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ABSTRACT  

The Predictive Thermal Control Technology (PTCT) development project is a multiyear effort initiated in Fiscal Year 

(FY) 2017, to mature the Technology Readiness Level (TRL) of critical technologies required to enable ultra-thermally-

stable ultraviolet/optical/infrared (UVOIR) space telescope primary-mirror assemblies for ultra-high-contrast 

observations of exoplanets.  Key accomplishments of 2017 to 2019 include: creating a high-fidelity STOP model of the 

AMTD-2 1.5-m Ultra-Low Expansion (ULE®) mirror (manufactured by Harris Corp) by merging 3D X-Ray computed 

tomography data of the ‘as-built’ mirror and coefficient of thermal expansion (CTE) data maps for each of the 18 core 

elements; partially validating this model by measuring the mirror’s response to bulk temperature changes and lateral 

thermal gradients; designed and built (with PTC partner Harris Corp) a 1.5-m enclosure with 26 actively-control thermal 

zones; and defined specifications for a potential 4-m primary mirror thermal enclosure for the Habitable Exoplanet 

(HabEx) Imager mission  
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1. INTRODUCTION  

“Are we alone in the Universe?” is probably the most compelling science question of our generation. Per the 2010 New 

Worlds, New Horizons Decadal Report1: “One of the fastest growing and most exciting fields in astrophysics is the study 

of planets beyond our solar system. The ultimate goal is to image rocky planets that lie in the habitable zone of nearby 

stars.” The Survey recommended, as its highest priority, medium-scale activity such as a “New Worlds Technology 
Development (NWTD) Program” to “lay the technical and scientific foundations for a future space imaging and 
spectroscopy mission.” The National Research Council (NRC) report, NASA Space Technology Roadmaps & 

Prioroties2, states that the second highest technical challenge for NASA regarding expanding our understanding of Earth 

and the universe in which we live is to “Develop a new generation of astronomical telescopes that enable discovery of 
habitable planets, facilitate advances in solar physics, and enable the study of faint structures around bright objects by 

developing high-contrast imaging and spectroscopic technologies to provide unprecedented sensitivity, field of view, and 

spectroscopy of faint objects.” NASA’s Enduring Quests Daring Vision3 called for a surveyor mission to “enable ultra-

high-contrast spectroscopic studies to directly measure oxygen, water vapor, and other molecules in the atmospheres of 

exoEarths,” and “decode the galaxy assembly histories through detailed archeology of their present structure.” As a 
result, NASA will study in detail a LUVOIR surveyor and a HabEx Imager concept for the 2020 Decadal Survey.4,5 

Additionally, AURA’s From Cosmic Birth to Living Earths6 details the potential revolutionary science that could be 

accomplished from “directly finding habitable planets showing signs of life.” 

Directly imaging and characterizing habitable planets requires a large-aperture telescope with extreme wavefront 

stability. For an internal coronagraph, this requires correcting wavefront errors (WFEs) and keeping that correction 

stable to a few picometers root mean square (rms) for the duration of the science observation. This places severe 

specification constraints on the performance of the observatory, telescope, and primary mirror. Per the 2015 Cosmic 

Origins Program Annual Technology Report (PATR)7, a “Thermally Stable Telescope” is critical, highly desirable 
technology for a strategic mission. “Wavefront stability is the most important technical capability that enables 10-10 

contrast exoplanet science with an internal coronagraph. State of art for internal coronagraphy requires that the 

telescope must provide a wavefront that is stable at levels less than 10 pm for 10 minutes (stability period ranges from a 

few minutes to 10s of minutes depending on the brightness of the star being observed and the wavefront-sensing 

technology being used).”  

https://ntrs.nasa.gov/search.jsp?R=20190029080 2019-12-26T09:09:05+00:00Z
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2. STATE OF THE ART 

Thermal wavefront error occurs because of coefficient of thermal expansion (CTE); slewing the telescope relative to the 

sun causes its structure or mirrors to change temperature.  Thermal heat load changes cause the structure holding the 

mirrors to expand/contract and the mirrors themselves to change shape.  Fortunately, thermal drift tends to be slow, i.e. 

many minutes to hours. It is assumed that any drift that is longer than the WFSC control cycle will be corrected by a 

deformable mirror. Thus, we are only concerned about stability errors that are shorter than 10 to 120 minutes.  State-of-

the-art (SOA) for ambient temperature space telescopes are ‘cold-biased’ with heaters.  The telescope is insulated from 
solar load such that, for all orientations relative to the sun, it is always at a ‘cold’ temperature (for example, 250K).  The 

telescope is then warmed to an ambient temperature via heater panels on the forward straylight baffle tube as well as 

behind and beside the mirror.   

No previous telescope has ever required picometer wavefront stability. Hubble 

Space Telescope (HST) and JWST illustrate the challenge. JWST is in the 

shadow of its sun-shade in a thermally stable SE-L2 orbit. HST is in a heated 

tube in a thermally varying low-Earth orbit.  When JWST slews from its 

coldest to its warmest pointing, its temperature is predicted to change by 

0.22K and its WFE is predicted to change by 31 nm rms.  While not designed 

to do exoplanet science, it would take JWST over 14 days to ‘passively’ 
achieve the required level of stablity (Figure 1)8.  Obviously, this is too long 

for exoplanet science. HST is a cold-biased telescope heated to an ambient 

temperature. But, this environment is not controlled.  The HST telescope’s 
temperature changes by nearly 20C as it orbits9 – moving in and out of the 

Earth’s shadow.  This change causes the structure between the primary and 

secondary mirrors to change (typically ±3 μm) resulting in WFE changes of 
10–25 nm every 90 min (Figure 2).9 Assuming linear performance, HST could 

be used for exoplanet science if its thermal variation were controlled to 

<20mK.  

When a telescope such as HST or JWST slews or rolls relative to the sun, the 

heat load on to the telescope’s side and back changes - introducing axial and 

lateral gradients. These gradients cause the WFE to drift until the mirror 

reaches a new thermal equilibrium.  The dominant WFE is power. The exact 

amplitude depends on the magnitude of the heat load change and the CTE of 

the mirror and structure.  

To solve the focus problem, active thermal control was developed. For 

example, the commercial NextView telescope system manufacture by PTCT 

partner Harris Corporation has a ‘bang/bang’ thermal control system. Similar 
to a typical home thermostat, sensors are attached to the telescope’s structure 
and if its temperature drops below a ‘set point’, the heaters turn on.  Once the 

temperature reaches another set point, they turn off (Figure 3). The NextView 

thermal control system telescope’s dead-band is ±300mK. The actual telescope 

temperature varies over a wider range (~±1K). While more than sufficient for 

commercial imaging, it is insufficient for exoplanet science.  Current state-of-

the-art thermal control uses proportional heater control (Figure 4).  PTCT 

partner Harris Corp has demonstrated TRL-9 proportional thermal control on 

their SpaceviewTM telescopes.  Their thermal control system’s sensors have a 
noise of ~50-mK and controls the 1.1-m telescope to a temperature of 100 to 

200-mK.10  

 

 

Figure 1: JWST thermal slew8 

Figure 2: HST Orbit Focus9 

Figure 3:  Bang/Bang Control Cycle 

Figure 4:  Proportional Control Cycle 
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3. PREDICTIVE THERMAL CONTROL 

Our concept is to place the primary mirror inside a thermal enclosure that can ‘sense when’ and/or ‘predict how’ the 

telescope’s external thermal load changes (because of a slew or roll relative to the sun) and modifies the amplitude of its 

zonal heaters to compensate, an approach called Predictive Thermal Control (PTC). PTC places a predictive thermal 

model in the control loop to intelligently control a system’s thermal state. PTC uses sensors to measure the temperature 
distribution on the optic to estimate temperatures at unmeasured locations and determines the resulting heating profile 

needed to produce the desired temperature profile. Based on a given slew or roll, the Model knows how the thermal load 

will change, how it will propagate through the insulated outer barrel, and how it will affect the telescope. Sensors in the 

outer barrel will confirm these predictions. The control system increases or decreases heater output in the appropriate 

zone of the forward tube or mirror thermal enclosure to compensate. The telescope primary mirror should see no 

temperature change, regardless of where the telescope points on the sky. 

PTCT plans to advance the SOTA in thermal control by comparing current SOTA to new logic like Model Predictive 

Control (MPC) or a narrow artificial intelligence (AI).11,12 There are several potential MPC architectures, but an example 

MPC architecture places a physics-based model into the control loop to determine control variables (heater power levels) 

based on state variables (temperature measurements).  MPC determines heater power levels using a completely different 

logic than proportional control. Proportional control adjusts heater power in proportion to the difference between 

measured and desired temperatures at a single location following an equation: 

 
Where Kp is the proportional gain coefficient, Td,i is the desired temperature at control zone i, and Tm,i is the measured 

temperature at control zone i. MPC uses multiple control zones.  MPC starts with a system of equations based on the 

physics governing a control case.  Then, to achieve control, uses a numerical version of the heat equation to back solve 

for the heat distribution that gives the desired temperature distribution: 

 
MPC is superior to the proportional method because it takes into account the interdependency between all control zone’s 
temperatures and all control zone’s heater power. As an example, in a proportional system, if one control zone is too hot 

while a nearby control zone is too cold, the cold control zone’s heater will turn on and exacerbate the already too hot 
control zone’s problem. But, a MPC system will understand all interdependencies and command the heaters such that all 

zonal temperatures are considered and all zonal heaters work as a collective. 

Finally, as shown in Figure 5, preliminary analysis11, 12 indicates that (assuming that thermal performance is linear) it is 

possible to achieve pm wavefront stability by either controlling the shroud to a small temperature (10 mK) or by rapidly 

correcting the temperature. Additional stability can be achieved by increasing the system’s thermal mass. This is 

particularly relevant to potential telescopes – such as HabEx – which might have large monolithic primary mirrors.  

Thus, as long as one senses faster than the mirror’s thermal response time, there are a range of control solutions, and the 

faster the control cycle, the less precise the sensing needs to be. 

 

 

 
(a)   (b)   (c)    (d)  

Figure 5: (a) WFE versus shroud thermal control amplitude for 5,000 second control period. (b) WFE versus shroud control period 

for 50mK control amplitude. (c) WFE versus mirror mass and shroud control amplitude for 140 sec control period. (d) WFE 

stability tolerance can be achieved by a range of sensor noise uncertainty and control period. 
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4. GOALS AND OBJECTIVES 

The 2015 PATR7 assesses Thermally Stable Telescope technology to be Technology Readiness Level 3 (TRL-3). And, 

to advance this TRL:  

“Significant technology development is needed to produce ‘stable’ isothermal or thermally ‘insensitive’ telescopes:  
 Thermal design techniques validated by traceable characterization testing of components; 

 Passive thermal isolation; 

 Active thermal sense at the < 0.1mK level; and 

 Active Thermal Control at the < 10 mK level. 

To move forward with confidence in designing such a thermal control system (for either monolithic or segmented 

mirror systems) requires validated thermal performance models. Technology development is required to produce 

validated models by making traceable components and sub-systems, using the models to make measurable 

performance predictions, and then quantifying these predictions by testing in a relevant environment.”  

The goal of PTCT is to mature by at least 0.5 TRL step the technology needed for an exoplanet science thermally stable 

telescope by developing “thermal design techniques validated by traceable characterization testing of components”.  To 
achieve this goal, PTC has defined three objectives:  

1. Validating models that predict thermal optical performance of real mirror assemblies based on their structural 

designs and constituent material properties, i.e., CTE distribution, thermal conductivity, thermal mass, etc. 

2. Deriving thermal system stability specifications from wavefront stability requirement. 

3. Demonstrating utility of a Predictive Control thermal system algorithm for achieving thermal stability. 

To achieve these objectives, PTC has a detailed technical plan with five quantifiable milestones:  

Milestone #1:  Develop a high-fidelity model of the 1.5m ULE® AMTD-2 mirror. 

Milestone #2:  Derive specifications for thermal control system as a function of wavefront stability. 

Milestone #3:  Design and build a predictive Thermal Control System for a 1.5m ULE® mirror that senses 

temperature changes and actively controls the mirror’s thermal environment. 

Milestone #4:  Validate high-fidelity model by testing the 1.5-m ULE® AMTD-2 mirror in a relevant thermal 

vacuum environment at the MSFC X-ray and Cryogenic Facility (XRCF) test facility. 

Milestone #5:  Use validated model to perform trade studies to optimize primary mirror thermo-optical performance 

as a function of mirror design, material selection, material properties (i.e., CTE) mass, etc. 

Milestones #1 and #4 support Goal #1.  Milestone #1 creates the high-fidelity model and Milestone #4 validates the 

model.  Milestones #2 and #5 support Goal #2.  And, Milestone #3 supports Goal #3.   

The connection between Milestones and Goals may be slightly confusing, the Milestones were defined to be in a 

temporal sequential order.  And, while Milestone #5 was not scheduled for completion until the end of PTC, because of 

the need to provide performance feedback to Milestone #2 and the needs of the HabEx mission concept study, 

Milestones #2 and #5 were performed in parallel. 
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5. PROGRESS AND ACCOMPLISHMENTS 

5.1 Objective #1:  Validated High-Fidelity Structural-Thermal-Optical-Performance (STOP) Model 

Designing a telescope to have an ultra-stable wavefront requires using a validated high-fidelity STOP model to predict 

thermal optical performance of mirrors and structure based on their mechanical designs and material properties, i.e., 

CTE distribution, thermal conductivity, thermal mass, etc. 

5.1.1 Milestone #1:  Develop a high-fidelity STOP model of the1.5m ULE® AMTD-2 mirror. 

A high-fidelity STOP model of the AMTD-2 1.5-m ULE® mirror was created in NASTRAN that accurately models its 

‘as-built’ mechanical dimensions and 3D CTE distribution.13 The ‘as-built’ mechanical dimensions were quantified 
using 3D X-ray computed tomography to measure the internal structure of the mirror and ported into a mechanical 

model (Figure 6).  A custom algorithm was written to convert the X-ray CT 3D mapping into a finite element model.  To 

add a 3D mapping of CTE distribution, Harris Corporation provided MSFC with Corning CTE data maps for each of the 

18 core elements and the location of each element in the core (Figure 7). 

    

5.1.2 Milestone #4:  Validate high-fidelity STOP model by testing the 1.5-m ULE® AMTD-2 mirror in a 

relevant thermal vacuum environment at the MSFC X-ray and Cryogenic Facility (XRCF) test facility. 

To validate the high-fidelity model, the 1.5-m ULE® AMTD-2 mirror’s response to static thermal loads and lateral 

thermal gradients was tested in the XRCF. This test was conducted as part of the final AMTD-2 static thermal soak test. 

For model validation, the mirror was fully instrumented with sensors to provide knowledge of its temperature 

distribution during test (Figure 8). 

 

 

Figure 7: Harris Corp provided Corning CTE data 

of where each core element was cut from its boule 

(left) and the location of that core element in the 

AMTD-2 mirror (right). 

 

 
Figure 6: Internal dimensional structure of the 1.5-m AMTD-2 mirror 

was quantified via x-ray computed tomography and code was developed 

by MSFC to convert CT scan data into a finite element model. 

 
Figure 8: PTC test setup.  Mirror fully instrumented with thermal sensors in cryo-shroud. 
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veracity, informing the design of enclosure hardware and thermal shrouds to enable controllability, and directly 

imposing measurable thermally-induced WFE into the mirror (Figure 26). 

 

Because when we perform the Milestone #3 tests, the thermal enclosure will prevent direct illumination of the mirror 

from the solar lamps, STOP analysis predicts that the 1.5-m ULE® mirror – when integrated with the enclosure – will 

experience only a 7.5 nm rms figure change without thermal control; and, with thermal control this change is reduced to 

1.5 nm rms (Figure 27).  For this reason PTC decided to procure a 1.2-m aluminum mirror to serve as a pathfinder test 

article (Figure 28).  Since aluminum has a larger CTE than ULE®, it is expected to provide a 2X larger signature – 

which can be used to practice the PTC control algorithm.   

    

Additionally, in support of a potential Origins Space Telescope (OST) mission, PTC obtained MSFC IRAD funds to test 

the aluminum mirror at 30K to characterize its cryo-deformation for a cryo-null polishing demonstration.  And, to cycle 

this mirror to 30K three times to quantify any cryo-creep effects. 

6. CONCLUSION 

The Predictive Thermal Control Technology (PTCT) project is a multi-year effort to mature TRL of technologies needed 

to enable ultra-thermally-stable ultraviolet/optical/infrared (UVOIR) space telescope primary-mirror assemblies for 

ultra-high-contrast observations of exoplanets.  Recent accomplishments include: using X-ray computed tomography to 

create a high-fidelity STOP model of the AMTD-2 1.5-m Ultra-Low Expansion (ULE®) mirror (manufactured by Harris 

Corp); validating that model by test in an updated MSFC XRCF; building (with PTC partner Harris Corp) a 1.5-m 

enclosure with 26 actively-control thermal zones; and defined specifications for a potential 4-m primary mirror thermal 

enclosure for the Habitable Exoplanet (HabEx) Imager mission.  
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Figure 28: 1.2-m Al Test Mirror 

 
Figure 26:  Thermal Control System can introduce Radial, Lateral and Axial thermal gradients. 

 

     
Figure 27: (left) Predicted SFE without thermal control.  

(right) Predicted SFE with thermal control correction. 
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