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Abstract 
The James Webb Space Telescope (JWST) has a primary mirror, made of 18 segments, and a secondary mirror (SM) that are used to direct the light of desired targets. After launch, the secondary mirror assembly (SMA) is stowed for approximately 10 days and is subject to molecular contamination outgassing from the cavity of the secondary mirror support structure (SMSS) in-board hinge (IBH) which contains cables, motors, resolvers, and coatings. The main concern during this period before SMA deployment is the accumulation of ice due to the lack of a heater on the SMA. The temperature differentials between the IBH surfaces and SMA could cause redistribution of water vapor contamination. To address this concern, single layer insulation (SLI) was reconfigured to direct the vent path of IBH outgassing sources away from the SM. Two separate thermal vacuum (TVAC) tests were performed to quantify this contamination: a Z307 ASTM E 1559 materials test of the radiator paint used on the motor of the IBH and a separate test on the hinge motor from the primary mirror backplane assembly (PMBA) qualification engineering test unit (ETU). The PMBA ETU hinge was similar in design to the IBH.  These tests approximately followed the predicted SMA pre-deployment thermal environment. To quantify source rates in case of a leak in the new SLI enclosure or baffle, the motor and resolver sides were separated, and quartz crystal microbalances (QCM) were used to measure the deposition of water. The SLI redesign and implementation and outgassing measurements to understand leak effects from the IBH were essential to mitigate the deposition of contamination on the SMA. 
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1. INTRODUCTION 
Webb is the successor to the Hubble Space Telescope. It is an international collaboration between NASA, the European Space Agency, and the Canadian Space Agency. This mission has incorporated monumental advances in technology. Some of these advanced technologies are: 18 separate segmented gold coated lightweight beryllium mirrors that will act as a single mirror on orbit, a tennis court sized deployable sunshield, and infrared detectors. For JWST, cleanliness is imperative to achieving thermal and optical mission performance requirements. Contamination specifications have been established and monitored for all aspects of the telescope during Integration and Testing (I&T). JWST I&T has taken place in clean rooms at Goddard Space Flight Center, Johnson Space Center, Northrop Grumman Space Park and finally at the Cayenne Spatial Guyanias, where it launched on December 25, 2021.

The JWST Observatory is optimized for infrared wavelengths and for observations performed 1.5 million kilometers from Earth. To accomplish this, it includes an Integrated Science Instrument Module (ISIM) that contains the four main instruments used to observe deep space: Near-Infrared Camera (NIRCam), Near-Infrared Spectrograph (NIRSpec), Mid-Infrared Instrument (MIRI), and Fine Guidance Sensor/Near InfraRed Imager and Slitless Spectrograph (FGS/NIRISS)1. JWST will make ultra-deep near-infrared surveys of the Universe to see back 13.5 billion years to “First Light” which occurred 100 – 250 million years after the Big Bang when the first stars and galaxies formed. Its ability to observe very high redshifts will enable astronomers to study the faintest galaxies, observe stars forming within clouds of dust, determine how galaxies evolved, and search for exoplanets1, 2. JWST is extremely sensitive to even small amounts of contamination, which can directly cause degradation to performance of the telescope, and impact the mission lifetime. Contamination control has been an essential focus of this mission since conception of the JWST observatory3,4. 

In order to meet the science objectives, the path of light of distant galaxies and planets reflect from the PM to the SM and then into the Aft Optics Subsystem (AOS) where it is directed towards each of the four instruments. For on-orbit operations, the SMA is vulnerable to molecular/water-ice contamination outgassing. The SMA is designed to be in a stowed configuration (Figure 1) for approximately 10 days during cooling to its operational temperature. In the day before the SMA is deployed (around 8 days post launch), there is a hinge mechanism that needs to be heated prior to its operation for SMA deployment. This heating creates an outgassing contamination threat from components inside this secondary mirror support structure (SMSS) in-board hinge (IBH) thermal enclosure which contains cables, motors, resolvers, and coatings. An additional source of water vapor contamination during the hinge pre-deployment warm up is the hinge radiator. It was not possible to isolate the radiator without compromising its thermal performance. A single-layer insulation (SLI) enclosure was designed and built for the IBH to help maintain its temperature and to prevent outgassing from reaching the SMA, which is cold enough to condense water when the IBH heater is activated on-orbit (Figure 2). The SM does not have a heater to warm the optics and drive off possible accumulation of molecular or ice contamination accumulated on the optics. 
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Figure 1. Webb observatory with stowed secondary mirror and primary mirror wings (left) and IBH configuration with proximity to SM (right) (Photo credits:  Northrop Grumman) 
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Figure 2. Secondary mirror temperature during commissioning 
2. IBH SLI Design Improvement  

An inspection performed on the first IBH SLI enclosure revealed leak paths.  To resolve these, improvements were made to the thermal blanketing to ensure there were no leaks that would allow outgassing contamination to vent towards the SMA.  During the SLI enclosure redesign, additional incremental inspections and venting checks were performed to ensure that there was no path for water vapor deposition on the SMA. The design modifications improved adhesive contact of the black Kapton SLI to the existing structure, eliminated the line of sight to the SMA optical surface, and provided directional venting for IBH outgassing sources away from the SMA. 
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Figure 3. IBH SLI redesign configuration. This depicts the line of sight from IBH to the SMA (Hardware shown in reflection)
3. Radiator Outgassing Tests 
3.1 Aeroglaze Z307 Outgassing Test: Radiator Test Set-up, Radiator Paint Preparations, Test Procedure

An ASTM E 1559 test apparatus was employed to perform an outgassing test on the Aeroglaze Z307 radiator paint. The data was used for molecular transport analysis to determine the risk for moisture condensation on the SM from the radiator during the Inboard Hinge warm up period 1 day prior to the SM deployment. The sample was prepared using the flight paint application specification. Prior to performing the radiator paint measurement, an empty chamber background measurement was performed. Bare aluminum foil was loaded into the chamber for the background run. The parameters for the chamber background and radiator paint measurement are shown in Table 1 below: 

Table 1. Bakeout parameters for background chamber run and Z307 radiator paint sample 

	Test Parameter
	Phase I 
	Phase II 

	Pressure (Torr)
	<1e-05 
	<1e-05

	QCM Temp (C)
	-183C
	-183C

	Cell effusion Temp 
	-56C
	0C

	Duration 
	8 days + 3hrs or when directed
	21 hrs or when directed 


At day 8 +3 hours, the temperature was set to +0C to  measure an outgassing rate for planned operating schedule and potential contingency delays. The same process was followed for the radiator paint sample outgassing. The temperatures were selected to follow the cool down profile experienced by the observatory at L2. The on-orbit commissioning involved warming the IBH prior to SM deployment, resulting in the motor and resolve units reaching ~20C while the radiator would reach 0C. 

3.2 Z307 Radiator Test Results 

Figures 4 and 5 show the QCM rates in Hz/hr maintained at -183C with the temperature of the foil at -56C and 0C. The outgassing rates were utilized in a molecular transport analysis6 to identify the risk for moisture condensation on the SM from the radiator prior to deployment6. 
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Figure 4. QCM rate (Hz/hr) vs exposure time (hrs) for Tfoil = -56C and TQCM = -183C. 
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Figure 5. QCM rate (Hz/hr) vs adjusted time (hrs) for Tfoil = 0C and TQCM = -183C.

4. ETU Hinge Outgassing Test 

The goal of the test was to measure the source outgassing rate of water from the motor and resolver sides of the hinge, so that an accurate assessment of the risk to the SM could be evaluated, in the event of a thermal enclosure leak or hardware feature (gaps or openings in the hinge mechanism) that could not be covered. It was crucial to evaluate the contribution from both the motor and resolver sides separately for analysis incorporating view factors to SM. The view factors from IBH to SM with assigned outgassing rates were used for a geometric analysis6. 

4.1 ETU Preparations
TVAC testing was performed on an PMBA ETU hinge unit to represent the IBH hardware which itself was unavailable. The ETU hinge unit was preferred to raw materials do the ability to operate the hinge heaters, similarly to the flight IBH commissioning timeline.   Modifications were necessary to make the ETU hinge more representative of the flight IBH. To make the ETU hardware more “flight-like,” vacuum compatible, and to minimize outgassing, silicone connectors connected to strain gauge wires were removed. Heater/cable harnesses that were degrading were repaired or replaced as necessary with flight Teflon and lacing cord. Due to hardware sensitivities, the hinge was mounted to a special support plate to ensure no movement of the hardware. In order to simulate the on-orbit flight temperatures, the hinge onboard heaters would be used after a safe to mate procedure was executed to verify operability.
4.2 ETU Test Chamber Set-up

Based on the cool down modeling for on-orbit temperatures, the predicted water vapor outgassing rates were assumed to be low. A bakeout box was utilized to isolate outgassing from the ETU hinge from chamber effects to measure these low water deposition rates. In preparation for the hinge ETU test, a large, vertical, cylindrical vacuum chamber was set up with a  0.6m x 0.6m x 1.8m (2’ x 2’ x 6’) bake-out box, and  a SLI barrier to provide separation between the two halves of the box. An SLI barrier was put in place to enable independent outgassing rate measurement of the motor and resolver sides of the hinge.  Prior to installing the hinge, the chamber and its support equipment were baked out at 100C until the accumulation was <675 Hz/hr per standard operating procedure. Then, a background measurement of the inside of the bake-out box was conducted using a TQCM peering through the box on each side of the barrier. TQCMs and the shroud of the chamber were held at LN2 temperatures while the bakeout box was kept at -100C. This was done to measure the background outgassing rate of the bake-out box and to ensure that it was neither a source nor a collector of water. The TQCMs measured <1.3 Hz/hr, which was deemed an acceptable background outgassing rate. 
Prior to the placement of the ETU hinge into the bake-out box and chamber as shown in Figure 4 and 5, the hinge was cleaned and inspected. There was an ISO 7 Class (ref ISO 14644-1) clean tent at the chamber entrance, enabling clean transfer of the hinge from the precision cleaning lab into the chamber. The ETU hinge was placed in the center of the pre-characterized bake-out box and the SLI barrier was re-installed around the hinge to separate the motor and resolver sides. A TQCM was again installed on each side of the barrier. The same temperatures were to be used as in the qualification chamber background test: chamber shrouds and TQCMs were held at LN2 temperature (80K) while the bake-out box was at -100C. The bakeout box lid was slid open 10cm (4”) to ensure proper venting and prevent saturation of the TQCMs. 
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     Figure 6. ETU hinge in bakeout box with SLI barrier
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Figure 7. ETU hinge in bakeout box with SLI barrier
4.3 Test Procedure 

Utilizing thermal model predictions and the on-orbit deployment timelines for the hinge, the chamber equipment and hardware were maintained at the temperatures shown in Table 1 during the outgassing rate measurement.  For 8 days and 3 hours after launch, the hinge is maintained at its baseline temperature set point of -55C on the motor side and -58C on the resolver side.  Then, just before SM structure deployment, the hinge is heated to +20C on both sides and maintained at that temperature for approximately 72 hours or until deployment is complete.  To accommodate this on-orbit timeline, two phases of the test were performed as shown in Table 2 below.

Table 2. Operating temperatures during phase I and phase II of the TVAC testing on ETU
	Test Parameter 
	Phase I
	Phase II

	Facility Shroud Temp
	LN2 (-166C)
	LN2 (-166C)

	Bakeout Box Temp
	-100C
	-100C

	Box Lid Configuration
	Open 10cm (4”)
	Open 10cm (4”)

	TQCM Temp
	LN2 (-186C)
	LN2 (-186C)

	ETU Motor Temp
	-55C
	+20C

	ETU Resolver Temp
	-58C
	+20C

	Time Criteria
	8 days + 3hrs or when directed
	72 hrs or when directed


4.4 ETU Hinge Outgassing Test Results and Discussion

Figure 8 shows the results from the simulated early on-orbit cold phase (Phase I per Table 1) for the PMBA ETU hinge TVAC test. With a chamber background rate less than 1.3 Hz/hr, it is observed that the outgassing rate of the motor and resolver is quite low. The data shows that the measured motor QCM Hz/hr rate was higher than the resolver rate. 
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Figure 8. ETU (PMBA) hinge early cold phase, corresponding to Phase 1 in Table 1 

Figure 9 shows the results from the Phase 2 (per Table 1) where the ETU hinge is heated to +20C in the simulated pre-deployment warm-up. Prior to this, the TQCMs were baked-out to remove contamination accumulated during Phase I of the test.  The motor side QCM did have a larger quantity of water vapor deposition than the resolver. After approximately 30 hours, the rate of removal from the motor and resolver QCMs were at the same rate. 
These outgassing rates from Z307 radiator paint, resolver, and motor sides were used for a geometric analysis of ice deposition on orbit for Webb sensitive surfaces6. As an additional risk reduction, the Webb commissioning team performed a bakeout of the IBH prior to SM deployment while the optics were still too warm to condense water vapor. 
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Figure 9. ETU (PMBA) hinge early heated phase, corresponding to Phase 1 in Table 1 
5. Conclusion
After a redesign of the SLI on the IBH, the risk of unintentional vent paths from the IBH to the SM was significantly reduced. This thermal vacuum chamber test was conducted to measure the source outgassing rates from the motor and resolver sides of the IBH, that was ultimately used in on-orbit contamination analyses to predict and verify end of life contamination levels on the SM. In addition, to mitigate the risk to the SM even further, an on-orbit bake-out was planned for the IBH a few days after launch, when the SM was still too warm to condense water vapor.  Through these efforts, contamination was mitigated on the SM during on orbit operations.  

The SM, together with the rest of the JWST optics, has performed flawlessly on orbit, indicating that IBH outgassing  did not reach the SM.  A quote following the first public release of a fine phasing image testifies to the success of the many contamination measures taken; if this particular SM contamination measure had not been taken and water had condensed on the SM, the SM could have been blinded, preventing light from reaching Webb’s optical path.

From NASA Watch: "On March 11, the Webb team completed the stage of alignment known as "fine phasing." At this key stage in the commissioning of Webb's Optical Telescope Element, every optical parameter that has been checked and tested is performing at, or above, expectations. The team also found no critical issues and no measurable contamination or blockages to Webb's optical path. The observatory is able to successfully gather light from distant objects and deliver it to its instruments without issue."5
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