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Abstract 
The NASA has begun the Great Observatory Maturation Program (GOMAP) with the goal of studying and advancing the Habitable Worlds Observatory (HWO), a large ultraviolet, optical, infrared space telescope recommended by the Astro 2020 Decadal Survey. Among its many goals, HWO will obtain spectra of at least 25 exo-Earth candidates to search for signs of life and conduct transformative astrophysics at ultraviolet, optical, and near-infrared wavelengths.  The observatory, like HST and JWST, will be a powerful general class observatory. This past Fall the GOMAP program stood up two study groups, the Science Technology Architecture Review Team (START) and the Technical Assessment Group (TAG) aimed at helping to study the science, technology and architecture options for this new flagship mission.  This talk will discuss the engineering activities associated with these studies including the team and organization, the study plan and the use of the Concept Maturity Level (CML) approach.  In addition, the talk will discuss the key initial engineering efforts, the key technology gaps, and overall engineering plans. 

Keywords:  Habitable Worlds Observatory, Exoplanets, Astrophysics, Space Telescope
1. INTRODUCTION 
The 2020 Decadal Survey on Astronomy and Astrophysics (Astro2020) recommended that NASA begin development of a large ultraviolet, optical, infrared telescope with wavelengths common to the Hubble Space Telescope but designed to obtain spectra of 25 exo-Earth candidates to search for sign of life.  The recommendation included a description of maturing the science, technology, and architecture together iteratively.  As a result, NASA headquarters created the Great Observatory Maturation Program (GOMAP) and with it two committees to perform these early studies:  the Science, Technology and ARchitecture Team (START) consisting primarily of scientists but with Ex-officio members from industry and international representatives and the Technical Assessment Group (TAG) consisting of engineering and scientists from NASA.  These efforts were intended to start the initial explorations and investigations prior to a project office being stood up with the expectation that the work of these teams would provide a starting point for an upcoming project office.  The two teams began meeting in September 2023 and at the American Astronomical Society meeting in January 2024 announced the formation of a series of working groups both in Science Working Groups, TAG working Groups, and Joint Working Groups (JWG).  In addition, the TAG has begun efforts to define key architectures and study them, efforts to identify parametric studies, and efforts to perform technology roadmapping.  We report here on the overall approach, plans, progress and status for the TAG and START related to the engineering aspects of these efforts.
2. Overall Approach for Technology and Concept Maturation
Overall approach 
The basic approach of the START and TAG efforts follows the recommendations of the National Academy 2020 Decadal Survey in Astronomy
 and recommendations of the Large Missions Study
 which recommend maturing the architecture, technology and science in an iterative way.  To achieve this, we are following the approach of using Concept Maturity Levels (CML)
 to help mature the concept holistically.  This approach emphasizes an early exploratory phase of initial feasibility transitioning to a period of trades.  The transition from feasibility to trade space ranges from CML 2 to 3 and is the current status of the engineering efforts for HWO.  At the conclusion of CML3, the team will narrow the exploratory phase and start to begin trades.  To mature the engineering through this exploratory phase, we will use Exploratory Analytic Cases (EACs) and Parameter Studies which study the architecture options and the engineering parameters.
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Figure 1: Concept Maturity Levels
The CML includes six different areas to mature:  Story, Implementation, Science, Cost, Strategy and Engineering.  During this early phase, cost is assessed primarily as risk.  This approach is being adopted for HWO where the science, technology and architecture are consistent with these areas.  At CML5 the effort is sufficient to hold a Mission Concept Review.  Therefore along with maturing the CML levels, it’s critical to assure the efforts are on the path to a successful MCR which is a formal NASA review that allows a program to enter Phase A.  The MCR criteria are as follows:
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Figure 2: Mission Concept Review Crtieria (from NASA GSFC STD-100)

To organize the team and inclusively gain input from academia and industry along with NASA centers, the team organized into working groups.  The working groups fell into science working groups, joint working groups (where science observation meets simulation), and Technical Working Groups.  The engineering efforts fell in the technical working groups and these efforts included Systems, Integrated Modeling, Artificial Intelligence and Machine Learning, Technology working groups, each with subgroups.  The overall working groups included more than 1000 people and many of the engineering working groups had as many as 100 people.
The technical efforts were coordinated with the science and engineering efforts such that the science would focus on the science cases, the joint working groups would develop tools for simulation and for parameter modeling of the science, and the engineering would focus on the architecture and technology.  These areas would provide a first CML2 to 3 iteration that will narrow its focus in the future as shown in later sections.
3. Exploratory Analytic Cases (EAC’s) and Coronagraph Exploratory Cases
Exploratory Analytic Cases have been used to explore initial architecture options.  The definition of the initial EAC’s chosen was largely based on the efforts of the Ultrastable Observatory Roadmap Team (USORT) that was done under the auspcies of the Cosmic Origins (COR) program and from the recommendations of the decadal survey.  It is well understood that the EACs are not the actual designs and should not be done at high fidelity.  They are intended to:

· Practice end-to-end modeling, from science to engineering. Develop initial models & codes to ”pipeclean” the process using representative examples, understand end to end modeling capabilities and needs
· Identify key technology gaps and guide maturation of potential technology solutions
· Explore key architectural options/breakpoints in the context of rockets to help guide future point design choices
· Provide feedback to rocket vendors as soon as possible to help influence their direction
A great example of how preliminary the EACs are to the final HWO design is to consider the early JWST yardstick which itself is even later in generation than the current EACs with the final JWST design.
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Figure 3:  Early JWST Yardstick vs. Final Design
The basic approach to EACs is to iterate as we advance CML levels.  So EAC1, 2 and 3 are explored at a high level during CML2, EAC4 and 5 will be studies at a more detailed level during CML3, and a point design will be studied during CML4 that will demonstrate basic feasibility of the architecture.
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Figure 4:  EAC iterations 

Defining EAC’s required considering several key constraints. The first was the options for future large rockets which are a key driver in the mass and volume.  The team chose to consider three critical large rocket options:  the Blue Origin New Glenn with it’s 7-meter diameter fairing, the SpaceX Starship with its 9-meter fairing, and the SLS which was used on Artermis 1 but does not have a large fairing currently in development.  Mass is also a key constraint and there was a wide range of mass capabilities used for each.  The Starship has the added caveat of requiring refueling.


[image: image4]
Figure 5: Rockets Being Considered by EACs (SLS left, Starship center, New Glenn right)
In addition to the rocket providing a key constraint, a key lesson learned from JWST was the importance of considering micrometeoroids statistical energy distributions, including rare high energy particles.  JWST itself was struck by a micrometeoroid five months after launch that created a deformation in the C3 mirror as seen in Figure 6 and changed the overall RMS of the JWST wavefront error by 9nm RMS at the top level (JWST still was twice as good as it’s requirements even after considering this so the effect was ultimately negligible).  HWO will be a visible telescope diffraction limited at .5um so will be more sensitive to wavefront changes.  In addition, the effects on coronagraph are a consideration both for larger particles and for the more common smaller particles. Micrometeoroids that hit mirrors can also create a ringing of the mirrors that effect speckles.  Since JWST is beryllium and cryogenic, a test was conducted of a glass sample with similar energy roughly equal to what was thought to hit the JWST C3 segment.  The damage created a crater (shown below in Figure 6) and a deformation that was larger than the correctable range of a deformable mirror. 
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Figure 6:  JWST C3 Mirror Segment Deformation after May 2022 micrometeoroid (left), Glass Disk after Micrometeoroid Test with Similar Energy Particle as Struck C3 mirror (right)

The bottom line from micrometeoroid analyses is that protecting against the wide variety of micrometeoroid energies is a priority.  To do this, the team has decided to adopt a barrel in each EAC that protects both the PM and SM over the range of fields of regard.  
Factoring in the constraints of the rocket and the need for micrometeoroid protection, the notional Exploratory Analytic Cases are shown below in Figure 7.  EAC1 fits within a New Glenn and is based on an off axis 19 hex primary mirror with a 6 meter inner diambeter.  EAC2 only fits in Starship but does not require primary mirror unfolding and it uses a central 3 meter mirror with 6 keystone mirrors around it.  EAC3 is an 8-meter on-axis that unfolds and can fit within Starship.[image: image12.png]
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Figure 7: Exploratory Analytic Cases 1,2 and 3
To further explore the EAC’s, the team needed to define the assumed instrument suite.  The team assumed 3 key science instruments: a Coronagraph, a High Resolution Imager (HRI), and a Ultraviolet Multi-Object Spectrograph (UVMOS).  A fourth instrument bay was assumed for volume and mass but not designed in detail.  The telescope is assumed to have the specifications shown in Figure 8 below.
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Figure 8: Instrument and Telescope Summary
The Coronagraph was chosen by evaluating prior studies and the decadal recommendations and includes:

· 2 channels, split polarization, in the visible (0.35 – 1 µm)

· 2 channels, split polarization, in the near infrared (1 – 1.8 µm)

· Each channel has 2 DMs to correct phase + amplitude 
The deformable mirror assumes a 1 mm actuator pitch with a 96 x 96 format.   Image of 7.2m pupil covers ~90% of the 96-actuator diameter.  Each visible channel has a broadband imager and Integral Field Spectrograph and has an accompanying wavefront sensor and DM drift sensor.  The initial Analysis for EAC1 uses an Apodized Vortex Corongraph though the EAC provides a generic design applicable to many options.  The layout of the coronagraph can be seen in Figure 9 below:
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Figure 9: Coronagraph Layout

A key study for EAC1 was the barrel design.  An approach was developed that could be deployed and which uses multiple layers to achieve sufficient thermal performance.  The structure was stiffened as much as possible.
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Figure 10: EAC1 Designs
In addition to the EAC development, parameter studies have been identified.The parameter studies are tracked and prioritized and ultimately documented.  Several coronagraph parameter studies are starting but none have yet to complete so more on this will have to wait for further work.
4. Technology Maturation Approach
A really critical piece of the efforts is to formulate the technology.  The Technology Working Group has helped advance this through the development of the large technology product matrix and through the top level technology summary matrix shown below in Figure 11.  The matrix includes columns to identify which technologies are threshold which means that they should achieve TRL5 by the Mission Concept Review.
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Figure 11: Technology Matrix
5. approach to Science and Engineering INterface

Exposure time calculators (ETCs) are key tools for developing science cases for HWO and determining which may drive the observatory architecture. They provide the linkage between the quality of the science observations and observatory capabilities such as telescope effective area, throughput, and spectral resolution. ETCs are familiar to observational astronomers and allow rapid assessment of the feasibility of specific potential science programs as functions of observatory and instrument parameters. They are also a necessary translation layer within more complete science return analysis tools (see Section 6.3). Draft versions of ETCs for the three candidate science instrument currently being studied (Coronagraph Instrument, High Resolution Imager, and UV Instrument) have been created and will be available online for public use in the next months. These ETCs are very much a work in progress, and we welcome input on desired functionality.
The science traceability matrix (STM) is a standby of early mission formulation, used as the primary tool for rapidly assessing how a concept’s science goals trace to hardware capabilities. As such, it serves an important function. However, it has serious limitations when used for maturation general purpose mission concepts like HWO that have many diverse science goals linked by a common set of hardware, which must be balanced against one another. As part of the HWO maturation effort, we plan to create a new, more powerful tool that can rapidly calculate the total, multi-faceted science portfolio returned by an observatory architecture or design. 
This integrated science modeling tool – called Dynamic Integrated Science Return Analysis (DISRA) – is envisioned as a pre-formulation tool intended for low to medium fidelity analysis over large ranges of multi-dimensional parameter space. It will enable fast early design trades and assist construction of error budgets and future Level N requirements. Importantly, DISRA will be able to show the sensitivities of science returns to specific hardware capabilities, as well as the correlations between them. We expect that this tool will prove adaptable to other science missions. Goals for the DIRSA tool include:

· Enable rapid analysis of total science returns from a mission architecture.
· Integrate science case code modules provided by a wide range of scientists with varying levels of instrumentation expertise.
· Carry the “why” along with the “what”, i.e., closely link codes to documentation. 
· Draw from a consistent set of astrophysical & observatory parameters for all science cases.
· Determine the sensitivities of science returns to changing astrophysical & observatory parameters, as well as the correlations between them.
· Identify driving hardware performance parameters that will guide technology development.
· Eventually join to an integrated engineering model for the observatory.
· Produce useful tabular and/or graphical outputs (e.g., mission STMs).
A high-level view of the DISRA structure appears in Figure 1. The three code layers map to the three Joint Working Groups (Science Case Simulation, Science Data Simulation, and Science-Engineering Interface), though these groups have additional goals beyond creation of DISRA. For example, the Science Data Simulation Working Group will also produce high fidelity datasets such as 2-D images when it becomes possible to do so. The first DISRA layer will contain science case simulation modules that calculate the science returns from different investigations (e.g., number of targets observed) as functions of observation characteristics, such as signal-to-noise ratio (SNR), field of view, and/or spectral resolution. These modules should be accurate but not computationally intensive, although the fidelity may increase over time if necessary. Computationally intensive high fidelity simulations may need to be done separately to find lower fidelity parameterizations or look-up tables that will be used within modules and to verify the accuracy of DISRA results. Astrophysical input assumptions will be preserved, justified, and documented.

[image: image15.emf]
Figure 11: Structure of the Dynamic Integrated Science Return Analysis (DISRA) code framework.
The second layer in DISRA (science data simulation) will link observations to observatory characteristics via exposure time calculators (ETCs) that represent low fidelity models of science instruments. For example, a camera ETC can determine the time to acquire an image of a target at a particular SNR as a function of telescope effective area, throughput, and noise sources. The third layer in DISRA (science-engineering interface) will translate hardware (e.g., optical elements) into observatory and instrument capability parameters (e.g., throughput). This layer will also hold a unified set of astrophysical input parameters. Eventually, we envision that this layer will link to an integrated engineering model of the observatory; initially, arbitrary ranges high level observatory and instrument capability parameters can be input for exploration.

An initial version of the first science case simulation module, to assess yields of habitable planet candidates directly imaged with a Coronagraph Instrument, has been written. Modules that describe science cases utilizing the other candidate science instruments (High Resolution Imager and UV Instrument) will be completed before the end of this year and linked into the DISRA framework.
6. Conclusions

This paper has reviewed the engineering aspects of the HWO TAG efforts and described it’s complementarity to START efforts.  The current status is that the top level EAC architectures have been defined, the EAC1 design is complete and it is currently going through integrated modeling, EAC2 and EAC3 designs are beginning.  In addition, several engineering parameter studies have been defined that are just starting and a technology matrix which distinguishes threshold, baseline and enhancing needs has been developed.  Recently NASA announced that a HWO project study office will be starting up at Goddard but the team will continue to complete the CML3 efforts.  
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