of a solar proton launch constraint proposed by the JWST prime contractor to verify the level of impact on launch availability and efficacy of protecting the spacecraft from exposure to a high proton flux environment due to a solar particle event during the first 18-hours following launch.
· Evaluate the risk for surface charging threats along the JWST flight trajectory and, if significant, develop a space weather launch constraint that can be used to avoid extreme surface charging environments.

· Evaluate the risk for internal charging during the radiation belt transit and, if significant, develop a launch constraint to avoid extreme internal charging environments.
The NESC assessment team developed a simulation technique using data from the NOAA GOES satellites to test the solar proton launch constraint and concluded the proposed constraint would successfully protect the spacecraft from most solar particle events with minimum impact to launch availability.  Surface charging was found to be a low risk because the JWST flight trajectory is located in the pre-midnight local time sector as it passes through the outer radiation belt and surface charging threats most commonly occur in the midnight through the dawn sector in the outer radiation belt.  A recommendation for a geomagnetic Kp-index parameter available in near real-time from NOAA SWPC that could be used as a launch constraint to further reduce the threat of exposure to surface charging environments was provided by the team.  ESD from internal charging of thin materials when exposed to electrons of 10’s keV to 100’s keV were determined to not be a threat but the possibility of ESD from charging of thicker materials by >2 MeV electrons could not be ruled out.  The team provided a recommendation for a >2 MeV electron flux level that can be used for a constraint using real-time data from the GOES spacecraft during launch operations to minimize the risk in ESD from internal charging.  Results from the assessment are documented in the NESC technical report [10] and were briefed to JWST Program management.  At the time of writing this work, the JWST Program is still considering whether to implement the space environment launch constraints.

7.3 Effects of Humidity on Dry Film Lubricant Storage and Performance

JWST has several instrument mechanisms lubricated with different forms of molybdenum disulfide dry film lubricant (DFL) that are exposed to varying levels of relative humidity (RH) ranging from a fully purged N2 environment to 40% RH in a cleanroom environment during integration of the instruments and hardware where N2 purging is not possible.  In addition, these mechanisms will see several years of storage (5+ years) raising concerns regarding the performance and lifetime of the DFL resulting from exposure and any operation in humid environments.  Exposure to humid environments converts molybdenum disulfide DFL to molybdenum trioxide, a higher friction material, reducing the low friction DFL film thickness and potentially the lifetime of the DFL. The JWST Instrument Manager requested the NESC to evaluate humidified conditions and associated performance by testing exposed substrates lubricated with flight-like DFL coatings.  Test components were coated with flight-like DFL and exposed to 60% relative humidity for varying lengths of time, on the order of weeks to months.  Life testing using the Spiral Orbit Tribometer (SOT) was performed that demonstrated that while there was a slight reduction in lifetime of the DFL due to oxidation of the surface upon exposure to humidity, the effect appeared to terminate quickly with relatively short exposure times (days).  XPS measurements of the oxide coating formed upon humidity exposure of DFL coated silicon wafers showed that the oxide was confined to ~5 nm of the surface and terminated there.  Increased exposure times did not increase the thickness of the oxide layer and had no significant effect on the lifetime of the DFL coating.  Gear testing also supported these findings.  One interesting finding generated in this work was that the lifetime of plates, exposed to humid environments and then run in the SOT test, increased with exposure time to vacuum suggesting that absorbed moisture was being removed over time.  To date, there have been no known instances of operation or exposure of the JWST instrument mechanisms to high humidity that would negatively affect the future performance in flight. 

7.4 NIRSpec Micro Shutter Subsystem
The James Webb Space Telescope (JWST) project requested the NESC to evaluate the Qualification Life Test Results of the Near-Infrared Spectrograph (NIRSpec) Micro Shutter Subsystem (MSS) and perform any tests deemed necessary by the NESC assessment team to validate their position. The MSS was delivered to the European Space Agency (ESA) for installation onto the NIRSpec instrument. The NASA MSS mechanical subsystem life test report indicated that the unit passed all performance requirements after exposure to the 2x life test. However, wear of the magnet arm roller and track mechanism was noted and documented in the Unit Qualification Test Report as insignificant. Due to this wear, the ESA requested an independent assessment of that test and data to determine if further action is required. All life test reports and inspection documents were reviewed and evaluated. This included a review of the detailed design drawings for the MSS.

As part of this NESC assessment, a series of engineering tests of the roller and track using similar contact geometry and materials (annealed 440F on anodized (TiFin 200) Titanium 6Al-4V) helped determine when the wear started. This was performed in the Glenn Research Center (GRC) Vacuum Roller Rig (VRR) at pressures to ~3x10-7 torr. If wear was insignificant through 1x life cycles, then there was greater confidence that the debris should be acceptable. In addition, this test was run well past 2x life using torque and visual wear data to show the progression of degradation. Measurements of roller wear, liberated, and transferred materials were conducted at the end of each test.

Since the VRR cannot test at cryogenic temperatures, another test was considered, but not conducted as part of this assessment, that used a Thermal Vacuum Facility at the Goddard Space Flight Center (GSFC) to test flight-like roller assemblies in the flight configuration and environment while documenting the progression of degradation in a coarse manner. This specific test was not conducted during the assessment due to the unavailability of the test fixtures that could be used as part of a follow-on life test. The tribological effects from operation in a flight-like vacuum environment and cryogenic temperatures (~40K) were considered when planning proposed tests.

The effect of hard vacuum on material wear was discussed extensively amongst the team since the VRR can achieve ~10-7 torr compared with the flight application at cryogenic temperature where the pressure is predicted to be about <10-9 torr. The NESC final report discusses why the team is comfortable with the VRR results and that there is high confidence that performance at cryogenic temperatures will be similar.

Results from the NESC assessment team testing in the VRR indicate that wear rate of the baseline flight materials are roughly proportional to the roller misalignment angle. Adhesive wear occurred on both sides of the interface with titanium alloy material found adhered to the steel and vice versa. Debris with linear dimensions on the order of 200μm was created even for the condition of zero roller misalignment. For high misalignment angles, large numbers of debris could be created, with debris being found in locations that were not within a direct line of sight.

A determination of the roller misalignment within the flight assembly is difficult. The cover must be installed to deflect flexures and apply load to the rollers, but then there is no access to directly assess roller alignment in the assembled, loaded condition. The design intent was for loose alignment in an attempt to allow the rollers to self align. However, it was discovered during this assessment that misalignment is a major contributor to roller wear. A tolerance analysis was performed that resulted in a minimum roller misalignment of 1.5 degrees and a maximum of 2.7 degrees. The VRR is capable of 1.5 degrees misalignment and test results indicated a significant difference in the quantity of liberated particulate and roller wear noted as a function of misalignment angle.

The baseline design of the MSS includes a guide rail perpendicular to the cover surface. Wear on this rail from the contacting rollers was insignificant, yet wear tracks on the flat cover surface were through the TiFin 200 anodized surface and into the titanium-base material. Based on the results of testing conducted, it is believed that this is most likely due to misalignment of the rollers contacting the flat cover surface since they are guided along the path of operation by the perpendicular guide rails.

As VRR data on the baseline material became available, the NESC team realized the importance of expanding the database to materials that might provide better wear performance while minimizing modifications to the flight assembly. Flight qualification life test of new materials and/or configurations has been left to the JWST MSS Project’s responsibility. Additional tests with hardened 440C steel on titanium with TiFin 200 coating and molybdenum disulfide (MoS2)-coated hardened 440C on titanium TiFin 200 were performed.

Results of these tests and an inspection of the rollers as well as the liberated material, indicated that for the same configuration, the hardened 440C generated more (15x) smaller particles (2μ<d<50μm), but fewer (by 10x) large particles (d>100μm) than the baseline annealed 440F. In addition, when comparing the material performance as a function of total mass loss, the hardened 440C liberated less material. The burnished MoS2 on hardened 440C produced similar results as the bare hardened 440C. However, more sample tests are recommended if this option is to be considered.

Although the main focus of this assessment was the debris generated over life by the translation rollers, the NESC team discussed the launch lock mechanism and wear noted from the life test. The opinion of the team was that the life test duration was extremely conservative for a one-time orbit use mechanism and that instrument MSS ground operations should be minimized. The baseline material selected was titanium with anodized TiFin 200 finish, which is adequate for this application given the limited life requirement. In addition, there is the ability to inspect the launch lock during ground operations prior to flight and the project plan includes curtailing these ground functions. To date, there is a slight indication of wear on the launch lock, but not through the anodized surface; hence the decision to minimize ground operations. The qualitative expert opinion of this team is that the launch lock does not pose a risk to the instrument and the team makes no recommendation to mitigate any risk regarding the launch lock.

During the investigation of this assessment, the team generated 15 findings, 9 observations, and 7 NESC recommendations. One recommendation is to change the roller design. Based on the tests conducted and materials evaluated, the best choice is from the baseline flat annealed 440F steel, to a crowned, hardened 440C steel thereby reducing the overall debris generated as measured by mass liberated and percent area covered (PAC). To further reduce the potential for wear debris, other materials should be evaluated with recommendations provided in the report. In conjunction with this, a life test of the modified design should be performed in a flight configuration and environment (i.e., in hard vacuum at cryogenic temperatures) to validate the redesign. A detailed listing of the NESC team’s findings, observations, and NESC recommendations are provided in the final report.
7.5 NIRSpec Micro Shutter Alternate Materials and Coatings
In July 2012, the NESC was asked by the JWST Integrated Science Instrument Module Manager to follow up on a recommendation given in the previous NESC report (NESC-RP-11-007011). The scope of this new assessment was to evaluate materials and coatings for the near-infrared spectrograph (NIRSpec) micro shutter subsystem (MSS) roller assembly and perform any tests deemed necessary by the team to validate their position. The MSS will be delivered to the European Space Agency (ESA) for installation onto the NIRSpec instrument. The NASA mechanical subsystem life test report indicated insignificant debris and wear of the mechanism after exposure to the 2x life test. The ESA has requested an independent assessment of that test and data to determine if further action is required. The approved NESC report1 (considered Phase-I herein) included a recommendation to investigate alternate materials and coatings for the contact surfaces. The effort for this assessment (considered Phase-II herein) focused on testing these alternate materials and coatings while providing wear and debris data to the project in comparison to the flight baseline materials with a recommendation for possible modifications to the flight hardware.

As part of this NESC assessment, a series of engineering tests of the roller and track using similar contact geometry with a variety of material candidates were run with the results compared to each other and the project baseline (annealed 440F on anodized (TiFin 200) titanium (Ti) (Ti-6Al-4V)). This was performed in the Glenn Research Center (GRC) vacuum roller rig (VRR) at pressures to ~3 × 10-7 torr. Several measurements and inspections were made during and after testing to create a set of metrics that could be used for comparison of the material combination selections. It is important to note that VRR testing does not duplicate the flight geometry, but mimics the critical design parameters that affect wear life. These include contact stress, contact geometry, speed, and cumulative cycles. Although the tests were performed in the vacuum, testing at flight operational temperatures was not possible in this rig. Because of these conditions, there is a final recommendation from the Phase-I report in addition to this report that suggests a life test of the modified design in a flight configuration and environment.

Many photographs were taken through the chamber window during the VRR tests. In general, the chamber was not opened during testing to make physical measurements although there is friction telemetry monitored throughout the test. At the conclusion of each candidate test, measurements of roller wear were made by profilometry traces, as well as conducting roller mass measurements, liberated material analyses, and transferred material analyses. These results were collected and compared to determine which material combination provided the best (least amount of liberated particulate) performance. Since the VRR cannot test at cryogenic temperatures (flight operational environment), candidate rollers were cryo-cycled at the Thermal Vacuum Facility at the Goddard Space Flight Center (GSFC) in their final test configuration prior to the VRR tests.

Results from the Phase-I NESC assessment indicated that the wear rates of the baseline flight materials are roughly proportional to the roller misalignment angle. However, a determination of the roller misalignment within the flight assembly is extremely difficult and without a major redesign, roller slop limits alignment accuracy. Therefore, VRR testing for this assessment was conducted with 0.9 degrees misalignment, which was determined from the Phase-I analyses to be a nominal representation of the flight hardware.

Selection of the contact materials, lubricants, and coatings were based on literature studies, discussions with experts in the field from industry, NASA, ESA, Air Force, and academia, as well as personal experience of the team. Goals included making both surfaces very hard and incompatible for adhesion. Coating the surfaces with metal containing diamond-like carbon (DLC) providing a higher hardness than the substrate and high toughness to tangential strain were considered and tested. Also, lamellar action solid lubricant-type coatings with low shear strength and maximum durability (thicker coatings) while being vacuum compatible were studied.

VRR cycle testing was done to approximately 90,000 cycles. This reflects about one lifetime (96,000 cycles) for the majority of the Ti surface. Since some rollers overlap the Ti track, and the rollers experience about three contact cycles per traverse, the maximum cycles for one life of the roller is 288,000. The Phase I assessment described the concerns with using Ti as a contact surface in this mechanism. However, instrument requirements drove the engineering team to this design. In the interest of test time and providing the ability to evaluate multiple options, the Ti cycle life was used for comparison as the worst-case wear contributor to debris. Multiple VRR tests, with multiple molybdenum disulfide (MoS2) application batches, were performed in this configuration to determine the variability of the results. The test rollers and loose debris were weighed to determine material loss and transfer. A sample of the wear debris was also collected in the same locations at the completion of each test using Gel-Paks. The particles were analyzed and counted to determine the composition, size distribution, and calculated percent area covered (PAC). These metrics were the basis for the recommendations contained within the report.

After testing the many different material combinations described, the team began to focus on the best performer being a 440C stainless steel crowned roller, passivated and coated with a sputtered MoS2 using a proprietary blend from Tribologix, Inc., contacting the Ti surface coated with TiFin 200 and the same sputtered MoS2 dry lubricant.
The team determined early on that roller wear debris could not completely be eliminated without a significant redesign, so an effort was made to determine wear particle conductivity at cryogenic temperatures. Conductive particles result in a higher risk for electronic short circuits, which could take out a series of micro shutters, as opposed to a particle landing in a door jam, keeping a single shutter open. The results of the conductivity tests indicated that the MoS2 coating liberated from the rollers is likely conductive to a level just above the acceptable limit, but far less than that of the base materials (440C steel and Ti).

In addition, a series of tests were performed to determine whether the MSS magnet had the capability to collect the wear particles as they were generated. It could be thought of as a sweeper for the debris so that it would not get into the shutter area. Results included herein, were very positive and it is likely that the magnet will attract much of the debris; however, it is not possible to quantify the absolute amount since the on orbit characteristics will depend on the particle trajectory in 0g, a parameter nearly impossible to test on the ground. There was some discussion with the project about placing “sweeper magnets” in close proximity to the rollers to collect that debris, but the project could not afford the time to make this design modification.

The assessment test data and preliminary recommendations, based on the data conducted by this team, were presented to the project and engineering group at a meeting on January 6, 2014. It is important to note that the conclusions and recommendations were based on not just one set of test results, but the combination of test inspections and data conducted for this assessment. The project initiated a flight system life test and configurations were based on the NESC evaluations that included a couple variations, which were tested in the VRR. Some of these had less than optimal results, but would be less costly to implement into the flight instrument.  The investigation generated 18 findings, 3 observations, and 6 NESC recommendations based on the series of tests conducted as part of the assessment within the limitations as noted in the report. These can be summarized by stating that from almost 30 VRR tests conducted, with multiple combinations of materials and coatings, and yet considering the project impact to modifications of the flight hardware, the sputtered Tribologix MoS2 on the rollers, baseplate, and cover had the best performance and is recommended to provide the lowest risk for mission success. In addition, as noted in this report, it was recommended that the project perform an additional life test of the new micro shutter flight material combination to qualify changes since the VRR tests conducted by the NESC are not the identical configuration or environment as the flight hardware.
8. laser interferometer space antenna

The Laser Interferometer Space Antenna (LISA) is a joint NASA/ESA space-based gravitational wave observatory building on the success of the LISA pathfinder. It is designed to detect gravitational waves that are emitted during the most powerful events in the universe such as collision of two massive black holes. LISA consists of three spacecrafts that form an equilateral triangle with an arm’s length of about 5 million km. Each spacecraft houses two free-floating cubes. The distance between the cubes in different spacecrafts is monitored using laser interferometry, allowing detection of minute changes caused by passing of gravitational waves. 
8.1 LISA Laser Risk Mitigation

A highly stable and robust laser design is a key subsystem required for the LISA observatory. By leveraging lessons learned from previous missions and the latest technologies in photonics packaging and reliability engineering, NASA is developing a master oscillator power amplifier laser transmitter to meet the challenging LISA requirements.

The NASA LISA team has designed the LISA laser system to satisfy the mass, power, and radiation hardness requirements for space-based lasers. But LISA also has some unique requirements arising from its role in the interferometric measurement system. It must have exquisite stability in both wavelength (which requires active stabilization using a high finesse optical cavity) and intensity (which requires active stabilization for long-term drifts and quantum-limited performance over short time scales). In addition, the laser must be robust enough to survive 16 years of operation, from early ground testing through the extended mission phase.  To meet the laser requirements, the NASA LISA laser team uses a master oscillator power amplifier (MOPA) architecture.  The design approach emphasizes redundancy and de-rating to meet the lifetime requirement.  To achieve that, the design goal is to minimize the master oscillator (MO) size, weight, and power (SWaP) so that two master oscillators can be incorporated inside the MOPA enclosure for full redundancy.  Although the SWaP is low, the MO has enough optical power to properly seed a single-stage power amplifier.
As part of the TRL 6 development effort, the NASA LISA laser team is working on reducing the risks of their design. The NASA LISA Laser team requested that the NESC perform an independent technical assessment to provide design feedback, component failure rate information, a physics of failure analysis of critical components and subsystems, recommendations for screening programs to catch defects, redundancy strategies and a detailed Failure Modes Effects and Criticality Analysis input for designing a TRL 6 master oscillator power amplifier laser transmitter for LISA. The assessment is ongoing and estimated to be completed by March 2021. 

9. summary and looking to the future
We have highlighted a few examples of technical challenges encountered from design to operation of NASA astrophysics science missions in which the NESC stepped in to resolve technical issues that ultimately led to mission success and safety. The problem resolutions spanned a broad array of technical disciplines including space telescopes, instruments, detectors, lasers, spacecraft attitude control systems and many more.  Additionally, NESC was involved in several anomaly review boards to aid in identifying root or probable cause and contributed toward the resolution of challenging technical problems and extending the life of the mission.  In many cases, the NESC work led to capturing lessons learned and publication of NASA technical bulletins or memoranda that the Agency continues to benefit from by avoiding similar mistakes on future missions.

The Astrophysics Decadal Survey Committee is currently finalizing its recommendations for the future of NASA astrophysics space-based mission portfolio which will include development of flagship missions beyond JWST and the Roman Space Telescope. NESC will continue to be a valuable partner in the formulation and implementation of future NASA astrophysics mission to help with the resolution of challenging problems, and contribute to mission success. 
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� Stress rupture is a composite failure mode dependent on time and tensile stress in which rupture occurs at composite stress levels below demonstrated burst pressure.


� Liner corrosion is the deterioration of a liner under certain environmental conditions and is usually accelerated by increases in temperature.






