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The James Webb Space Telescope is a large infrared telescope with a 6.5-meter primary 

mirror, designed as a successor to the Hubble Space Telescope when launched in 2018.  Three 

of the four science instruments contained within the Integrated Science Instrument Module 

(ISIM) are passively cooled to their operational temperature range of 36K to 40K with 

radiators, and the fourth instrument is actively cooled to its operational temperature of 

approximately 6K. Thermal-vacuum testing of the flight science instruments at the ISIM 

element level has taken place in three separate highly challenging and extremely complex 

thermal tests within a gaseous helium-cooled shroud inside Goddard Space Flight Center’s 

Space Environment Simulator.  Special data acquisition software was developed for these tests 

to monitor over 1700 flight and test sensor measurements, track over 50 gradients, component 

rates, and temperature limits in real time against defined constraints and limitations, and 

guide the complex transition from ambient to final cryogenic temperatures and back.  This 

extremely flexible system has proven highly successful in safeguarding the nearly $2B science 

payload during the 3.5-month-long thermal tests.  Heat flow measurement instrumentation, 

or “Q”-meters, were also specially developed for these tests.  These devices provide thermal 

boundaries to the flight hardware while measuring instrument heat loads up to 600 mW with 

an estimated uncertainty of < 2 mW in test, enabling accurate thermal model correlation, 

hardware design validation, and workmanship verification.  The high accuracy heat load 

measurements provided first evidence of a potentially serious hardware design issue that was 

subsequently corrected.  This paper provides an overview of the ISIM-level thermal-vacuum 

tests and thermal objectives; explains the thermal test configuration and thermal balances; 

describes special measurement instrumentation and monitoring and control software; 

presents key test thermal results; lists problems encountered during testing and lessons 

learned.  

Nomenclature 

ASIC Application Specific Integrated Circuits JWST James Webb Space Telescope 

BAC Ball Aerospace Corporation K Kelvin 

BIA Beam Image Analyzer KM Kinematic Mount 

BSF Backplane Support Fixture LN2 Liquid Nitrogen 

CCE Cryocooler Electronics MATF Master Alignment Test Fixture  

CCH Contamination Control Heater MCA Monitor and Calibration Assembly 

CSA Canadian Space Agency MIRI Mid Infrared Instrument 

CV Cryo-Vacuum MLI Multilayer Insulation 

DM Development Model NGAS Northrop Grumman Aerospace Systems 

DSR Deep Space Radiator NIRCam Near Infrared Camera 

EC European Consortium NIRSpec Near Infrared Spectrograph 
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ESA European Space Agency OA Optics Assembly 

ETU Engineering Test Unit OM Optics Module 

FGS Fine Guidance Sensor OSIM OTE Simulator 

FM Flight Model OTE Optical Telescope Element 

FPA Focal Plane Arrays OTIS Optical Telescope / ISIM 

GESHA Goddard Equipment Support Hardware 

Assembly 
PG Photogrammetry 

GHe Gaseous Helium PMBSS Primary Mirror Backplane Support Structure 

GN2 Gaseous Nitrogen SES Space Environment Simulator 

GSE Ground Support Equipment SI Science Instrument 

GSFC Goddard Space Flight Center SIF SES Integration Frame 

HR Harness Radiator SIIP Science Instrument Interface Plate 

HSA Heat exchanger stage assembly 
STMS Surrogate Thermal Management System (for 

use in test) 

IEC ISIM Electronics Compartment TB Thermal Balance 

I/F Interface TCU Thermal Conditioning Unit 

IHR ISIM Harness Radiator TMS Thermal Management System (flight) 

IOS ISIM to OTE and Spacecraft Requirements 

Document 
TV Thermal Vacuum 

ISIM Integrated Science Instrument Module TVDS Thermal Vacuum Data System 

IRSU ISIM Remote Services Unit VIS Vibration Isolation System 

ITP ISIM Test Platform VM Verification Model 

JSC Johnson Space Center W Watt 

I. Introduction 

HE James Webb Space Telescope (JWST) is a large observatory with cryogenically cooled science instruments, 

designed to be launched into orbit around the second Lagrange point in 2018.  It has a 6.5-m (deployed) multi-

faceted mirror, and its science instruments operate in short to medium infrared wavelengths, to enable insights to the 

formation of the galaxies and planets following the “Big Bang”.  NASA’s Goddard Space Flight Center (GSFC) is the 

mission lead, and is directly responsible for the Integrated Science Instrument Module (ISIM), including its integration 

and test.  Northrop Grumman Aerospace Systems (NGAS) is the prime contractor, with major contributions also from 

Ball Aerospace Corporation (BAC).  The ISIM, including its suite of four science instruments, located in the cryogenic 

volume behind the primary reflector (denoted as Region 1), is comprised of the Near Infrared Spectrograph (NIRSpec), 

primarily sponsored by the European Space Agency (ESA) with substantial NASA contribution; the actively cooled 

Mid Infrared Instrument (MIRI), jointly sponsored by ESA and the European Consortium (EC); the Fine Guidance 

Sensor (FGS), provided by the Canadian Space Agency (CSA); and the Near Infrared Camera (NIRCam), provided 

by NASA.  In flight, NIRSpec, NIRCam, and FGS are cooled to the range of 36.5 to 40K passively via heat transfer 

through complex high-purity aluminum thermal links to dedicated radiators, while the MIRI is actively cooled to 

approximately 6K.  NASA provides the cooler and supplemental hardware for MIRI.  The cooler’s compressor is 

located in the ambient temperature spacecraft bus (designated Region 3), outside the cryogenic Region 1.  The science 

instruments are mounted on the ISIM structure, a special composite truss structure designed for exceptional optical 

stability, provided by NASA. Figs. 1 and 2 illustrate the observatory and the major components of the ISIM, 

respectively.  The ISIM Electronics Compartment (IEC), in close proximity to Region 1, houses the instrument and 

detector control electronics, and operates at approximately ambient temperature.  It is denoted as “Region 2.”  The 

ISIM Harness Radiator (IHR, or HR), which operates below 80K and is also provided by ISIM, rejects most harness 

parasitic heat loads to space before the harnesses enter Region 1.  The ISIM Thermal Control Subsystem provides 93 

flight housekeeping temperature sensors on the instruments, ISIM structure, radiators, and other locations, and small 

trim heaters to guarantee minimum instrument operational temperatures.  It arranges for control of the larger 

T 
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contamination control heaters on each instrument (except the MIRI), to avoid contamination during post-launch cool-

down, and in the event of contamination on-station. 

Figure 1. JWST Observatory 
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Figs. 3 through 6 illustrate the 99.999% pure aluminum heat straps, which constitute the primary conductive heat 

transport path from the instruments to their dedicated radiators.  The FGS and NIRCam instruments have one thermal 

strap each, while the NIRSpec instrument employs two straps; one from the optics assembly (OA) and another from 

its detector/ Application Specific Integrated Circuit (ASIC) assembly.  The MIRI strap is more complex – it cools the 

Figure 3 Fine Guidance Sensor Heat Strap (Flight Configuration) 

Figure 4. Near-Infrared Camera Heat Strap (Flight Configuration) 
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instrument mount feet and harness attachments, and prevents them from exceeding 40K, to limit the amount of 

parasitic heat to the instrument.  Shown on these figures are trim heaters (160 mW maximum) at the FGS, NIRSpec 

OA and NIRSpec Focal Plane Array (FPA) straps, and on each of the two benches of the NIRCam instrument.  They 

are used in flight to provide constant heat input to raise the instruments to their minimum operating temperature in 

Figure 5. Near-Infrared Spectrograph Optics Assembly ad FPA/ASIC Heat Straps (Flight Configuration) 

Figure 6. MIRI Heat Strap (Flight Configuration) 



6 

International Conference on Environmental Systems 

flight if they are too cold.  They are also used in test to perform balances on the heat strap systems to measure their 

end-to-end thermal conductances and parasitic heat lost/gained over their lengths.  These figures also show ground 

support equipment (GSE) temperature sensors embedded/attached to both end-blocks of the last strap segments (at the 

radiator end) which will be used in the final test of the integrated ISIM and Telescope Element in Chamber A of the 

Johnson Space Center (JSC) in Houston, Texas in 2017. 

 

Previous papers1, 2, 3, 4 have described the general characteristics of the JWST.  Some important changes have 

taken place in the observatory thermal design and the test program since those papers were written.  One such change 

resulted from an extensive review of the thermal design of the Observatory in 2011-2012.  The MIRI and FGS 

instrument radiators, which were not in the most efficient orientation, were replaced onto a new deployable section 

coplanar with the other highly efficient instrument radiators.  This necessitated partial redesign of the heat straps for 

those instruments.  Design details were finalized for the flight thermal shield around the MIRI instrument, and after 

extensive thermal balance testing and design modifications, it was installed in ISIM to further reduce heat loads to the 

6K instrument. 

II. Overview of Facilities Used for ISIM-level Thermal Vacuum Testing 

Modifications to the GSFC’s Space Environment Simulator (SES) to accommodate ISIM element testing were 

previously described in Reference 3, and will only be briefly reviewed here.  A removable Gaseous Helium (GHe) 

shroud with a diameter of 7.62 m (25.5 ft.) and height of 4.57 m (15.0 ft.), was designed and fabricated to fit within 

the fixed chamber Liquid Nitrogen (LN2) shroud which has a diameter of 8.23m (27.0 ft.) inside the SES.  Fig. 7 

shows the GHe shroud in the test configuration used for ISIM-level thermal vacuum/thermal balance (TV/TB) testing, 

prior to loading into the SES facility.   

III. ISIM Thermal Vacuum/Thermal Balance Test Configuration and Modeling  

The flight ISIM and associated GSE were completely enclosed within the upper volume during ISIM-level TV/TB 

testing, which is cooled in a vacuum with GHe plumbing to approximately 17K.  The Optical Simulator (OSIM), a 

critical piece of optical GSE used to evaluate instrument optical performance, was positioned beneath the cooled GHe 

shroud floor, and provided a beam into the instruments pick-off mirrors from below.  The OSIM was kept at 100K, 

Figure 7. Helium Shroud Prior to Installation in SES 
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and was thermally cooled by upper and lower LN2 shrouds, controlled by separate Thermal Conditioning Units 

(TCUs), partially blanketed, and controlled to a stable temperature with heaters.  The large Vibration Isolation System 

(VIS), upon which the entire flight ISIM is supported from the chamber floor, was not active during the ISIM testing.  

It too is beneath the helium shroud volume, was heavily blanketed, and heated to maintain it at ambient temperature.   

The ISIM thermal vacuum/thermal balance test campaign has been completed with a total of three tests of the 

flight ISIM element (identified as CV1-RR, CV2, and CV3).  The test sequence is illustrated in Fig. 8. Goals of the 

early tests included checkout of the newly-made helium shroud and subsequent chamber certification; cryogenic set 

and proof testing of the ISIM structure (without instruments); cryogenic calibration and testing of the OSIM and 

associated GSE, which provides optical input to the instruments during testing. These tests were more completely 

described in Ref. 3.  

 

 
Figure 8. ISIM Element Thermal Vacuum/Thermal Balance Test Program 

The final set of ISIM flight element Cryo-Vacuum (CV) tests were designed to validate all aspects of the science 

instrument performance at flight-like operational temperature.  Thermal objectives were intertwined with optics, 

mechanism, detector, software, and ASIC performance and optimization.  The first CV test, which took place in 2013, 

was designated CV1-RR (Cryo-Vac #1 Risk Reduction).  Only two of the four science instruments (MIRI and FGS) 

were mounted at that time.  CV1-RR was considered a “dress rehearsal” and risk reduction test, in preparation for the 

CV2 and CV3 follow-on tests, which included the full instrument suites.  The CV1-RR provided performance 

confirmation at an early stage.  It successfully verified that:  

 test GSE and test procedures were designed correctly and performed adequately to yield desired test 

conditions;  

 test profiles were optimized and facility capabilities were well understood and matched to the test needs;  
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 test-induced parasitic heat loads were characterized and quantified, and would not interfere with model 

correlation; and 

 instrumentation measurement accuracy would be adequate for thermal model validation.   

 
The ISIM element was upgraded to its full flight configuration prior to the CV2 test, which was conducted in 

2014. While that test was highly successful in meeting its objectives, it was known before CV2 began that substantial 

modifications would be required to some of the instrument detectors, and electronics boxes, which would require their 

removal, refurbishment, and subsequent replacement.  This was accomplished after the CV2 test, followed by 

vibration testing of the entire ISIM element prior to the CV3 test.  Also, using the highly accurate Q-meters, the CV2 

test measured strap end-to-end thermal conductances, and it identified a lower value in the NIRCam strap than would 

have been calculated from segment conductance measurements made by the vendor.  Ideally, these two sets of 

measurements should match, with differences attributed to joint conductance and measurement error.  The difference 

was ultimately determined to be caused by a poorer than expected thermal coupling between the foils and the strap 

end block, which was not found at the time of manufacture because of incorrect temperature sensor placement during 

the vendor conductance test. Although its thermal performance was still acceptable for flight, the estimate of the 

average joint conductance of the NIRCam strap system from the CV2 measurements was “out of family” with joint 

conductances calculated for the other strap systems.  The initial presumption was that the discrepancy was likely due 

to poor joint conductance.  A subsequent investigation of the fasteners at the heat strap joints by the GSFC Integration 

and Test team uncovered several fasteners in many of the strap systems had loosened.  Further study found that the 

specified torque prescription used to join strap segments to each other and to the radiators and instruments was too 

high.  Creep in the soft 1100 Al end block assemblies resulted in cryogenic preloads that were actually indeterminate, 

instead of the minimum specified (to attain high end-to-end strap conductance).  An extensive mechanical load and 

cryogenic test program was conducted at GSFC, with support of the strap vendor, with the result being a change to 

the torque prescription. Initial torque values were lowered, and the standardized invar compensators were replaced 

with custom compensators optimized for each joint to maintain the specified preload at cryogenic operational 

temperature. The test program verified that the new torque prescriptions would yield stable preload and high heat 

transfer joint conductance values throughout the mission.  All heat strap joints were modified according to the new 

prescription before the CV3 test. 

Fig. 9 illustrates the basic temperature regions within the SES during the JWST ISIM cryo-vac tests.  The 

cryogenic portion of ISIM is kept at operational temperature (~40K) by being enclosed in a Surrogate Thermal 

Management System (STMS), simulating the thermal radiant environment expected in flight, by the NGAS-provided 

Thermal Management Subsystem (TMS). The size/shape of the STMS mimics closely the black kapton flight 

enclosure which is not present in this test.  It is comprised of 12 individually controlled temperature zones which set 

the radiative thermal boundaries to the levels they are predicted to achieve in flight.   Also, conductive interface 

boundaries to the ISIM are provided by temperature-controlled test boundaries.  The IEC, which operates at near 

ambient temperature in flight, (Region 2) is surrounded by a thermal enclosure in test, with plumbed helium lines 

cooling the exterior boundaries to approximately 17K, while the heat load from the included electronics boxes is 

rejected to a cold plate, which is controlled to ~180K by refrigerated Gaseous Nitrogen (GN2).  The harness radiator, 

which helps to cool harnesses before they enter the cryogenic ISIM is mounted to an invar fixture simulating the 

thermal boundary at the flight Backplane Support Fixture (BSF).  It is exposed to an extremely high emissivity plate, 

called a Deep Space Radiator (DSR), and cooled to ~17K, providing it with a flight-like thermal environment. 

The output of the helium refrigerator is run through 10 distinct flow zones, controlled by valves.  These valves 

can be operated as needed throughout the test, for efficient cool-down, warmup, and steady state operation.  Fig. 10 

identifies the individual flow zones.  Zones 1-3 are fed to the sides of the facility helium shroud, while zones 8 and 9 

cool the floor and roof of the helium volume, respectively; zone 4 cools the sides of the IEC enclosure; zone 5 cools 

the ISIM Test Platform (ITP) and the Master Alignment Target Fixture (MATF); zone 6 cools the panels comprising 

the STMS; zone 7 provides a cold sink to the Q-meters (thermal boundaries to the instruments simulating the flight 

radiators which are not present in test); zone 10 provides cooling to the Support Integration Frame (SIF) on which the 

flight ISIM is mounted, the Monitor and Calibration Assembly (MCA) cold plate, and the harness radiator DSR. 
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Fig. 11 identifies the major elements of the configuration within the SES.  Not shown is the accommodation of 

the GSE cooler, providing cooling to the MIRI instrument.  The GSE compressor, which is far more powerful than 

the flight unit, is located outside the SES, with cooling lines running into the test volume.   

 

 

Figure 9. CV Test Temperature Regions 

Thermal IsolationStructural Kinematic or Semi-

Kinematic (flexure) Interface

Structural Non-Compliant 

Joint (bolted/pinned)

Legend

Actively Heated

Actively Cooled

Actively Heated & Cooled

Thermal Strap (Flex)

A

20K He Shroud Floor A

He Shroud Sides 

20K

He Shroud Roof 

Primary Support 

Integration Frame (SIF)

ITP

Similar to GIS

MATF

20K

# K
Nominal Test 

Temperature (K)

ISIM Element

IATF & 

MCA

STMS 

Panels

G10 

Standoffs

IEC

HR

45K

35K

IEC N2 

Panel

(203-1)

IEC He 

Shroud

HR 

Support 

Stand

45K – 56K

MCA 

EB

170K

35K

Cold 

Plate

During Test: Load Path via Ti 

Blade Flexures to Upper GESHA

During Set up: Load Path via ITP 

Lift Points to Support Frame (SIF)

To He Shroud Floor
20K

Flt KM

20K

Flt Heat 

Straps

180K

20K
273K

40K-70K

20K

ISIM Element Cryo-Vacuum Test 

Configuration
Structural Support & Temperature Control

# He Zone #

10

9

1 32

8

Framework

67

20K

MIRI SI

6K

Flt Harness (ICP-A to ICP-2)

Q-Meters

Passive, or cntrl via Thermal 

Strap to cold/hot source

HR DSR 

10

CooldownControl

Cold 

Plate

4

5
Cooling

Lines

Invar 

Frame

Flt KM

Seperable

10

10

Flight Hardware

20K

ITP KM I/F

OSIM Thermal Baffle

IEC Flexures

Zero-Q Htrs

MCA Thermal Strap

Zone 7 Order

Q-meters: FGS, MIRI, NIRSpec, NIRCam, 

STMS Panels

Zone 10 Order

MCA CP, HR DSR, SIF

SES PV 

Wall

SES LN2/He 

Shrouds

Port 8

CC MGSE 

Cooled 

Shield

60K

Figure 10. Individually Controlled He Flow Zones 

Figure 11.  Test Configuration within the SES Facility 



10 

International Conference on Environmental Systems 

Fig. 12 shows the ISIM within the STMS, mounted on the SES Integration Fixture (SIF) on the He shroud floor.  

The figure in the upper left shows the 12 individually temperature-controlled zones comprising the STMS.  STMS 

zones may include more than a single panel.   

 

All STMS panels were plumbed for helium from the chamber GHe refrigerator.  GHe was flowed through them 

during cool down and warmup, but was discontinued during steady state operation.  During the steady state portion of 

the tests, GSE heat straps coupling each STMS panel to a cold boundary provided cooling, while controlled heaters 

on each STMS zone provided for individual precise, stable, and controlled radiative thermal boundaries.  These 

radiative boundaries were generally controlled to within +/- 50 mK of the desired temperature. 

The IEC is shown in Fig. 12 in flight and test configuration.  The IEC panels on which the electrical boxes are 

mounted are controlled to their nominal operating temperature with multiple zone thermal control circuits.  In test, the 

IEC can reject nearly 200 W of heat (maximum) from the electrical boxes to a N2 cold-plate controlled by a TCU, 

and the entire IEC is enclosed within a shroud cooled with GHe, to avoid stray energy from possibly entering the ISIM 

enclosure and invalidating the thermal test.  The IEC accommodation in test is illustrated in Fig. 12.  Note the plumbing 

to both the N2 cold plate and the He zones.   

The harness radiator consists of four “slats,” over which the harnesses run and to which they are attached.  Slats 

1, 2, and 3 reject heat from the harnesses to space by achieving progressively lower temperatures, cooling them before 

entry into the ISIM compartment.  A fourth slat is present, but it had been determined that it would be ineffective in 

further cooling of the harnesses, so the harnesses are isolated from it. All instrument flight harnesses were present in 

the CV3 test. In test, the harness radiator is mounted to a non-flight invar structure, instrumented to allow thermal 

control and determine heat transfer to the flight structure.  

A critical thermal test objective is to correlate the detailed thermal model with the CV test data. Where flight 

instrumentation was not adequate to allow model correlation, GSE sensors were attached to flight hardware in critical 

locations.  Our approach was to minimize the number of GSE sensors added to flight hardware, to minimize: 

 non-flight heat loads;  

 potential for damage as sensors are attached and later removed;  

 schedule impact and workload.   

Model validation is especially important because final verification of most of the ISIM flight thermal requirements 

is done by analysis.  A detailed IDEAS/TMG thermal model of the entire Observatory in flight configuration, 

developed by GSFC, is used for this purpose.  A detailed CV test model was developed by extracting the ISIM element, 

and then adding the test environment.  Fig. 13 shows the detailed ISIM element and CV test models.  This test model 

configuration is used to correlate the detailed ISIM flight element from test data.  The adjusted parameters are then 

Figure 12.  ISIM within the 12 Zone STMS Enclosure 
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transferred into the TMG flight model for subsequent requirement verification. The IDEAS/TMG test model contained 

approximately 322000 elements, 765000 linear conductors, and over 9 million radiation conductors.  While highly 

detailed, it proved impractical to use for extensive test modeling and simulation.  A reduced Thermal Desktop test 

model was subsequently developed from a SINDA-G flight model of the ISIM, which was originally delivered to 

NGAS.  That model was updated, and the test radiative thermal environment (STMS), harness radiator, Deep Space 

Radiator, ISIM Electronics Compartment (IEC) with its GSE enclosure, Q-meters, all support structures, OSIM, and 

the chamber N2 and He shrouds were added.  Pictures of the model including ISIM Regions 1 and 2 with support 

structures, and of the entire SES including the OSIM, are shown in Fig. 14.  The final version of this test model 

contained fewer than 6000 nodes.  It was run frequently during the test planning, and proved a viable and efficient 

tool to design critical thermal GSE and plan the test conduct.   

 

 

 

 

 

 

 

 

 

 

Figure 14. Reduced Thermal Desktop ISIM CV Test Thermal Model 

Figure 13.  Detailed IDEAS/TMG Thermal Model of Flight ISIM (extracted from Observatory flight 

model), and placed within model of CV test environment 
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IV. Flight ISIM-level Cryo-Vac Thermal Test Objectives 

The flight ISIM had to be fully verified at the ISIM-level at GSFC before integration to the OTE.  This required 

the thermal test environment provided in the ISIM-level cryo-vac tests to be flight-like to permit realistic performance 

verification and characterization of the ISIM instruments, their optics, electronics, software, and all other subsystems. 

Detailed thermal requirements were defined for instrument temperature control, thermal stability, electrical harness 

parasitics, heat transfer to the instrument radiators, contamination avoidance during cool-down and decontamination 

(if needed) on-station, etc.  The absence of the flight thermal environment to the ISIM, plus the presence of substantial 

GSE, made it difficult to reproduce precisely the cryogenic flight environment in test.  Thus, while it was desired to 

verify by test as many thermal requirements levied on the ISIM Thermal Control Subsystem as possible, the final 

verification for many will take place by analysis using the detailed IDEAS/TMG flight thermal model correlated with 

CV3 test data.   

Key ISIM-level Cryo-Vac test objectives leading to thermal system verification and characterization included: 

1. Obtain data for ISIM TMG model correlation 

2. Verify workmanship of FGS, MIRI, NIRCam, NIRSpec OA, NIRSpec FPA/ASIC heat straps:   

a. thermal conductances meet requirements, or are acceptable 

b. Science instrument (SI) temperatures at strap – SI interface meet requirements  

3. Verify workmanship of 77/93 flight housekeeping sensors, using the ISIM Remote Services Unit (IRSU), 

spacecraft simulator 

4. Verify NIRSpec, NIRSpec FPA/ASIC, NIRCam, FGS power dissipation in Region 1 meets requirements 

5. Verify MIRI optics module (OM) temperature at kinematic mounts (KMs), harness attachment points 

meets requirements 

6. Verify temperatures, gradients at all other SI KMs meet requirements 

7. Verify harness heat loads to ISIM from all harnesses meet requirement 

8. Verify heat loads through heat straps to all five SI radiators meet requirements in the ISIM to OTE and 

Spacecraft Requirements Document (IOS) 

9. Verify total heat flow from the HR to the OTE  

10. Cooler heat lift verification of 6K stage   

11. Verify MIRI shield heat load 

12. Demonstrate functionality of Cooler line decontamination 

13. Qualify electronics boxes over operational temperature range (or waived range) 

14. Observe thermal effect on ISIM from non-nominal conditions: 

a. NIRSpec Microshutter anneal 

b. Cooler line decontamination 

The Observatory thermal team tracks key thermal metrics to the sub-milliwatt level.  Accurate measurement of 

radiator heat loads, heat strap thermal conductance, and instrument power dissipations required the ability to 

measure heat flow to within 1-2 milliwatts.  

V. Special Instrumentation Used in CV Testing 

A. Q-meters 

Instrument radiators are part of the Optical Telescope Element (OTE), and were not present in the ISIM element 

thermal vacuum testing. While the real radiators will change temperature depending on their heat load, it was decided 

to operate the CV tests using radiator boundary temperatures which were fixed, as determined from flight Observatory-

level thermal models.  Q-meters, which maintain constant thermal boundary temperature to the heat straps at the 

radiator interface while simultaneously measuring heat flow with great accuracy, were developed for the CV test 

series..  Refs. 5 and 6 document their design and calibration prior to the CV3 test. This section presents only a brief 

overview of the Q-meter design.  They were critical to planned thermal balances which measured heat strap thermal 

conductances (using flight trim heaters), instrument dissipations, and thermal parasitics, and enabled thermal model 

correlation from test data.  They are also an excellent diagnostic tool for evaluating workmanship; for instance, poor 
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strap joint conductances at strap interfaces and poor strap fabrication can be detected with in-situ heat flow 

measurements. The Q-meters measure heat flows down the straps, with accuracy of < 2 mW.   

Design of the Q-meter, as originally conceived, is relatively straightforward; however, many fine points of design, 

requiring several iterations of design modifications and recalibrations, were required to produce the highly accurate 

devices used in the CV tests.  Fig. 15 illustrates the design of the Q-meter, showing the device (one for each of the 

five radiators) with two of its shields removed for enhanced visibility.  The design has two heater-controlled stages 

and a stage that is bolted to a cold plate running refrigerated gaseous helium at approximately 17K.  Q-meters of this 

design are reliant on a well-controlled calibration test in order to achieve their planned accuracies of ~+/- 2mW.  In a 

small chamber, the Q-meter is closed out as much as possible and then chilled with a cryocooler to its operational 

temperature.  The top stage of the Q-meter (to which the ISIM heat straps interface) is set to an operational temperature 

that will become part of a matrix of calibrated points selectable by the user later when it is being used as a heat flow 

measuring instrument.  The middle stage is then set with its heaters to a lower temperature that causes the desired 

amount of power to be applied on the top stage.  After a satisfactory thermal balance with no heat load, the Q-meter 

is now calibrated at that temperature.  When the heat strap is attached to the top of the Q-meter in the CV test, heat 

flows into (or out of) the Q-meter.  Since the Q-meter is designed to maintain a constant top-stage temperature, the 

amount of electrical power applied to the top-stage heater changes, and the change from calibrated no-load power, is 

the incoming or outgoing heat load.  For example, suppose when calibrating with no external heat load, the top stage 

is set to 40K and the middle to 38K, and the top stage heater dissipates 600 mW.  If, in the Cryo-Vac test when the 

strap is attached, the top stage heater requires only 400 mW to reach 40K, then the incoming external heat load is 200 

mW.  Alternatively, if the top heater required 700 mW, then the Q-meter reads -100 mW, indicating that 100 mW is 

being removed from it.  This means that: 

 The Q-meter approaches balance without changing its temperature, negating any internal transient effects. 

 The Q-meter is not dependent on absolute knowledge of the temperatures or top heater power, only that 

they can be closely repeated. 

 The temperature of the thermal radiation shield around the Q-meter is set by its attachment only to the 

middle stage, where the temperature is set to a precise pre-determined value, but the amount of heater 

power required is inconsequential to the measurement.  With this design, the Q-meter “carries” its own 

thermal radiation environment with it.  This is particularly important, as the Q-meters are calibrated in a 

small chamber with an LN2 shroud and a cryocooler, and the Cryo-Vac test has a 17K helium environment. 

These very accurate Q-meters have been essential in providing: 

 a quick check to identify any unexpected thermal shorts or systematic errors in the test set-up 

Figure 15. Q-meter Schematic 
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 a tool to call thermal balance in a more precise way than watching temperature sensors 

 in-situ measurement of the heat strap conductance, instrument power dissipations, parasitics, and an absolute 

measurement of heat flow for use in model correlation. 

The final cryogenic thermal test of the combined Optical Telescope plus ISIM Elements (OTIS) takes place in 

the larger Chamber A at the Johnson Space Center in 2017. The Q-meters used in the ISIM CV tests will no longer be 

present because the heat straps are installed to the flight radiators.  In an attempt to maintain heat flow measurement 

capability for the OTIS test, GSE temperature sensors were installed on/embedded into both end-blocks of the heat 

strap segments that attach to the flight radiators (See Figs. 3 through 6 for sensor locations).  Thermal conductance of 

these strap segments versus temperature was carefully measured in a test chamber using the in-situ sensors, in time to 

be used in the final CV3 test, simultaneously with the Q-meters.  The “Poor Man’s Q-meters,” as they are known, 

allow measurement of heat flows into the radiators during the OTIS thermal test. The high thermal conductance of the 

final heat strap segments makes this method somewhat less accurate than the 2-stage Q-meters, but it is much better 

than having no calibrated absolute heat flow meter.  Fig. 16 compares measurements taken with the 2 stage Q-meters 

and the Poor Man’s Q-meters in the CV3 thermal test. The Poor Man’s Q-meters have prime and redundant sensor 

pairs at each end, dubbed “A” and “B”.  In every case, the Gold Standard Q-meter reading was between (or on top of) 

the two Poor Man’s Q-meter readings.  For most of the straps, the average of the two was quite close to the Gold 

Standard reading.  This confirms the ability to measure heat flow at the OTIS level thermal test, and it verifies the 

absolute accuracy of the Q-meter method, as two completely independent readings agree well with each other. 

Figure 16.  “Gold Standard” 2 stage Q-meter vs.  

“Poor Man’s” Q-meter Measurements in CV3 Test 
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B. Fusion Computer System 

The initial monitoring system consisted of the existing software system (Eclipse), which reads flight data, and the 

existing facility test system, known as Thermal Vacuum Data System (TVDS), which reads out GSE sensors.  Neither 

system had an easy way to monitor rates or gradients in real time.  This was totally inadequate for CV testing, since 

the flight and GSE hardware had many dozens of constraints and limitations on temperatures, rates, spatial gradients, 

and also differences in temperature from item to item for cross contamination control, and many of these limitations 

also change throughout the transitions according to temperature.  Additionally, the constraints often required 

comparison of flight with test sensor data.  A monitoring platform known as the “Fusion Computer” was developed 

to meet these shortcomings, because it fused the data from the two systems into a single monitoring system.  The 

Fusion Computer system was developed by B. Comber and evolved into its present capability over the course of the 

test campaign, using Excel and Visual Basic.  The program itself is simple on its lowest level.  It watches for specific 

folders with new Comma Separated Value files that are made available on a specific server by the various systems.  

This required collaboration with software engineers from the two systems to make the data available in the right 

format. When the timestamp on the file is updated, the Visual Basic program notices this and reads it into a single 

specific page on the Excel worksheet that maintains 2 hours of data at a time.  The rest of the pages on the worksheet 

reference data on that page.  Syntax was built in to allow the user to command that a particular piece of information 

be displayed in a cell, such as average, maximum, or minimum of a list, gradient of list, rate of a gradient, and rate of 

an average, maximum, or minimum of a list.  Fig. 17 is a sample screenshot of one of the pages of the “Fusion 

Computer” monitoring system.   

Figure 17. Example of Fusion Computer System Page Display 
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The cell shows the original syntax stored as a comment that was used to automatically make the formula that 

points back at the main list.  The user would type in T_Avg_, followed by the list of mnemonics, and then hit a button 

to ask the program to read that syntax, find the address for the data in the big list, and write the formula. The original 

command is stored as a comment for the cell displaying the data (see Fig. 17).  That syntax is the basic seed of the 

program.  In addition to that, the Fusion Computer system leverages the vast capability of Microsoft Excel to do 

conditional formatting to indicate alarm status, create graphs commanded by the syntax, etc.  The system eventually 

grew to recommend mitigations in the event of a limit violation, and even what procedural steps to do next when 

certain conditions were met, to the thermal engineer on duty.  This approach has proven extremely flexible and 

powerful, in that it allows a thermal engineer with knowledge of test constraints and limitations and requirements to 

write the test-specific code, using Excel and its built-in Visual Basic for Applications.   

VI. CV3 Thermal Vacuum Test Conduct and Results 

The test profile for selected components during the final ISIM-level Cryo-Vac test, CV3, is shown in Fig. 18.  

The test began at 07:00 on 27 October, 2015, and concluded at 23:01 on 11 February 2016.  By all standards, this, and 

the earlier ISIM Cryo-Vac Tests, were not only the longest tests, but also by far the most complex ever conducted at 

the Goddard Space Flight Center.  Thermal control of the payload and critical GSE required continuous monitoring 

of over 1700 sensors, heater usages, voltages, instrument and GSE status mnemonics, and detailed knowledge of the 

critical pre-defined constraints and limitations to keep the hardware safe.  Even with the Fusion system, two thermal 

engineers were required at all times during the transient cool-down from ambient to cryogenic temperature, and during 

the transition from cryogenic conditions back to ambient, with one engineer at all times during steady state testing at 

cryo or ambient temperatures.  Staffing was continuously maintained with a team of over 17 trained full-time thermal 

engineers over the 108-day test, which included five federal holidays, a blizzard of historic proportions, and occasional 

problems with the SES chamber N2 shroud, and the GHe refrigerator.    

Figure 18.  CV3 Test Profile 
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Many of the test objectives listed in Section IV above required thermal balances.  Strap thermal conductances, 

instrument power dissipations, parasitic heat loads, were measured by a series of at least three thermal balances on 

each near-infrared instrument during exposure to the cold operating thermal environment (roughly the first 51 days of 

the test)), and two balances during the extreme hot (cryogenic) environment (which lasted for approximately 12 days). 

The other objectives were to be met through other means or thermal balances that did not influence the primary testing.  

All thermal balances had been scheduled in the CV3 Test Procedure, but the schedule had to be changed frequently 

when testing problems with other instruments arose.  Fortunately, most of the thermal balances needed could be done 

on one instrument at a time, and in any order, allowing other instrument and discipline testing to proceed efficiently.   

A. Thermal Balances and other Thermal Tests 

Multiple thermal balances needed to measure heat strap end-to-end thermal conductance, instrument power 

dissipations, and total input parasitics were performed by first measuring the Q-meter outputs with the instrument in 

nominal operating mode, then once again with known heat added by a trim heater, and finally, with the instrument 

off.  These balances, conducted on an instrument by instrument basis (due to the thermal isolation of the instruments 

from each other), allowed accurate measurement of heat strap end-to-end thermal conductance, instrument dissipation, 

nominal parasitics,(including electrical harness heat loads) and fraction of energy “leaking” from the strap to the ISIM 

composite structure.  These balances were repeated during the cold operating and extreme hot thermal environments.  

A.1 Heat Strap Thermal Conductance Measurements 

End-to-end heat strap thermal conductance measurements from the CV2 and CV3 thermal vacuum tests, 

compared with original vendor requirements and conductances calculated using the vendor segment conductances, are 

shown below in Fig. 19. 

 

Figure 19. Measured Heat Strap End-to-End Thermal Conductance from CV2, CV3 data, 

Compared with Original Specification and Vendor Measurements at 40K 

In the above table, measurements in the Green background indicates joint conductances were NOT included.  

Measurements in the Blue background indicates an end-to-end measurement, where joint conductances are included.  

Thermal conductances at foil to end block interfaces were estimated as well as possible.  We also note that CV3 

measurements for MIRI Science Instrument Interface Plate (SIIP) to radiator include some adjustments using vendor 

segment measurements when sensors weren’t in exactly the right place for the desired measurement to be compared.  

Additionally, the MIRI SIIP to harness thermal conductances were not measured in test, but temperature differences 

were measured.  Two of the three sensors were within 1 K of the SIIPs, and the third was within 3K of the SIIPs for 

the entire test. 

CV3 measurements were very consistent with CV2 conductance measurements.  Strap interfaces were re-

designed with lower, but more deterministic torques, nut plates were strengthened, and gaskets were removed.  The 

net effect was close to the estimated accuracy of the measurement.  Looking at the raw numbers, two strap end-to-end 

conductances “went up” and two “went down.”  Results validate modifications made between CV2 and CV3 test to 

strap torque prescriptions.  CV3 test data showed that the 4 heat straps coupling the near infrared instruments to their 

radiators exhibited a delta T from the instrument to the Q-meter (radiator in flight configuration) of 0.2 to 0.6K when 

exposed to the predicted flight cold environment, with roughly nominal instrument operational modes.  Higher 
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temperatures and instrument dissipations would be expected to raise these Delta T’s to < 1.5K in extreme cases, which 

is acceptable for flight. 

A.2 Harness Heat Load Measurement Results 

The harness radiator was required to reduce electrical harness heat loads to the ISIM to specified levels.  A test 

program conducted at GSFC characterized the thermal conductance of all major harness types versus expected 

operational temperature.  GSE temperature sensors were then temporarily placed (embedded within wire bundles) at 

specific distances apart on each of the major flight harness bundles during the CV2 and CV3 tests.  The thermal 

conductance of the harness types was then used to calculate the heat loads down the harness to ISIM in real time 

during the CV2 and CV3 thermal tests.  Results are shown in Fig. 20.  Individual harness loads exceeding the 

allocations are shown in red. 

Figure 20.  Harness Heat Loads Measured in CV2, CV3 tests versus allocation 

Measurements of MIRI instrument heat loads to the cryocooler (a GSE cryocooler more powerful than the flight 

unit was used in the CV tests) were made by adding know amounts of heat to the instrument with a GSE internal 

heater, and measuring the enthalpy change of the coolant, allowing extrapolation of the nominal instrument 

dissipation. 

A.3 Instrument Dissipation Measurements (Quiescent Observing Mode) 

Measurements of instrument power dissipations in observing mode (but without stability heater, and without 

mechanism movement) using the thermal balance methodology listed above is shown in Fig. 21.   

Instrument SI estimate (2011), mW CV2 Measurement, mW CV3 Measurement, mW 

NIRCam 139.5 – 177.3 148.3 152.7 

FGS 44.5 – 53.5 45.3 48.4 

NIRSpec OA ~ 4.5 4.5 4.4 

NIRSpec FPA/ASIC 31.6 – 35.9 35.1 35.2 

Figure 21.  Measured Instrument Heat Dissipations 

B. Workmanship Evaluation of Other Thermal Hardware: 

Sensor and heater workmanship were observed during ambient System Functional Tests, and with their use during 

the cryogenic portion of the test.  The 77 out of 93 mounted ISIM housekeeping Cernox sensors were all operational 

throughout the test, but the possibility exists that one non-critical sensor produced an intermittent signal at 265K – it 

is being investigated further. 

Primary Contamination Control Heaters (CCH) were utilized in a flight-like manner during the cool-down, to 

maintain instrument temperatures together as they cooled through the temperature band where water vapor may be 
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given off at test temperatures (140K to 165K).  Both primary and redundant sides of the heaters were used together 

during test warmup.  Workmanship was good.  

Primary and redundant trim heaters were all successfully tested during ambient System Functional Tests, and 

with their use during the cryogenic portion of the test.  In addition, a special test of all primary and redundant trim 

heaters, including the NIRSpec FPA/ASIC contamination control heaters, was conducted at cryogenic temperature, to 

verify that there was no interference with instrument observations, even at the highest power levels in flight.  While 

successful, emission from the OSIM at 100K prevented instruments from seeing effects of heaters below these 

temperatures.   

VII. Issues, Lessons Learned 

The authors offer the following recommendations based on our experience with then entire ISIM Cryo-Vac test 

program: 

1. Develop a large, well trained staff for thermal shift support, flexible enough to provide support in the event 

of illnesses, bad weather, and other emergencies.  Identify test “floaters” (experts on various test aspects) in 

combination with regularly scheduled thermal test support to provide continuity and 24/7 available expertise; 

2. Provide real-time test monitoring software, capable of customization, for clear test thermal control;   

3. Provide multiple comprehensive pre-test training sessions, with a written curriculum; 

4. Devise a flexible and robust thermal test program that can accommodate changes to balance schedule on 

short notice; 

5. Do pre-test checkout of all temperature measurement systems, verify that all sensors with individual 

calibration curves (by serial number) have them input into the appropriate temperature measurement device, 

and check all setpoints are set correctly.  Check that critical temperature measurement is done with 

appropriate instrumentation which alternates current direction to eliminate the Seebeck effect in CERNOX 

sensors; 

6. Develop pretest temperature and heat load predictions and clear success criteria, to be able to identify test 

problems in real time; 

7. Have plans in place to deal with unexpected problems with flight hardware, GSE.  Have in place backup 

plans for thermally safing the payload; 

8. Use/develop a test monitoring system so all sensors, heaters, and Constraints and Limitations can be 

evaluated in real time, and plots/graphs can be made quickly; 

9. Have the thermal test modeler/analyst involved during integration, and make test configuration inspections 

to confirm that models accurately represent the test, AND that undesirable conditions do not develop (i.e., 

incorrect multi-layer insulation (MLI) blanket installations, improper harness heat sinking, sensors are 

unattached, etc.); 

10. Input to overall test planning to prioritize thermal tests, participate in key test decision points to proceed; 

11. Coordinate with contamination control personnel  to verify test procedures do not compromise cleanliness; 

12. Make available redundant key GSE units (computers, controllers, temperature measurement instrumentation, 

power supplies, etc.); 

13. Perform pre-test checkout of key facilities hardware (He refrigerator, vacuum pumps, chamber shrouds, data 

Acquisition System); 

VIII. Conclusions 

Thermal vacuum/thermal balance testing of the James Webb Space Telescope flight ISIM element by itself is 

now complete.  It required the development of a flexible and very powerful data acquisition system (Fusion computer) 

to assist in efficiently and safely conducting the test; a complex set of flight-like thermal boundaries (STMS) to provide 

realistic conditions to the payload, and development of innovative Q-meters to make accurate heat flow measurements 

enabling thermal design validation, model correlation, and subsequent requirement verification.  Careful model 

correlation from test data requires the fine resolution of dissipations and parasitic heat loads from test-induced sources 

at the milliwatt level provided by the Q-meters.  Intensive, multi-discipline integrated planning efforts led to 

development of comprehensive test plans that assured successful ISIM Cryo-Vac testing that achieved all pre-test 

thermal objectives. The test was planned for 105 days, and actually lasted an incredibly close 108 days.   Preliminary 

evaluation of our test measurements and initial analysis of flight requirements shows that the ISIM element will meet 

nearly all its detailed requirements, and those that cannot be met will be handled with waivers – no hardware alterations 

are required.   Thermal model correlation followed by final flight requirement verification is planned for the near term.  

After that, efforts are focused on supporting the integration and test activities leading to integration of the ISIM 
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element with the Optical Telescope Element and its combined testing in the JSC Chamber A (the OTIS test) in 2017, 

and then on to launch in late 2018. 
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