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Abstract 
Maintaining molecular cleanliness during the JWST’s Optical Telescope/Instrument Module (OTIS) Cryogenic Thermal Vacuum (TV) test campaign was critical to the success of its optical mission on orbit. In the thermal vacuum tests leading up to the final cryogenic test to validate the OTIS flight hardware, NASA Johnson Space Center’s (JSC’s) TV Chamber A was fully characterized for molecular contamination. It was found to contain common volatile condensable materials (VCM), including hydrocarbons, plasticizers, and silicones, all of which absorb in JWST’s infrared wavelength region. Due to the risks involved, cleaning molecular contamination from the OTIS mirrors was not an option and heating the Primary Mirror (PM) segments would have also been a risky and expensive endeavor. As a result, a monitoring process was developed and implemented during four different Pathfinder or risk reduction tests that were scheduled to occur prior to the flight hardware test. The goal was to quantify and assess the risk of molecular contamination depositing on the PM resulting from relatively warm chamber shrouds “leading” colder PM mirrors during warmup, by a margin of 10-50 Kelvin (K). This was accomplished using Cryogenic Quartz Crystal Microbalances (CQCMs), held at temperatures slightly cooler than the segments to signal the onset of contamination events. Per the JWST Contamination Control Plan (CCP)1, the total Primary Mirror molecular allocation requirement was 50 angstroms. In all tests, the results showed an average accumulated molecular contamination of <10 angstroms.
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1. INTRODUCTION 
James Webb Space Telescope’s (JWST) Optical Telescope Element (OTE) and Integrated Science Instrument Module (ISIM), together known as OTIS underwent cryogenic Thermal Vacuum (TV) testing in NASA’s Johnson Space Center (JSC) Chamber A facility. Several years of planning, chamber modifications, and Pathfinder (PF) testing preceded the OTIS cryo-vacuum (CV) test performed in 2017. During this process, evaluation of contamination levels was imperative to understanding the potential risks to the OTIS Primary Mirror (PM). The PM is made of 18 different mirror segments (or PMSAs) depicted in Figure 1. The challenge for the Contamination Control (CC) team was to show that the PM, the only OTIS mirror without flight or test heaters, would not become contaminated during CV testing in Chamber A. Most molecular contaminants are highly absorptive in the infrared spectrum where JWST instrument measurements are made, and contamination would result in a diffuse reflectance layer buildup on the mirrors with a corresponding degradation in image quality and science.

The risk of volatile materials condensing on the PM was greatest during warmup from cryogenic conditions, when the shroud temperature led that of the PM in order to drive the PM back to ambient temperature. In addition, due to program schedule constraints there was a need to warmup the chamber and equipment as quickly as possible, potentially causing the temperature differential between the chamber shroud and the PM to increase to contamination-threatening levels. To mitigate this risk, Chamber A and its support equipment were first baked out to reduce volatile materials. Then, during four subsequent Pathfinder tests, Cryogenic Quartz Crystal Microbalances (CQCMs) and witness samples were used to quantify molecular deposition resulting from varying temperature differentials between the chamber shroud and surfaces simulating the PM. 
The purpose of this manuscript is to document details of this activity, as well as to present related results. 
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   Figure 1. Rendering of OTIS Components, including the SM, AOS, ISIM, and 18 PMSA segments that make up the PM1
2. contamination requirements
Molecular deposition requirements for the optical surfaces of OTIS flow from the JWST Mission Requirements for system sensitivity. System sensitivity is affected by optical transmission which in turn is affected by molecular contamination. A system throughput thin film analysis was conducted and determined that the allowable End-of-Life (EOL) molecular contamination level would be 300 angstroms for OTE mirrors. Once the EOL requirement was established, it was sub-allocated to the various phases of JWST’s Integration and Test (I&T) program. For the OTIS CV test, a total allocation of 50 angstroms was given. From that, a 25-angstrom layer was allocated to the primary cryogenic test, and another 25-angstrom layer was reserved as a contingency in case another test was required. In order to facilitate meeting this provision, a requirement was generated for the shroud to lead PM, SM, and TM temperatures by no more than 10 °C during this period once the shroud was above 220 K, a temperature associated with the potential onset of appreciable volatile condensable material (VCM) desorption.2 

3. CC Test ObjectivE and Overview of Pathfinder TEst Plan in chamber A
CC tests were conducted to validate that the 25-angstrom requirement for deposition onto the OTIS PM could be achieved under the planned post-cryogenic phase warmup during the four Pathfinder tests. The original requirement called for a small adverse temperature gradient (T) of 10 degrees or less that would allow for VCM to desorb. Due to schedule pressures, temperature gradients between the shroud and the PM of up to 50 °C were considered during tests preceding the OTIS CV test. After each Pathfinder test was complete, data from samples and CQCMs were analyzed against the 25-angstrom requirement. Ultimately, sample data that indicated acceptable deposition with the most time efficient warmup rate became the “shroud to PM” T constraint imposed on the OTIS CV test.
Chamber A Description
JSC Chamber A is the largest helium-cooled Cryogenic Thermal Vacuum Chamber in the world. It is 16.8 m (55’) diameter x 27.4 m (90’) tall and is renowned for testing the Apollo Mission Spacecraft.3 A number of modifications were implemented to make it suitable for OTIS testing. It was retrofitted with a ~12.2 m (40’) diameter x ~17.3m (60’) working height gaseous helium (GHe) shroud installed inside the liquid nitrogen (LN2) shroud to enable the Pathfinder and OTIS CV tests to be conducted at temperatures as low as 11 K. The inside of the helium shroud is painted with Chemglaze Z307 black thermal paint to minimize stray light and enhance thermal radiation from OTIS during cool down. In addition, the chamber ambient airflow management system circulates temperature and humidity-controlled air and was upgraded to include High Efficiency Particle Air (HEPA) and charcoal filtration necessary to meet the ISO Class 7 particle and hydrocarbon cleanliness levels required by OTIS. 
During Chamber A pump-down, a train of four Roots blowers and six Stokes mechanical pumps are used to remove most of the gas. Once the chamber pressure is below 10 microns pumping crosses over to six turbomolecular and 12 cryogenic adsorption pumps (cryopumps or CPs) that are capable of lowering the chamber pressure to 1e-5 Torr while the chamber is still warm. Cooling of the LN2, Helium Cryogenic Pumping, and Helium Environment Shroud panels results in pressures as low as 1e-8 Torr for testing where gas loads are not intentionally vented into the chamber. 
Chamber A included 5 levels with the air plenum below Level 1. The Pathfinder and OTIS were located on Level 1 for their respective tests, a catwalk that extends around the outside perimeter of the helium shroud is on Level 3 (halfway between Levels 1 and 5), and Level 5 opens to the space above the helium shroud as shown in Figures 2 and 3. Scavenger plates (panels plumbed to be flooded with liquid nitrogen (LN2), as needed) were installed to improve chamber pumping efficiency and to reduce the risk of saturating the pumps: two scavengers were inside the helium shroud on the Level 1, and a third was located on top of the helium shroud on Level 5. Scavengers were sized to enable evaluation of the mass transport function4 to convert a 1 Hz/hr CQCM measurement to a source outgassing rate (OGR) in terms of grams/second, and were operated during the test from the time of the initial outgassing measurement until 400 Torr was reached upon re-pressurization of the chamber.
Overview of the Pathfinder Risk Reduction Test Program

Prior to OTIS CV testing, there were four major Pathfinder Tests (PF): Chamber A Commissioning, Optical Ground Support Equipment (OGSE)-1, OGSE-2 and the Thermal Pathfinder (TPF) Test. Chamber A Commissioning included an OTIS Mass Simulator, the OGSE-1 test included a non-flight Pathfinder Backplane with protoflight optics, the OGSE-2 test included OGSE-1 equipment plus the flight Aft Optics Structure (AOS), and the TPF test included hardware simulating the flight backplane configuration. Each Pathfinder test lasted between 30 and 42 days and included one cryogenic cycle to as low as 11 K at 5.0 x 10-5 Torr or lower pressure. Figure 2 depicts the PF test program phases leading up to OTIS CV testing and the final OTIS flight test configuration is illustrated in Figure 3. Information gained during Pathfinder testing was instrumental in the planning and execution of the OTIS CV test which lasted 90 days.

[image: image2]
     Figure 2. Pathfinder Test Program (Diagram credit: NASA)
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     Figure 3. Test Configuration for JWST OTIS in Chamber A (Diagram credit (left): NASA, diagram credit (right): ref 5)
4. CC Monitoring and Support Equipment Overview

CC Trays
The CC tray design concept was introduced just before the Chamber A Commissioning test, and implemented throughout Pathfinder testing to enable assessment of contamination levels prior to the OTIS flight system being exposed to Chamber A. Three CC trays were mounted to the fiducial light poles located as shown in Figure 4. The trays were located approximately at the PM height giving each a view to the upper regions of the shroud similar to the Pathfinder and Flight PMSAs. The trays were fabricated out of 1 inch thick, high conductivity, black anodized aluminum to hold the silicon wafer samples, optical samples and, in later tests, CQCMs. They were machined such that the wafers were safely secured in countersunk depressions in the aluminum and held down using Teflon washers. 
The mass, thermal insulation, and heating capability of the trays were customized to enable separation up to 50 °C adverse T between the CC trays and the chamber shroud. G10 isolators thermally isolated the trays from the support structure to facilitate independent temperature control and minimize any conductive heat transfer to the test article and support equipment. 
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     Figure 4. Diagram from the TPF test of later design CC trays and their locations on fiducial light poles in all tests6 (Drawing credit: ref 6)
Lessons learned using the early tray design led to the final design implemented for TPF and OTIS CV testing. Commissioning through OGSE-2 tests included two trays that were thermally passive, and one tray that was heated. Of the thermally passive trays, one was covered with aluminized single layer insulation (SLI), and the other was uncovered black anodized aluminum. The heated tray included test heaters and SLI. Unfortunately, as the data will show, maintaining desired temperatures with the early tray design was difficult. As a result, the design for all CC trays was modified prior to the TPF test; the new design called for added mass, full coverage with black multi-layered insulation (MLI), and heaters to facilitate better temperature control. The redesign also included enough space for the 18 PMSA silicon wafer samples to be distributed amongst the three trays, as well as one CQCM mount location, and a CQCM baffle. The baffle was included to minimize radiative heat transfer from the CQCM electronics, which was noted as an issue in previous tests. With the CQCMs mounted directly to the trays for TPF and OTIS CV testing, these modifications enabled an effective evaluation of contaminant deposition levels real time. Collection of molecular contamination on silicon wafer, nonvolatile residue (NVR) foil, and optical witness samples provided additional information on the type and amount of contamination that might be deposited onto the PM during the OTIS CV test.
CQCMs
Crystal Tek CQCMs were installed in Chamber A for all PF tests and the OTIS CV test. They were 15MHz devices with a sensitivity (S) of 1.96e-9 g/cm2Hz. They were slightly modified to support operation and survival at cryogenic test temperatures as low as 11 K. The CQCM electronics modules were augmented with additional thermal insulation and a chip in each controller was swapped out to support functioning at extremely low temperatures. External power supplies were implemented to enable better control of the sensor head electronics internal temperature, and to minimize the risk of sensor head failure while at test temperatures <80 K. In addition, thermal insulation was installed on the external surface of the electronics module and electrical connectors. The tray CQCMs were used to measure deposition of water/ice and molecular contamination during cool down and warmup, and those installed on Levels 3 and 5 measured the ambient temperature outgassing rates for the volumes inside and the outside of the helium shroud, respectively. This study focuses on those measuring net deposition located on Level 1. Approximate net deposition, after CQCM sensor temperature stabilization, was calculated by subtracting the unit’s baseline frequency and multiplying by the sensitivity factor, S. Assuming VCM and water vapor density levels lie around 1 g/cm3, and 1 cm = 1e+8 angstroms, S = 0.196 angstroms/Hz. 
Silicon wafer and optical witness samples
The silicon wafers used for monitoring were 10 cm (4”) in diameter with a thickness of 500 mm and a single side polished. The optical witness samples were 25 mm (1”) diameter protected-gold coated beryllium. They are optically representative of the flight optics as they were polished in the same manner and optically coated in the same coating runs. Before and after each test, silicon wafers and optical witness samples were measured by ellipsometry and reflectance respectively, to quantify performance degradation. Silicon wafers were placed on the CC trays and other strategic locations in Chamber A to evaluate both particle fallout and molecular deposition.
5. Chamber A and Support equipment thermal vacuum bake out
In order to ensure that the prototype hardware and ultimately the OTIS flight hardware meet their cleanliness requirements during cryogenic thermal vacuum testing in Chamber A, a high temperature bake out of the Chamber and support equipment was required. This is a common practice necessary to reduce volatile material and qualify a vacuum chamber for optical space systems. In addition, most of the structural support equipment, and all internal surfaces of the helium shroud were newly painted with Chemglaze Z307 black thermal paint, known to contribute volatile material to vacuum environments. Surprisingly, this was to be the first elevated temperature test ever performed in Chamber A!
To prepare for the bake out, scavengers were installed in Chamber A, along with all the core support equipment and several witness samples. The bake out was conducted at 60°C and 5.0 x 10-5 Torr for approximately 25 days. In the end, the bake out was successful as it reduced the outgassing rate from 2450 Hz/hr to 20 Hz/hr or 1.7 x 10-4 to 1.4 x 10-6 g/s. The primary molecular contaminants collected on the scavengers were triphenylphosphate (TPP), glycol ether, dibutylphthalate (DBP), and silicones.
6. Experimental procedures and results

Chamber A Commissioning
The Chamber A Commissioning test was conducted as a dry run for vacuum systems and vacuum integrity, cryogenic systems (liquid nitrogen and helium), optical ground support equipment (OGSE) and structural support systems: the Hardpoint Offload Support Structure (HOSS), the Upper Support Frame (USF), the Photogrammetry (PG) System and the Downrods shown in Figure 3. In order to study the structural load impacts, stresses, and thermal distortion of this system when transitioning from ambient temperature to 20 K, an OTIS Simulator was installed to simulate OTIS’ mass load on the HOSS supported by the Downrods. The OTIS mass simulator, HOSS CQCM, and CC trays are shown in Figure 5. 
[image: image8.emf] 
     Figure 5. Chamber A Commissioning Test Configuration with OTIS mass simulator and CQCM mounted to ADMA (Photo credit: NASA/Chris Gunn)
CQCM measurements, location – The CQCM designated to measure net deposition during this test was mounted to the Absolute Distance Meter Assembly (ADMA) because thermal predictions indicated it would lag the shroud more significantly than other surfaces, and the ADMA was in a position adjacent to the OTIS mass simulator where its face up configuration provided a view to the upper portions of the chamber similar to that planned for the PM in OTIS CV testing. The CQCM was named after the HOSS, because the ADMA was mounted to the HOSS. 
CC tray configuration and thermal profile – Each of the three CC trays contained two silicon wafers, two optical witness samples and an NVR sample. CQCMs were not installed on the trays for this test. Figure 6 shows one of the three trays deployed during the Commissioning test. The warmup goal was different for each tray:

Tray 1: Control to shroud temperature during warmup
Tray 2: Warmup as slowly as possible (with greatest T between shrouds and tray)

Tray 3: Float with shroud as driven by the temperature of the GHe shroud
Tray 1 was insulated with aluminized single layer insulation (SLI) and included a heater so that its temperature could be controlled to track the shroud. Tray 2 was also insulated with aluminized SLI but did not include a heater. Tray 3 had no insulation, no heater, with its bare, black anodized surface exposed. Figure 7 shows the thermal profile achieved during the Commissioning Test warm-up phase. In general, the trays were approximately 0-30 degrees colder than the shroud above 220 K.


[image: image9]
     Figure 6. Photo of populated CC tray for the Commissioning through OGSE-2. Tray includes wafers, NVR foils, and a gold optical sample. (Photo credit: NASA/Joe Ward)

[image: image10]
     Figure 7. CC tray thermal profile for warmup during the Commissioning Test7
Results - Figure 8 shows the CQCM total deposition results. On this plot, there is a clear indication of the condensation of CO2, water, and VCM onto the HOSS CQCM from the shroud at 70 K, 150 K, and 220 K respectively. During VCM release (from the shroud) and deposition onto the HOSS CQCM, the CQCM lagged the shroud by an average of about 50 degrees, at the extreme end of the desired T. VCM deposition onto the HOSS CQCM was as high as 6500 angstroms early in the VCM release phase from low molecular weight species that flashed off quickly, and later up to 2000 angstroms from higher molecular weight species that took longer to evaporate with increasing temperature. By the time the HOSS CQCM reached 285 K during warmup, the net accumulation was 13.5 angstroms, well below the 25-angstrom requirement. Note also that during any type of gaseous release, the CQCM temperature reading increases temporarily, but returns to its baseline temperature once the gas (CO2, H2O, VCM) desorption is complete.

Table 1 includes data for the molecular material collected on NVR foils, plates, and silicon wafers. Residual deposition onto all samples was <10 angstroms. The foil data compares well with the silicon wafer data. Of note is that Tray 2, which lagged the shroud the most in the VCM release region, collected the highest amount of VCM, at 9 angstroms. This confirmed that the greater the temperature lag between hardware and the shroud, the higher the collected VCM will be. Table 1 also shows that the collected species were mainly hydrocarbons and esters.

[image: image11]
     Figure 8. Commissioning test HOSS CQCM deposition results7
     Table 1. Commissioning witness sample data inside gaseous helium (GHe) shroud7
	Sample Type
	Location
	NVR (ug/cm2)
	Thickness (angstroms)
	Constituents (FTIR)

	NVR foil
	ADMA
	0.14 + 0.04
	14*
	hydrocarbons, silicones

	Al Plate
	Tray 1 (N)
	0.04
	4*
	Hydrocarbons, esters

	Al Plate
	Tray 2 (SE)
	0.09
	9*
	Hydrocarbons, esters, phenols

	NVR foil
	Tray 3 (SW)
	0.04
	4*
	Hydrocarbons, esters

	Ellipsometry wafer
	ADMA
	N/A
	6
	N/A

	Ellipsometry wafer
	Tray 1 (N)
	N/A
	3
	N/A

	Ellipsometry wafer
	Tray 2 (SE)
	N/A
	3
	N/A

	Ellipsometry wafer
	Tray 3 (SW)
	N/A
	3
	N/A

	HOSS CQCM
	CQCM crystal
	N/A
	13.5
	N/A

	*Assumed 1g/cc to convert NVR on foils from ug/cm2 to angstroms


Optical Pathfinder Tests: OGSE-1 and OGSE-2
The purpose of the OGSE-1 and OGSE-2 cryogenic thermal vacuum tests was to study the thermal distortion induced in the optical ground support equipment during the transition to 20 K and to perform a series of optical tests including optical alignment and throughput tests once the system was cryo-stable at 20 K. OGSE-1 included two PF PMs, the PF SM, and an Aft Optics Subsystem (AOS) simulator mounted to the Pathfinder Backplane Support Structure. A Beam Image Analyzer (BIA) was used for optical testing and was located in the center of the HOSS. OGSE-2 included OGSE-1’s equipment with the flight AOS, and the AOS Source Plate (ASPA). Inside the AOS was the flight Tertiary Mirror (TM) and the flight Fine Steering Mirror (FSM). The TM and SM were equipped with test heaters and the FSM had a flight heater on its sub-bench. The ASPA, mounted on the aperture of the AOS, enabled testing and calibration of the OGSE-2 optical system, but did not completely block outgassing sources from the upper part of the chamber. Figure 9 shows the configurations for each test. The objective for CC testing in OGSE-1 and OGSE-2 was to measure net deposition. It was also imperative to protect the cleanliness levels of Pathfinder and flight AOS optical surfaces, accomplished by following the T constraints defined in Section 2. In order to facilitate a faster warmup however, the PF PM and SM were allowed to follow a temperature profile that enabled them to trail the shroud by up to 32 degrees in both tests.
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     Figure 9. OGSE-1 (left) and OGSE-2 (right) test configuration. OGSE-2 included OGSE-1 hardware plus the AOS and ASPA, and the BIA CQCM was replaced with the Space Vehicle Test Simulator (SVTS) CQCM. (Photo credit: NASA/Chris Gunn)
CQCM measurements, locations - There were two CQCMs used to measure net deposition in OGSE-1: the HOSS CQCM mounted to the ADMA and the BIA CQCM mounted to the long mag damper bracket (Figure 9). For OGSE-2, the HOSS CQCM was replaced with the SVTS CQCM mounted to the SVTS mass simulator. 
In OGSE-1, the HOSS CQCM was pointed upward, and the BIA CQCM was situated with a downward facing view towards the BIA. The goal for the HOSS CQCM was to monitor net deposition onto the A4 PF PMSA from sources in the upper region of the helium shroud, by maintaining its temperature colder than or equal to the PMSA’s temperature. As can be seen by examination of Figures 10 and 11, the HOSS CQCM actually tracked 0-10 degrees below the shroud from 220-285K, while the PF PMSA was a bit colder at 0-15 degrees below the shroud. The BIA CQCM was pointed downward toward the BIA and the shroud floor, enabling measurement of deposition from those sources. Of special interest was deposition from outgassing sources created during operation of the BIA electronics and translation stages that could be a threat to the rear aperture of the flight AOS and FSM in OGSE-2. In order to gauge that threat during OGSE-1, the BIA CQCM was to be held at a temperature 0-5 degrees colder than the PF structure (or payload), but was actually held 12-20 degrees colder than the PF as shown in Figure 12.
In OGSE-2, the SVTS CQCM was viewing upper portions of the helium shroud from the SVTS, and the BIA CQCM remained in the same position as in OGSE-1, facing down towards the BIA. In this configuration, the SVTS CQCM had a view to the shroud similar to that of the flight TM, and the BIA CQCM’s view was similar to that of the FSM inside the AOS. As a result, the goal for these CQCMs was to focus on monitoring deposition onto these optical surfaces, by maintaining CQCM temperatures at or below the respective mirror temperature. Temperature profiles in Figure 13 indicate that while the AOS optics minimum (on TM) was approximately 8 degrees colder than the shroud from 220-285K, the SVTS CQCM (on the SVTS simulator) maintained a temperature 15-20 degrees below the shroud. And further examination of Figure 13 indicates that the FSM remained warmer than the shroud by 5-10 degrees while the BIA CQCM on the long mag damper bracket was colder than the shroud by approximately 12 degrees from 220-285K. Monitoring deposition real time on the colder SVTS and BIA CQCMs provided CCEs and thermal engineers ample warning against contamination condensing on the TM and FSM, giving them time to take action if necessary (e.g., slowing the warmup, or terminating operation of the BIA).

[image: image14]
     Figure 10. HOSS CQCM on ADMA bracket versus shroud thermal profile during OGSE-18

[image: image15]
     Figure 11. PF PM (A4) versus shroud thermal profile during OGSE-18 

[image: image16]
Figure 12. BIA CQCM versus the shroud and PF (Delta Payload-CQCM)8

[image: image17]
     Figure 13. OGSE-2 hardware versus the shroud thermal profile during OGSE-2 warmup. The HOSS and BIA CQCM temperatures floated with the SVTS and long mag damper, respectively.
CC Tray, AOS Mass Simulator – Each of the three CC trays contained two silicon wafers, two optical witness samples and an NVR sample. Figure 6 shows one of the three trays deployed during the OGSE-1 and OGSE-2 tests, and Figure 5 shows the locations of the CC trays in the chamber; they were in the same locations as the Commissioning test. CQCMs were not installed on the trays for these tests. In both tests, Trays 1 and 3 were to lag the shroud as much as possible, simulating the worst-case thermal condition. In OGSE-1, Tray 2 was to track with the average shroud temperature and the AOS simulator was controlled to a temperature trailing the shroud by 10 degrees, per the Contamination Control Plan (CCP) requirement. In OGSE-2, Tray 2 was to track with the coldest AOS temperature, on the TM, so that contamination levels could be evaluated on samples that had been exposed to the same thermal conditions. 
Tray 1: “float” lagging shroud as much as possible (OGSE-1 & OGSE-2) 
Tray 2: heater controlled to shroud temps (OGSE-1), heater controlled to AOS optic minimum temperature (OGSE-2)

Tray 3: “float” lagging shroud as much as possible (OGSE-1 & OGSE-2)
AOS Mass Simulator: heater controlled to 10 degrees below the shroud (OGSE-1) 
To accomplish this, one tray was heated and thermally blanketed on the bottom side only. The other two trays were completely blanketed and did not have active heating during the warm-up. The simulator was black anodized aluminum with bonded heaters and no insulation. All of the tray and the simulator temperatures were closely monitored during warmup via thermal diodes. 
Figure 14 shows the warmup thermal profile of the trays for OGSE-1. Tray 2 tracked the shroud very well and Trays 1 and 3 lagged by 3-12 degrees from 220-285 K. Figure 15 indicates the temperature profile for the AOS Simulator. It trailed the shroud by exactly 10 degrees from 220-285 K.
Figure 16 shows the warmup plots from OGSE-2 for the AOS optic minimum temperature (on the TM) versus the shroud, as well as optic minimum temperature versus the trays. Unfortunately, Trays 1 and 3 were 3 degrees warmer, and Tray 2 was 5 degrees warmer than the AOS optic minimum temperature from 220-285 K. The TM was colder than all the trays and lagged the shroud by 8 degrees from 220-285 K.

[image: image18]
     Figure 14. CC trays versus shroud thermal warmup profile during OGSE-1.

[image: image19]
     Figure 15. AOS mass simulator versus shroud temperature thermal profile during OGSE-1.

[image: image20]
     Figure 16. Shroud and CC tray temperature versus AOS optic minimum (on TM) thermal warmup profile during OGSE-2. 
Results - Figures 17 and 18 show the net deposition levels for both the BIA and HOSS CQCMs in OGSE-1 and Figures 19 and 20 depict the net deposition on the BIA and SVTS CQCMs in OGSE-2. Figure 21 shows a detail of a water deposition event that occurred during the warm-up as water began to condense on the SVTS CQCM. 
During both OGSE-1 and OGSE-2, VCM deposition/desorption did not occur on the CQCMs as it did during the Commissioning test. This is consistent with the observation that there was insignificant or negligible deposition at the end of each test: 2.4 and 0 angstroms average for OGSE-1 and OGSE-2 respectively, on the BIA and HOSS/SVTS CQCMs.

Tables 2 shows the molecular deposition on NVR foils and silicon wafer samples placed in various locations inside the helium shroud for OGSE-1 and OGSE-2. As expected, the samples that lagged the shroud the most during warm-up had the greatest accumulation, yet the levels were still below the 25-angstrom requirement. The average deposition on all samples was <10 angstroms. 

[image: image21]
     Figure 17. OGSE-1 BIA CQCM thermal warmup profile and net deposits.8

[image: image22]
 Figure 18. OGSE-1 HOSS CQCM thermal warmup profile and net deposits.8
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     Figure 19. OGSE-2 BIA CQCM thermal warmup profile and net deposition results.
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Figure 20. OGSE-2 SVTS CQCM thermal warmup profile and net deposition.
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     Figure 21. OGSE-2 SVTS CQCM water deposition warmup detail.9
     Table 2. OGSE-1 and OGSE-2 witness sample data.8, 9
	Sample Location
	Sample Type
	OGSE-1 Days Exposed
	OGSE-2 Days Exposed
	OGSE-1 Angstroms*
	OGSE-2 Angstroms*
	Top 3 Chemical Constituents, GC-MS (OGSE-2 only)

	Tray 1
	NVR Foil
	54
	57
	3
	5
	Hydrocarbons, di(2-ethylhexyl)phthalate (DEHP), tributyl acetylcitrate


	Tray 2
	NVR Foil
	54
	86
	3
	16
	Hydrocarbons, DEHP, DC 704 pump oil


	Tray 3
	NVR Foil
	54
	57
	4
	9
	Hydrocarbons, DEHP, tris(3-chloropropyl) phosphate


	W Mag Damp
	NVR Foil
	45
	42
	9
	5
	Hydrocarbons, dibutoxyethoxy ethyl adipate, amides


	BIA Substrate
	NVR Foil
	45
	42
	8
	10
	Hydrocarbons, tris(3-chloropropyl) phosphate,,DEHP


	SVTS Mass Sim
	NVR Foil
	34
	37
	17
	13
	Hydrocarbons, dibutoxyethoxy ethyl adipate, 2 methyl silicones


	Tray 1
	Ellipsometry wafer
	54
	57
	5
	4
	N/A

	Tray 2
	Ellipsometry wafer
	54
	86
	4
	Unavailable
	N/A

	Tray 3
	Ellipsometry wafer
	54
	57
	4
	4
	N/A

	BIA Substrate
	Ellipsometry wafer
	45
	42
	3
	5
	N/A

	SVTS Mass Sim
	Ellipsometry wafer
	34
	37
	4
	7
	N/A

	BIA CQCM
	CQCM crystal
	30
	30
	2.5
	0
	N/A

	HOSS/SVTS CCQM
	CQCM crystal
	30
	30
	2.2
	1
	N/A

	*Assumed 1g/cc to convert NVR on foils from ug/cm2 to angstroms


Thermal Pathfinder
The purpose of the Thermal Pathfinder test was to check out the thermal Ground Support Equipment (GSE) and execute a representative cool down profile with a high-fidelity thermal emulation of the PM center section. Thermal emulation of the center section was provided by two prototype PMs, 10 gold-coated aluminum PM “blanks,” the prototype SM, and an AOS simulator. 
The objective of the contamination testing conducted during the Thermal Pathfinder test was to again validate the 25-angstrom requirement could be met, but under more extreme temperature differential conditions between the CC trays and the shrouds. This was done to determine if the CC constraint requirement for this parameter, requiring the PM to lag the shroud by less than 10 degrees during warmup above 220 K, could be relaxed. Based on results from OGSE-1 and OGSE-2 tests, the CC trays were re-designed to enable more control and up to a 50-degree adverse temperature gradient between the CC trays representing the PMSAs, and the shroud.

CQCM Measurements – Once again, the outgassing rates for the chamber were measured by the CQCMs located on Level 3 for the volume inside the helium shroud and on Level 5 for the volume outside the helium shroud. The CQCMs used for net deposition measurements were located on Trays 1, 2, 3 and 5.

CC Trays - Trays 1, 2, and 3 were mounted to the fiducial light poles and trays 4 and 5 were mounted on top of the scavengers (Figure 22). The tray to shroud temperature differential requirements for TPF during warmup from 220 K to 285 K were as follows:

Tray 1: Lag shroud by 20 degrees

Tray 2: Lag shroud by 30 degrees

Tray 3: Lag shroud by 30-40 degrees

Tray 4, 5: Lag shroud by 40-50 degrees

A mass sensitivity analysis was conducted to determine the increased mass necessary to achieve the desired temperature differentials in a radiation environment. The analysis also considered the TPF shroud warm-up rate (i.e., slow warm-up rate, smaller T). The analysis results indicated that the temperature differentials could be met by increasing the tray mass from 7kg to 18kg and by implementing a shroud warm-up rate of 1.5 K/hr. It also determined that it was necessary to install SLI on the top and MLI on the bottom of each tray. For temperature control, two 50-Watt heaters (one primary and one redundant) with control sensors were included on the trays. And finally, to guarantee that Tray 5 would lag by as much as 50 degrees, it was mounted to a scavenger. While the scavenger was filled with liquid nitrogen, the temperature of this tray was to be biased cold, and controlled to the desired temperature setting using the 50-Watt heaters. Figure 23 shows the newly designed tray with CC samples, and Figure 24 shows the thermal profiles achieved during TPF testing. The data indicates the desired T for each case was attained at a warmup rate of 1.5K/hr.


[image: image26]
     Figure 22. Location of CC trays and samples during the TPF test.12

[image: image27]
     Figure 23. Photo of populated CC tray for the TPF. Tray includes wafers, NVR foils, gold optical sample, and a CQCM. (Photo credit: NASA/Joe Ward)
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     Figure 24. Temperature profiles of CC trays versus the shroud cylinder during TPF warmup.10
Results – Figures 25-28 show the molecular depositions levels for all of the tray CQCMs. Since water was determined not to be a concern, it is not included in these plots. Note that the greater the T was between the trays and the shrouds, the greater the deposition was, peaking when the CQCM reached 275 K; it was zero with a T of 20 degrees, and as high as 350 angstroms with a T of 50 degrees. Once the CQCM surface temperature reached 285 K however, desorption commenced and continued until very little remained in all cases. 
Table 4 shows the data for witness samples placed in strategic locations inside the helium shroud. Again, the samples that lagged the shroud the most (HOSS, Tray 5) had the highest net deposition, but all still met the 25-angstrom requirement with an average of <10 angstroms.

[image: image29]
     Figure 25. CC Tray 1 thermal warmup profile and net deposition during TPF.10
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Figure 26. CC Tray 2 thermal warmup profile and net deposition during TPF.10
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     Figure 27. CC Tray 3 thermal warmup profile and net deposition during TPF.10
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     Figure 28. CC Tray 5 thermal warmup profile and net deposition during TPF.10
     Table 3. TPF NVR witness sample data.10
	Sample location
	Sample type
	Days exposed
	Deposition (angstroms)*
	Top 3 Chemical Constituents,

GC-MS

	Tray 1
	NVR Foil
	56
	5
	Hydrocarbons, 8 methyl silicones, di(2-ethylhexyl)phthalate (DEHP)

	Tray 2
	NVR Foil
	56
	3
	Hydrocarbons, DEHP, DEHA

	Tray 3
	NVR Foil
	85
	7
	Hydrocarbons, 7 methyl silicones, DC 704 pump oil

	Tray 4
	NVR Foil
	56
	9
	Hydrocarbons, 6 methyl silicones, DC 704 pump oil

	Tray 5
	NVR Foil
	56
	10
	Hydrocarbons, 4 methyl silicones, DC 704 pump oil

	HOSS near ADMA
	NVR Foil
	54
	11
	Not available

	East HOSS
	NVR Foil
	54
	14
	Not available

	AOS Simulator
	NVR Foil
	115
	8
	Hydrocarbons, DEHP, DC 704 pump oil

	Tray 1
	Ellipsometry wafer
	56
	2
	N/A

	Tray 2
	Ellipsometry wafer
	56
	3
	N/A

	Tray 3
	Ellipsometry wafer
	85
	3
	N/A

	Tray 4
	Ellipsometry wafer
	56
	4
	N/A

	Tray 5
	Ellipsometry wafer
	56
	6
	N/A

	HOSS North
	Ellipsometry wafer
	54
	3
	N/A

	HOSS East
	Ellipsometry wafer
	54
	2
	N/A

	HOSS South
	Ellipsometry wafer
	54
	2
	N/A

	SVTS Bridge
	Ellipsometry wafer
	54
	2
	N/A

	Tray 1 CQCM
	CQCM crystal
	42
	1.2
	N/A

	Tray 2 CQCM
	CQCM crystal
	42
	1.0
	N/A

	Tray 3 CQCM
	CQCM crystal
	42
	2.5
	N/A

	Tray 5 CQCM
	CQCM crystal
	42
	9.6
	N/A

	*Assumed 1g/cc to convert NVR on foils from ug/cm2 to angstroms


OTIS CV

The OTIS CV test was conducted to validate that the telescope would function as expected in an extremely cold, vacuum environment similar to the one it would be exposed to in space. The OTIS CV test was performed to ensure that the OTE and ISIM optical systems could be aligned in hard vacuum after dynamics testing simulating launch vibration and acoustic loads. Alignment would be conducted when cryo-stable conditions were achieved at 20 K and thermal distortions occurring at these temperatures were realized. The thermal objective was to exercise the payload through the challenging cool-down to a stable, flight-like cryogenic operating temperature where functional, optical, thermal and operational tests could take place, and then to bring it back to room temperature safely, validating that OTIS structural and contamination requirements would be met.11
The primary focus of contamination testing conducted during OTIS CV was to monitor molecular deposition real time and take action as necessary to protect the OTIS critical optical surface cleanliness, and ensure that its 25-angstroms limit would be met. Critical optical surfaces that were monitored included the PM, SM, TM, FSM and the ISIM Pick-off Mirrors (POMs). Test and/or flight heaters enabled the SM, TM, FSM and ISIM to easily maintain their temperature constraints against the shroud and other surfaces, so they are not discussed in this section. 
CQCM Measurements – As in previous tests, the outgassing rates for the chamber were measured by the CQCMs located on Level 3 for volume inside the helium shroud and on Level 5 for volume outside the helium shroud. The CQCMs used to monitor net deposition real time during the entire test were located on Trays 1, 2, 3 and 5, as they were in TPF test.

CC Trays –Trays 1-3 were configured with MLI and heaters as described in Section 4.1, loaded with samples and a CQCM as shown in Figure 29, and installed on the fiducial light poles. Tray 5 was outfitted with a heater and MLI and installed on top of the scavenger as in the TPF test. The goal was for each tray to lag the minimum PM temperature by 0-10 degrees at a shroud warmup rate of 1.5K/hr. Tray and sample locations in the chamber are shown in Figure 21 (with placement similar to TPF) and the lower half of Figure 29. 
Figure 30 shows the thermal profile achieved during OTIS testing for Trays 3 and 5. The data indicates that Tray 3, which is representative of Trays 1 and 2, was up to 20 degrees warmer than the PM minimum on mirror B4 from 220-285 K, but tracked fairly well with the average PM temperature and 15 degrees colder than the shroud in the same temperature range. Also shown in Figure 30 is Tray 5, which maintained a temperature differential at least 5 degrees colder than the PM minimum and 40 degrees colder than the shroud from 220 – 285 K. The actual shroud warmup rate from 220-285 K was less than anticipated at 0.6-0.8K/hr.
[image: image33.png]
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     Figure 29. Photo of populated CC tray and trays installed in Chamber A for the OTIS CV test. Trays include wafers, gold optical samples, and a CQCM. (Photo credit: NASA/Joe Ward (top), Chris Gunn (bottom)).
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     Figure 30. PMSA average and minimum profiles versus CC Trays 3 & 5 during warm-up for OTIS CV.
Results – Figures 31-34 show the net deposition results. Net deposition on all of the tray CQCMs was <1 angstrom and in most cases negative, and there appears to be no difference between Trays 1-3 and Tray 5, which was held 5 degrees below the PM minimum temperature. The negative deposition is due to the fact that a slight amount of mass was actually lost during the test. Also, further examination of the plot shows that there was no noticeable deposition at any time during the warm-up of the shroud above 220 K on any of the CQCMs. Table 4 provides a summary of the witness sample data. It indicates all samples collected <10 angstroms.
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     Figure 31. CC Tray 1 thermal warmup profile and net deposits during OTIS CV test (0-15 degree lag, 220-285 K).
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Figure 32. CC Tray 2 thermal warmup profile and net deposits during OTIS CV test (0-15 degree lag, 220-285 K). 
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     Figure 33. CC Tray 3 thermal warmup profile and net deposits during OTIS CV test (0-15 degree lag, 220-285K). 
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Figure 34. CC Tray 5 thermal warmup profile and net deposits during OTIS CV test (35 degree lag, 220-285K). 
     Table 4. OTIS CV NVR and ellipsometry witness sample data for samples inside the helium shroud.12
	Sample Location
	Sample Type
	Days Exposed 
	Deposition (angstroms)*
	Top 3 Chemical Constituents

	Tray 4
	NVR Foil
	131
	8*
	Hydrocarbons, dibutylphthalate, (DBP), di(2-ethylhexyl), adipate, (DEHA)

	Tray 5
	NVR Foil
	131
	9 ± 4*
	Hydrocarbons, organic acids, (myristic, palmitic, and stearic),

di(2-ethylhexyl) adipate (DEHA), butyl benzyl phthalate (BBP)

	HOSS North
	NVR Foil
	131
	8*
	Hydrocarbons, esters, silicones

	HOSS South
	NVR Foil
	131
	6*
	Hydrocarbons, organic acids, (myristic, palmitic, and stearic), dibutoxyethoxy ethyl adipate

	HOSS East 
	NVR Foil
	131
	7*
	Hydrocarbons, dibutylphthalate (DBP), di(2-ethylhexyl) adipate (DEHA)

	SVTS
	NVR Foil
	131
	6*
	Hydrocarbons, DEHP, DBP

	Bump-out
	NVR Foil
	130
	8 ± 4*
	Hydrocarbons, esters

	Tray 1
	Ellipsometry Wafers
	150
	<1
	N/A

	Tray 2
	Ellipsometry Wafers
	150
	<1
	N/A

	Tray 3
	Ellipsometry Wafers
	150
	<1
	N/A

	Tray 4
	Ellipsometry Wafers
	131
	2
	N/A

	Tray 5
	Ellipsometry Wafers
	131
	3
	N/A

	HOSS North
	Ellipsometry Wafer
	131
	2
	N/A

	HOSS East
	Ellipsometry Wafer
	131
	1
	N/A

	HOSS South
	Ellipsometry Wafer
	131
	1
	N/A

	SVTS Bridge
	Ellipsometry Wafer
	131
	1
	N/A

	Tray 1 CQCM
	CQCM crystal
	90
	-2.2
	N/A

	Tray 2 CQCM
	CQCM crystal
	90
	-0.6
	N/A

	Tray 3 CQCM
	CQCM crystal
	90
	0.4
	N/A

	Tray 5 CQCM
	CQCM crystal
	90
	-1.8
	N/A

	*Assumed 1g/cc to convert NVR on foils from ug/cm2 to angstroms 


7. Summary and discussion
The test objective to protect the OTIS critical optical surfaces, especially the unheated PM, was met during OTIS CV cryogenic testing thanks to processes implemented before, and information gained, during Pathfinder testing. The chamber and support equipment thermal vacuum bake out effectively reduced levels of volatile molecular contamination, like TPP. Then, during Pathfinder tests starting with Chamber A Commissioning, the CC tray concept was introduced to simulate optical surface exposure to contamination from the chamber and test equipment, and to measure net deposition under planned test conditions. Program schedule demands prompted testing that allowed for a faster warmup, while still meeting optical surface cleanliness requirements. This, along with issues involving the early CC tray design, caused the evolution of the new design that met desired temperature differential goals during the TPF test. TPF data from sample and CQCMs seated on the new CC trays proved that the molecular cleanliness requirements could be easily met under adverse temperature differential conditions between the shroud and the PM as high as 35 degrees. The result was a significant reduction in the warmup period over the time required to meet the original T requirement of 10 degrees, and a substantial cost savings to the project. While this became the constraint to be implemented in OTIS CV testing, lessons from Pathfinder testing also brought about a method to monitor the net deposition real time, using CQCMs that trailed the optical surface temperature to provide warning against molecular accumulation on the flight PM. Even though previous tests validated the new T constraint would produce acceptable results, there was still the unknown risk of new or additional contamination species being introduced into the chamber with different vapor pressures, creating the need to continuously monitor for VCM deposition during the OTIS CV test. The following paragraphs discuss lessons learned from each test and how the data, information, and processes were applied to following tests, ultimately leading to a successful outcome for the OTIS CV test.
Chamber A Bake out
After sampling a painted GSE surface and the helium shroud before the bake out, TPP was found as a major constituent of Z307 black thermal paint. TPP is a high outgassing plasticizer commonly used as a flame retardant. Further investigation of the issue revealed that the source of the TPP was the two-part primer used under the black paint, which subsequently diffused through the pores of the paint. With a vapor pressure of 1 x 10-6 Torr at 25oC, there was a concern that the TPP would be a significant source of volatile material under the expected vacuum test conditions. The bake out was successful in reducing the relative abundance of the TPP and significantly reduced the outgassing rate in general as discussed in Section 5. Data from tests conducted beginning with Chamber A Commissioning (Table 1), show that TPP became either non-existent or a minor constituent found on the list of compounds identified by the Fourier Transform Infrared (FTIR) spectroscopic analysis of post-test NVR samples.
Chamber A Commissioning

Chamber A Commissioning was the first major test conducted in preparation for the OTIS CV test. The CC trays were first implemented during Commissioning to understand the risk of deposition experienced on samples located adjacent to where the PM would be located during subsequent Pathfinder and OTIS CV tests. The HOSS CQCM, mounted to the ADMA, lagged the shroud by up to 50 degrees during warmup when the shrouds were above 220 K. It was discovered that VCM deposition as high as 6500 angstroms on the HOSS CQCM would almost completely desorb by the time the CQCM sitting on the HOSS reached 285 K. This ultimately became a constraint for warm-up; before re-pressurization to ambient pressure, the temperature of all critical optical surfaces must be above 285 K. And since the evaporation of the VCM is a function of species vapor pressure, this constraint was re-evaluated during each subsequent test. 
Other valuable lessons were also learned during this test in terms of how the CQCMs operated under extreme cryogenic conditions, and how they operated during gas release and free-molecular-heat transfer (FMHT) conditions with gaseous helium injected into the chamber. FMHT conditions were implemented to equilibrate GSE and chamber temperatures, facilitating a more efficient test timeline, until the shroud reached 120 K during the warmup phase. It was discovered in this and later tests that CQCM operation can be temporarily affected by gases that cause a heat transfer effect: CO2, N2/O2, H2O, or VCM release, and FMHT. The effect was either a frequency spike as the shroud passed through the relevant temperature regions for gas release, a spike in the CQCM temperature reading, or both. Even helium leak testing affected the operation of the CQCMs. In all cases however, the baseline frequency and temperature reading returned once each gas release phase was complete and/or the gas was pumped out of the chamber. After this test, a new constraint was levied that outgassing rates were not to be measured during helium leak testing!

OGSE-1 and OGSE-2

Because OGSE-1 was the precursor to OGSE-2, and OGSE-2 included the flight AOS, monitoring and understanding contamination levels during OGSE-1 was imperative. In addition, the test configuration of OGSE-1 almost perfectly simulated that planned for OGSE-2, minus the AOS. To enable assessment of contamination levels during this test, the plan was to use the CQCMs and samples on the CC trays as well as other surfaces such as the AOS simulator.

The HOSS and BIA CQCMs, configured in OGSE-1 as described in Section 6.2, were exposed to the majority of the outgassing sources from the chamber and GSE that were potential contamination threats to the PF PMSA, and later, the flight AOS. For OGSE-1, the constraint for the allowable temperature differential between the PF PMSAs and the shroud was 32 degrees. The expected lag for the HOSS CQCM seated on the ADMA bracket was 50 degrees based on the Chamber A Commissioning test data, making it a suitable candidate to monitor net deposition on the PF PMSA. Regrettably, the HOSS CQCM was slightly warmer than the PF PMSA during warmup, so the passive CC trays that were to lag the shroud as much as possible, only trailed by 3-12 degrees. The AOS mass simulator however, did meet its temperature differential goals. And fortunately, samples on all surfaces deployed inside the helium shroud, including those on the AOS mass simulator indicated that the 25-angstrom requirement was met with margin, signifying that it was safe to install the flight AOS for the OGSE-2 test.

In OGSE-2, the SVTS and BIA CQCMs, as well as the CC trays, were to be used as collection surfaces representative of the TM and FSM, as described in Section 6.2. Unfortunately, CC tray temperatures were not able to be controlled to designated temperature profiles in order to accomplish this goal. Therefore, engineers relied on the slightly reconfigured SVTS and BIA CQCMs. These CQCMs were controlled to a temperature colder than the mirrors during the warmup, by a margin sufficient to use them as “canaries in the coalmine,” and provide warning against deposition. In fact, during OGSE-2, there was indication of deposition occurring when the shroud reached 180 K, and the HOSS CQCM was at 120 K. As the net deposition began to increase quickly, shown in Figure 21, there was a concern that water/ice could be depositing on the TM, with a similar view to the upper shroud. Fortunately, there was time to react and consult with the thermal team to slow down the warmup if necessary, because the HOSS CQCM temperature trailed the TM minimum temperature by 10 degrees. But first, in order determine if water was indeed condensing at the TM temperature, the HOSS CQCM temperature was increased to the TM minimum temperature. The plot shows that at the higher temperature, there was no evidence of water/ice condensation therefore no action was needed. Even though water deposition was not a concern in terms of net deposition, this provided a valuable process that could be applied during the warmup of the OTIS CV test to protect the PM during VCM desorption from the shroud and support equipment. 

It became apparent in reviewing thermal data from both OGSE-1 and OGSE-2 that reaching the desired temperature differentials between the CQCMs, CC trays, and the PF hardware necessary to enable safe monitoring of contamination levels was difficult, and in some cases, impossible. This may be explained by the fact that during the entire warmup phases of both tests, the FMHT process discussed in Section 7.2 was utilized to support convergence of GSE and PF hardware temperatures, shortening the warmup period. In addition, the issue may be related to the fact that the mass of the CC trays was not sufficient to facilitate desired temperature differentials. This led the mechanical and CC teams to re-design the trays prior to TPF testing where reaching the designated temperature differential was crucial to a successful evaluation of data from trays simulating hardware that trailed the shroud by varying amounts during warmup. 
Even with a temperature differential of up to 20 degrees, deposition did not occur on the BIA and HOSS/SVTS CQCMs while passing through the VCM release phase from 220-285 K as experienced in the Commissioning test. This may be because the FMHT had a suppressive effect on the VCM release. With this in mind, it became clear that further testing was needed to validate results using the newly designed trays in an environment without FMHT, even though data from both tests indicates that the 25-angstrom deposition requirement was met with margin. 
TPF

The TPF was a valuable test in that it enabled determination of an acceptable, safe temperature differential between the shroud and the PF PMSAs that would ultimately be used for the OTIS CV test to protect the flight PM. In this test, data for the wafers, foils and CQCMs was more easily comparable because they were all located on the trays. Also, FMHT was not implemented during this test, making the desired thermal separation between the trays and shrouds achievable. Examination of the data by the JWST Contamination Control Working Group led to the conclusion that most if not all collected contamination for the molecular species involved will desorb by the time the surface reached 285 K, and that the amount of molecular contamination remaining on the tray samples and CQCM that lagged the shroud by up to 35 degrees was acceptable. Therefore, the constraints were changed from the 10 degrees required by the CCP to the following constraints which were levied during the OTIS CV warmup: 
•
Tray 3 data: Shroud < 35 degrees warmer than the PM, SM and TM when the shroud was between 220 and 285 K. (FSM and ISIM POMs had no view to the shroud and therefore had a separate set of constraints)

•
All tray data: All optical surfaces must be above 285 K before bringing chamber back to ambient pressure.

And again, as shown in Table 4, all samples met the 25-angstrom deposition requirement, regardless of their location inside the helium shroud, or their temperature with respect to the shroud.

OTIS CV

The OTIS CV test was a complete success from a contamination perspective. To prepare for test, Chamber A was cleaned from top to bottom13 to reduce surface particulate and molecular contamination. In addition, there was a significant effort to thermal vacuum bake and certify all of the OTIS flight hardware assemblies and components to pre-determined outgassing rates based on on-orbit analysis. To ensure the chamber was ready from an outgassing standpoint, the outgassing rate was measured again, during a test known as the “Mini-Pumpdown” with only the support equipment that would be included in the OTIS CV test. Finally, constraints developed during TPF as well as others required for the instruments, were implemented as requirements to reduce the risk of deposition. 
The process developed during the OGSE-2 test, using CQCMs to actively monitor net deposition (Section 6.2), was performed throughout the test, with the warmup from 220 K to ambient the most critical for controlling VCM. During that phase, all the trays, along with their CQCMs, were designed to maintain a temperature equal to or colder than the PM minimum by 10 degrees. Unfortunately, the shroud warmup rate was decreased from the planned 1.5K/hr to 0.6-0.8K/hr, in order to accommodate a separate instrument constraint. Under these conditions, the Trays 1-3 did not have enough mass to maintain the desired temperature differential with respect to the PM minimum, but they did track the PM average temperature fairly well (Figure 30). Fortunately, Tray 5 and its CQCM were configured on a scavenger, so it easily trailed the PM minimum temperature by 0-5 degrees, and indicated there was no VCM deposition during the warmup. As with the TPF test, all the NVR foil and wafer samples met the 25-angstrom requirement, with margin as indicated in Table 4.

8. Conclusion

The OTIS Pathfinder Test program was extremely valuable in terms of learning about how Chamber A, and the CC monitoring equipment, operated during cryo-vacuum testing. As the test data in Table 5 appears to show, most if not all deposited material evaporated once the sample or CQCM returned to ambient temperature. Table 5 also shows that net deposition appears to increase slightly above the average at a temperature differential of about 30 degrees for the foil samples and 40-50 degrees for the wafers and CQCMs. With the exception of Tray 2 in OGSE-2, data from Tables 2-4 also shows that test duration and sample exposure time does not influence this result. This could lead one to believe that the dominant factor in net deposition on surfaces colder than the source is the vapor pressure of the source species, rather than the source outgassing rate or exposure time. Overall, the average deposition for all samples/CQCMs in Table 5 was <10 angstroms with the maximum deposition of 16 in OGSE-2, meeting the 25-angstrom requirement. In addition, reflectance measurements performed on the optical witness samples indicated no change. While this test program was successful, it is prudent to characterize a vacuum chamber for various molecular contamination species and their deposition behaviors under various thermal configurations to ensure any deposited contamination will indeed desorb after returning to ambient temperature. It is also important to note that deposition measurements of <10 angstroms could be due to a change in the oxide layer on silicon wafers, and the measurement accuracy of rinse sampling from NVR foils has been reported as 0.1 mg/ft2 14 or roughly 0.1 ug/cm2.
     Table 5. Summary of all Pathfinder and OTIS data for net deposition at varying tray/CQCM to shroud  Ts
	Test
	Test Summary
	Adverse T Range (Sample/CQCM versus Shroud) 220-285 K achieved
	Tray Sample NVR Accumulation (Angstroms)
	Tray Sample Accumulation (Ellipsometry)
	Final Net CQCM Deposition (Angstroms)

	Commissioning
	30 day cryo-test for Chamber and GSE only. FMHT during warmup until 120 K.
	Tray 1: 0
	4
	3
	

	
	
	Tray 2: 30
	9
	3
	

	
	
	Tray 3: 10
	4
	3
	

	
	
	HOSS CQCM: 50
	
	
	13.5

	OGSE-1
	30 day cryo-test for PF structure and optical GSE. FMHT during entire test (except above 290 K).
	Tray 1: 3-12
	3
	5
	

	
	
	Tray 2: 0
	3
	4
	

	
	
	Tray 3: 3-12
	4
	4
	

	
	
	BIA CQCM: 0-20 
	
	
	2.5

	
	
	HOSS CQCM: 0-10
	
	
	2.2

	OGSE-2
	30 day cryo-test for PF structure and AOS. FMHT during entire test (except above 290 K).
	Tray 1: 5
	5
	4
	

	
	
	Tray 2: 3
	16
	Not available
	

	
	
	Tray 3: 5
	9
	4
	

	
	
	BIA CQCM: 12
	
	
	-2.9 (0)

	
	
	SVTS CQCM: 15-20
	
	
	1.0 

	TPF
	42 day cryo-test for PF structure and thermal GSE, no FMHT.
	Tray 1: 20
	5
	2
	1.2 

	
	
	Tray 2: 30
	3
	3
	1.0 

	
	
	Tray 3: 30-40
	7
	3
	2.5 

	
	
	Tray 4: 40-50
	9
	4
	

	
	
	Tray 5: 40-50
	10
	6
	9.6 

	OTIS CV
	90 day cryo-test with OTIS flight hardware
	Tray 1: 15
	
	<1
	-2.2 (0)

	
	
	Tray 2: 15
	
	<1
	-0.6 (0)

	
	
	Tray 3: 15
	
	<1
	0.4 

	
	
	Tray 4: 35
	8
	2
	

	
	
	Tray 5: 35
	9
	3
	-1.8 (0)

	AVG Net Dep
	
	
	7
	3
	3.5

	Standard Dev
	
	
	4
	1
	0.8
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