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Abstract. The Origins Space Telescope will trace the history of our origins from the time dust
and heavy elements permanently altered the cosmic landscape to present-day life. How did galaxies
evolve from the earliest galactic systems to those found in the Universe today? How do habitable
planets form? How common are life-bearing worlds? To answer these alluring questions, Origins
will operate at mid- and far-infrared (IR) wavelengths and offer powerful spectroscopic instruments
and sensitivity three orders of magnitude better than that of the Herschel Space Observatory, the
largest telescope flown in space to date. We describe the baseline concept for Origins recom-
mended to the 2020 US Decadal Survey in Astronomy and Astrophysics. The baseline design
includes a 5.9-m diameter telescope cryocooled to 4.5 K and equipped with three scientific instru-
ments. A mid-infrared instrument (Mid-Infrared Spectrometer and Camera Transit spectrometer)
will measure the spectra of transiting exoplanets in the 2.8 to 20 ym wavelength range and offer
unprecedented spectrophotometric precision, enabling definitive exoplanet biosignature detec-
tions. The far-IR imager polarimeter will be able to survey thousands of square degrees with broad-
band imaging at 50 and 250 ym. The Origins Survey Spectrometer will cover wavelengths from
25 to 588 um, making wide-area and deep spectroscopic surveys with spectral resolving power
R ~ 300, and pointed observations at R ~ 40,000 and 300,000 with selectable instrument modes.
Origins was designed to minimize complexity. The architecture is similar to that of the Spitzer
Space Telescope and requires very few deployments after launch, while the cryothermal system
design leverages James Webb Space Telescope technology and experience. A combination of
current-state-of-the-art cryocoolers and next-generation detector technology will enable Origins’
natural background-limited sensitivity. © The Authors. Published by SPIE under a Creative Commons
Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full
attribution of the original publication, including its DOIL [DOI: 10.1117/1.JATIS.7.1.011002]

J. Astron. Telesc. Instrum. Syst. 011002-2 Jan-Mar 2021 « Vol. 7(1)


https://doi.org/10.1117/1.JATIS.7.1.011002
https://doi.org/10.1117/1.JATIS.7.1.011002
https://doi.org/10.1117/1.JATIS.7.1.011002
https://doi.org/10.1117/1.JATIS.7.1.011002
https://doi.org/10.1117/1.JATIS.7.1.011002
https://doi.org/10.1117/1.JATIS.7.1.011002

Leisawitz et al.: Origins Space Telescope: baseline mission concept

Keywords: infrared; space telescope; cryogenic; spectroscopy; galaxy evolution; planet forma-
tion; biosignatures.

Paper 20072SS received Jun. 13, 2020; accepted for publication Dec. 1, 2020; published online
Jan. 6, 2021.

1 Introduction

In astrophysics, the far-infrared (IR), wavelengths from about 30 to 600 pm, is information-rich,
and to this day, vastly underexploited. With past far-IR space missions, the Herschel Space
Observatory! and its predecessors, notably the Infrared Astronomical Satellite,” the Cosmic
Background Explorer (COBE),’ the Infrared Space Observatory,* the Spitzer Space Telescope,’
and AKARL? the astrophysics community made tremendous scientific strides and surprising
discoveries. We gained insight into the role magnetic fields play in the star-formation process
and the composition and energetics of the interstellar medium, and we characterized the cosmic
infrared background. Stunningly, among many achievements, Spitzer gave us empirical evidence
of weather on an exoplanet. Nevertheless, with their limited angular resolution, past far-IR tele-
scopes quickly reached the confusion noise limit at which source crowding prevents individual
objects from being discernable in an image. Even Herschel, the largest telescope flown in space
to date, offered diffraction-limited angular resolution comparable only to that of the telescopes
used by Galileo at visible wavelengths four centuries ago.

Improved measurement capabilities in the far-IR will enable a great deal more to be accom-
plished. We already know that interstellar dust formed early, and thereafter permanently altered
the process of star formation. The dust absorbs and blocks UV/visible starlight and emits in the
far-IR. The far-IR is replete with spectral lines from water vapor, the dominant coolant of the
interstellar medium, and important diagnostics of the hardness of the interstellar radiation field,
and broad-band spectral features of water ice. With a future far-IR telescope, we will learn how
the conditions for habitability sometimes arise during the planet-formation process. How does
water make its way from the interstellar medium to a planet warm enough to melt ice, but not so
hot as to result in its complete evaporation? Additionally, we will characterize the physical and
chemical conditions in nascent galaxies, complementing the Webb Telescope’s observations of
ancient starlight,” to understand how galaxies changed throughout cosmic history. To access the
information available in these diagnostics, the astrophysics community needs a far-IR space
telescope that approaches natural background sensitivity limits with moderate to high-resolution
spectroscopy.

To prepare for the US National Academies’ 2020 Decadal Survey in Astronomy and
Astrophysics, NASA sponsored a study of the Origins Space Telescope (hereafter Origins).
The study was conducted from December 2015 to August 2019, when a final report was deliv-
ered to the Decadal Survey committee. The Origins Science and Technology Definition Team
(STDT) prioritized scientific objectives attainable with a telescope that provides superlative
sensitivity but does not require a large improvement in angular resolution relative to the 3.5-m
Herschel telescope. Thus, the STDT decided early on that Origins would be a single-aperture
telescope. A companion paper to this one describes design trades and the rationale for the
STDT’s choices.®

This paper gives an overview of the Origins baseline mission concept, while parallel papers
describe many different facets of the mission study: the scientific motivation for the mission
and derived requirements;’ the cryothermal system design and the attainability of the 4.5 K
optical system operating temperature with current state-of-the-art cryocooler technology;'” the
telescope optical design and wavefront error budget;'! materials trades, choices, and potential
alternatives;'? four scientific instruments'>~'® (one of which is optional and not included in the
baseline mission concept); the integration and test program;'’ and key enabling technologies,
notably cryocoolers,18 mid-infrared detectors,'® far-IR detectors,'”?* and the far-IR detector
readout system.’* Earlier papers presented preliminary results of a stray-light analysis of the
telescope® and a pupil densification technique that can be used to mitigate the effects of pointing
jitter and enable extremely precise spectroscopic measurements of transiting exoplanets to search
for planets with biosignatures in the mid-IR (2.8 to 25 um).?
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This paper is organized as follows. Section 2 contains a synopsis of the scientific motivation
for the mission and the flowdown from objectives to top-level derived requirements. Section 3
presents the baseline mission concept. The schedule and estimated cost are given in Secs. 3.7 and
3.8, respectively, and the mission’s estimated performance is described in Sec. 4. We summarize
in Sec. 5.

2 Science Goals, Objectives, and Flowdown to Measurement
Requirements

In consultation with the scientific community, the Origins STDT prioritized three goals for
the mission. These established priorities are motivated by their profound significance and
likely durability in light of expected advances from, and limitations of current and next-
generation observatories [the Atacama Large Millimeter Array (ALMA),” the Vera C.
Rubin Observatory,”® JIWST, and the Nancy Grace Roman Space Telescope®®]. Origins science
featured prominently in the science white papers the community submitted to the Astro2020
Decadal Survey. The Origins mission goals also align directly with the three themes of
NASA’s Astrophysics program: How does the Universe work? How did we get here? and
Are we alone?’ Corresponding to each mission goal are three distinct scientific objectives.
Figure 1 summarizes the goals and objectives of Origins and their relationship to NASA
themes.

The nine objectives listed in the last row of Fig. 1 collectively have driven the Origins meas-
urement requirements and, in turn, the baseline mission design, as shown at a high level in Fig. 2.
The measurements can only be made with a telescope in space because the Earth’s atmosphere
absorbs most of the light at the wavelengths of interest (Fig. 3). The measurements require
superlative sensitivity, and thus, a large cold telescope. Figure 4 shows the need for a telescope
temperature below 6 K to suppress the observatory’s thermal self-emission and reach a noise
level close to the natural astrophysical background (consisting of zodiacal emission from the
solar system, dust emission from the Milky Way, and the cosmic microwave background at the
longest wavelengths).’! The telescope must also be large enough for the community to achieve
its objectives in a reasonable mission lifetime, driving the need for a primary mirror at least
5.3 m in diameter, below which the search for biosignatures in exoplanet atmospheres would
be significantly compromised (Fig. 5). The prioritized scientific objectives do not require high
(subarcsec) angular resolution, and our studies found that the telescope could be diffraction lim-
ited at 30 ym.

As described in Sec. 3, three science instruments satisfy the Origins spectroscopic and im-
aging requirements. For observations of galaxies and protoplanetary disks, the far-IR
(4 > 25 pum) instruments have to deliver spectroscopic data with resolving power (R = 1/A2)
ranging from 3 to 43,000 in approximately order-of-magnitude increments, and R > 200,000 in

NASA Goal | How Does the Universe Work? How Did We Get Here? Are We Alone?
Origins How do galaxies form stars, How do the conditions for Do planets orbiting K & M-dwarf
Science make metals, and grow their w habitability develop during (\ stars support life?
Goals central supermassive black holes the process of planet
from reionization to today? formation?
Origins Using sensitive spectroscopic capabilities ofa | With sensitive, high-resolution By obtaining precise mid-infrared transmission
Scientific cold telescope, Origins will measure properties | spectroscopy, Origins will illuminate and emission spectra, Origins will assess the
Capabilities | of star- formation and growing black holesin | the path of water and its abundance to habitability of nearby exoplanets and search for
galaxies across all epochs. determine the availability of water for signs of life.
habitable planets.
1. How does the relative growth of stars and 1. What role does water play in the forma- | 1. What fraction of terrestrial planet around M-
supermassive black holes in galaxies evolve tion and evolution of habitable planets? and K-dwarf stars has tenuous, clear, or cloudy
Origins with time? ' 2. How and when do pIa{neltslform?l atmosphe(es? . '
Scientific 2. How QO galaxies make metals, dust, and 3. How were water and life’s ingredients 2. What fraction of terrestrial M-dwarf planets is
Objectives organic molecules? delivered to Earth and to exoplanets? temperate?
3. How do the relative energetics from super- 3. What types of temperate, terrestrial, M-dwarf
novae and quasars influence the interstellar planets support life?
medium of galaxies?

Fig. 1 Mission design scientific drivers for the Origins Space Telescope.
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Fig. 2 Summary of Origins requirements.
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Fig. 3 The spectrum of a typical galaxy (top) bears signatures of dust thermal emission and spec-
tral lines from molecules, atoms, and ions, which probe key astrophysical processes, such as star
formation and physical conditions in the interstellar medium. Spectra like this one are Doppler-
shifted toward longer wavelengths (leftward in the graph) by the expansion of the Universe appro-
priate for the galaxy’s distance. Origins was designed to operate in the wavelength range 2.8 to
588 um, which is only partly accessible from the ground in some atmospheric windows (bottom).

=
S
S

=
=)

=)

Natural background

Astronomical + telescope background (MJy/sr)

Lau
400

L
500

200 300
Wavelength (um)

3 100 600

Fig. 4 Background emission from a cold telescope is strongly dependent on the telescope temper-
ature and only approaches the natural background (zodiacal and Galactic dust emission and the
cosmic microwave background) and satisfies Origins science requirements when the optical sys-
tem components are colder than 6 K. Here, we assume a telescope emissivity of 2%. As noted in
Sec. 3, the Origins telescope is cooled to 4.5 K, since current state-of-the-art cryocoolers have
a cold stage at this temperature.
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Fig. 5 To achieve the highest priority scientific objectives, the Origins telescope must be cold
(Fig. 4) but also have a primary aperture at least 5.3 m in diameter. This requirement comes pri-
marily from the exoplanet science case to detect biosignatures in a five-year mission (given that
planet transit durations are fixed and the sensitivity cannot be recovered with a longer single-
epoch integration, unlike most other proposed Origins observations). The prioritized extragalactic
study places an aperture size requirement of >5 m, based on the need to detect a statistically
significant sample of galaxies at redshift z > 6, to study the formation mechanisms and physical
properties of dust and heavy elements during the epoch of reionization. The minimum primary
aperture diameter is 3 m to enable an effective extragalactic and Galactic science program,
so that source confusion does not compromise the telescope’s ability to conduct spectroscopic
studies of galaxies at z = 2 to 3. A 3-m or larger aperture is needed also to study water and the
total gas content of proto-planetary disks at the distance of Orion. To estimate the percentage of
science enabled, the Origins STDT evaluated an observing program developed in collaboration
with astronomical community members, resulting in representative measurements that would be
made to achieve the prioritized Origins scientific objectives. Depending on the telescope size,
individual observations can be carried out fully as proposed or only in part, or in some cases may
not be possible at all or can be executed better than planned. The ordinate in this graph shows the
overall fraction of science enabled.

the spectral range 100 to 200 gm. A mid-IR instrument has to provide superlative stability
(<5 ppm) and R ~ 50 to 300 in the spectral range 2.8 to 20 ym to enable a fruitful search for
biosignatures (e.g., the simultaneous presence in an atmosphere of O3 with either CH, or N,O)
in the spectra of transiting exoplanets. To achieve its extragalactic objectives, the telescope also
has to be able to survey thousands of square degrees of sky. The science case for Origins is
described in detail and a comprehensive Science Traceability Matrix is presented in a companion
paper.’

To summarize, Origins was designed to trace our cosmic history, from the formation of the
first galaxies and the rise of heavy elements to the development of habitable worlds and present-
day life. It achieves its scientific objectives through exquisite sensitivity to infrared radiation
from ions, atoms, molecules, dust, water vapor, and ice, and observations of extra-solar planetary
atmospheres, protoplanetary disks, and large-area extragalactic fields in the wavelength range
2.8 to 588 um with a large (>5.3 m) cold (<6 K) telescope and three instruments.

3 Mission Design

Origins is a NASA-led mission, managed by a NASA Center, and includes domestic and
international partners. We applied NASA guidelines for the 2020 Decadal Survey in
Astronomy and Astrophysics and grounded in NASA and industry experience from previous
successful large Class A missions to develop the Origins baseline mission design.

3.1 Key decisions

Noting that three large launch vehicles are presently under study or development, NASA’s Space
Launch System (SLS) and commercially developed alternatives, the Origins study team decided
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that the benefits of greatly reduced complexity (a telescope that does not have to be deployed in
space) outweighed the unlikely possibility that none of these launch vehicles would exist by the
mid-2030s, when Origins would fly. The decision to design for compatibility with an 8.4-m
diameter fairing on the SLS enabled the study team to adopt the proven Spitzer cryothermal
system architecture and an on-axis telescope with a 5.9-m diameter primary mirror, exceeding
the 5.3-m minimum size required, while allowing room in the fairing for a simply deployable
two-layer sunshade. An obstructed circular primary mirror this size would have the same light-
collecting area as JWST (25 m?) and provide margin over the minimum size required to achieve
currently prioritized Origins science objectives (Fig. 5), and robustness to the possibility that
science priorities will evolve in response to progress made with other observing facilities. As
noted below, on-orbit servicing could extend the mission lifetime and contribute to the robust-
ness of the mission to unforeseen scientific developments.

Advances in cryocooler technology for JWST and Hitomi also enabled this design solution.
Expendable cryogens for telescope cooling would not only limit the mission’s lifetime, but
would increase the mass and volume of the observatory. Cryocoolers have demonstrated reli-
ability in space and are much less massive and voluminous than a Dewar full of expendable
cryogen. Existing cryocoolers have a cold stage at 4.5 K,'° so this temperature was adopted
for the telescope, exceeding the design requirement and adding sensitivity margin at the longest
Origins wavelengths (Fig. 4). Four current-state-of-the-art cryocoolers will cool the telescope,
with 100% margin in heat lift capacity at each temperature stage. Table 1 shows the major
observatory-level design parameters.

3.2 Simple Deployments After Launch

With its Spitzer-like architecture (Fig. 6), Origins requires only a few simple deployments to
transform from stowed to operational configuration. A cold cylindrical shield (35-K barrel and
4.5-K baffle) surrounds the telescope, and the shield is protected from sunlight by a two-layer
sunshade. The sunshade provides passive cooling. As noted above, the optical system launches
in its operational configuration, requiring no mirror, cold shield, or baffle deployments after
launch. Only the communication antenna, solar array, telescope cover, and sunshades are
deployed. These deployments rely on mechanisms with extensive heritage and are considered
low risk. The sunshade layers deploy like a pop-up tent with spring-loaded poles; stored energy
in flexible rods pulls the shade material into its desired shape. Telescoping arms place each of the
two sunshades at their intended distances from the cold shield. The sunshade deployment
sequence can be tested on the ground in existing facilities.

Table 1 Origins observatory-level parameters.

Mission parameter Value
Telescope: aperture diameter/area 5.9 m/25 m?
Telescope: diffraction limited at 30 pm

Telescope: temperature 45K

Wavelength coverage 2.8 to 588 ym
Maximum scanning speed 60" per second
Mass: dry/wet (with margin) 12,000 kg/13,000 kg
Power (with margin) 4800 W

Launch year 2035

Launch vehicle (large vehicle) SLS or equivalent commercial vehicle
Orbit Sun-Earth L2
Propellant lifetime 10 years, serviceable
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Spacecraft
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Fig. 6 Origins (artist's concept, top) builds on substantial heritage from Spitzer to minimize
assembly, integration and testing, and deployment risks. A cutaway view (bottom) shows major
elements of the flight system, including the instruments: the Origins Survey Spectrometer (OSS) is
a far-IR spectrometer;'® FIP is a far-IR imager and polarimeter;'* and MISC-T is a mid-infrared
transiting exoplanet spectrometer.'® Detailed descriptions of the optical and cryo-thermal systems
can be found in companion papers by Corsetti et al."’ and DiPirro et al.,'® respectively, where the
instrument configuration will be clearer.

3.3 Telescope

The telescope is a three-mirror anastigmat (TMA) with an on-axis secondary.!! The TMA design
form is well understood and low risk, having been proven in testing for JWST. The telescope is
diffraction-limited at 30 ym and used as a light bucket at shorter wavelengths, where a compact
point spread function (PSF) is not required. The PSF at 1 < 30 um is essentially the same
as the PSF at 30 ym, and it varies slightly at all wavelengths across the telescope field of
view (FOV).

An inner ring of six keystone-shaped segments, and an outer ring of twelve similarly shaped
segments, comprise the primary mirror. The segments in the outer annulus are identical, while
those in the inner annulus are interchangeable until notches are cut in opposite outer corners to
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accommodate the secondary mirror struts. This segmentation approach reduces design, manu-
facturing, validation, and verification time, and keeps the number of required flight spare units to
a minimum. The JWST primary mirror segment actuator design is adopted to allow the Origins
primary mirror segments to be adjusted in three degrees of freedom (tip, tilt, and piston). Far-IR
Imager Polarimeter (FIP) images of a point source, such as a quasar, will be used to provide
in-flight feedback on mirror-segment alignment. A detailed alignment plan will be developed
during Phase A. We expect to make these adjustments only once on orbit, during the commis-
sioning period. The telescope’s mirrors and mirror segments can be diamond-turned and
rough-polished to the required precision in existing facilities. The mirrors do not require
time-consuming cryo-null figuring because the mirrors will retain shapes within the range of
their specifications when they are cooled.

A flat field-steering mirror (FSM) follows the telescope’s three powered mirrors. The FSM
controls the optical line of sight to map small fields and/or modulate the signal on the detectors,
and it suppresses internal disturbances below 10 Hz. Its size, mass, and range of motion are
similar to those of the JWST Fine Steering Mirror. The Origins FSM could use the same actua-
tors as JWST, with the addition of superconducting coils to limit heat dissipation.

3.4 Instruments

Three science instruments spanning the wavelength range 2.8 to 588 um give Origins the
spectroscopic and imaging capabilities required to achieve the mission’s scientific objectives
(Fig. 1). The operating modes and measurement capabilities of these instruments are summa-
rized in Table 2.

The Origins Survey Spectrometer (OSS) uses six gratings to take multi-beam spectra simul-
taneously across the 25 to 588 ym window through long slits, enabling deep three-dimensional
(3D) extra-galactic surveys.'* The six slits overlap on the sky so that a point source couples to all
six bands simultaneously. When needed, a Fourier transform spectrometer and an etalon provide
high and ultrahigh spectral resolving power, respectively. These high-resolution modes are
essential for studies of water and the gas-mass-tracing hydrogen deuteride (HD) emission lines
in protoplanetary disks.

The confusion limit has been a fundamental barrier for deep imaging surveys with past far-IR
missions. Confusion is much less of a problem for OSS, as the spectra for each galaxy in the field
will be used to deblend galaxies within a given beam. Confusion occurs when spectral lines from
foreground sources overlap in the beam of a high-redshift target. We used galaxy counts,
coupled with constraints on the line-to-IR luminosity ratios,** to calculate line confusion at the
depths of the STDT’s proposed OSS extragalactic surveys. Figure 7 shows the integral line
counts per spatial beam and spectral resolution element compared to the depths of the deep
survey in each of the six OSS bands. Spectral confusion is an issue when the number of sources
per beam is >1/15 (horizontal dotted line in Fig. 7). At the depths of the planned deep survey
(dashed vertical lines), spectral line confusion is not expected to limit the ability of these surveys
to achieve Origins’ primary science objectives.

The Far-IR Imager Polarimeter (FIP) provides imaging and polarimetric measurement capa-
bilities at 50 and 250 ym.' Its fast mapping enables rapid follow-up of transient or variable
sources and efficient monitoring campaigns. FIP surveys take advantage of Origins’ agility.
Like Herschel, Origins can scan-map the sky at 60” per second. Fast scanning is essential, since
the FIP 250-um channel reaches the extragalactic source confusion limit in a few milliseconds.
FIP will enable wide area (>1000 deg?) photometric surveys, leading to large statistical multi-
wavelength studies of populations of astronomical objects, complementing the Vera C. Rubin
Observatory and the Nancy Grace Roman Space Telescope. Origins will enable the astronomical
community to thoroughly explore the currently unknown faint, far-IR Universe.

The Mid-Infrared Spectrometer and Camera Transit spectrometer (MISC-T) measures
R = 50 to 300 spectra in the 2.8 to 20 ym range with three simultaneously operating bands."’
MISC-T provides exquisite stability and precision (5 ppm between 2.8 and 10 ym) for exoplanet
transits. It employs pupil densification to mitigate the effects of observatory jitter and relies on
a detector stability improvement relative to current state-of-the-art levels.?
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Fig. 7 Integral spectral line counts per spatial beam and spectral resolution element (at R = 300)
for each Origins/OSS band (wavelengths in um; see legend). The detection limit of the deep
survey in each band is shown by the vertical dashed lines. The nominal confusion limit forimaging,
15 beams per source, is shown as the dotted horizontal line. In all bands, the counts for the deep
survey are well below the confusion limit.
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Fig. 8 The rms wavefront error over the Origins focal plane meets or exceeds performance
requirements for each of the instruments. ltems shown in gray (dashed lines) are enhancement
options discussed in Sec. 3.4.1 and are not included in the baseline mission concept.

Space is allocated to OSS, FIP, and MISC-T in the telescope’s focal plane, as shown in
Fig. 8."" Figure 8 also shows how the focal plane can accommodate the enhancement options
discussed in Sec. 3.4.1. Figure 9 compares the instruments in terms of the spectral resolving
power they offer across the Origins spectral range.

To reach their required sensitivity levels, OSS and FIP incorporate next-generation detectors.
Several promising detector technologies already exist, including transition-edge-sensor
bolometers, kinetic inductance detectors, and quantum capacitance detectors,”’%? all of which
operate at temperatures in the 30 to 50 mK range. At the subassembly level, the lowest tech-
nology readiness level (TRL) is 3 for detectors of these types. Advanced detectors will enable
Origins to make the first ever fast and wide-area photometric and spatial-spectral surveys in the
far-IR.

In the mid-infrared, from 2.8 to 20 um, Origins builds on the amazing discoveries anticipated
from JWST. JWST will deliver extraordinary sensitivity, but transiting exoplanet spectroscopy
was not a major design driver. The Origins STDT prioritized exoplanet biosignature detection in
the atmospheres of Earth-like planets in the habitable zones of M dwarf stars in the important
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Fig. 9 MISC-T offers a spectral resolving power of order 102 for transiting exoplanet spectroscopy
and biosignature searching. In the far-IR, FIP provides broadband imaging in two wavelength
bands, while OSS offers three modes of operation, with spectral resolving power ranging from
300 to ~108.

2.8 to 10 um range, and accordingly we established 5 ppm as the required system-level stability
for MISC-T. The Origins Technology Development Plan* calls for investment in ultra-stable
mid-IR detectors (next-generation HgCdTe arrays, Si:As impurity band conduction arrays, and
transition-edge superconductor bolometer arrays)'® and offers multiple parallel development
paths to reduce risk.

3.4.1 Potential enhancements and potential descopes to
the baseline concept

The Origins baseline design can accommodate (in terms of mass, power, and volume) a fourth
instrument, and the study team developed plans for the Heterodyne Receiver for Origins
(HERO).'® If added to the mission, HERO would provide nine-beam measurements of any
spectral line in the 111 to 617 um range, since it is continuously tunable. HERO would offer
high spectral resolving power (up to ~107) and significantly enhance water-line observations of
protoplanetary disks. With some modifications, HERO could vastly extend Event Horizon
Telescope observations of supermassive black holes.*

Further instrument enhancement options exist in addition to HERO. We studied a Camera
mode for MISC, the MISC wide-field imager (WFI); increased pixel counts and expanded foot-
prints in the Origins telescope focal plane (Fig. 8) for OSS and FIP; and additional FIP bands at
100 and 500 pm. MISC-WFI would enable mid-IR imaging and spectroscopy (R ~ 300) in the
5 to 28 um wavelength range.

While scientifically interesting, the STDT chose not to include the enhanced capabilities
discussed in this section in the baseline design, to save costs. The STDT also noted, but chose
not to accept, potential descopes relative to the baseline design concept. Descope options include
eliminating instrument modes and decreasing the aperture diameter, which would erode science
margin or degrade the observatory’s science capability, as shown in Fig. 5.

3.5 Saving Time During Integration and Test

The Origins integration and test program'’ is shorter than JWST’s Phase D, in part because
Origins has very few deployable elements. Additionally, Origins has a Cryogenic Payload
Module (CPM) comprising a cold shield, telescope, and instrument package, within which each
assembly is isothermal. The telescope, baffle, and instrument assembly are all cooled to 4.5 K.
The size of the fully integrated CPM allows cryogenic testing in Chamber A at NASA’s Johnson
Space Center, in accordance with NASA’s preferred test-as-you-fly approach. By choosing ther-
mally conductive, anhygroscopic materials for the isothermal components, the structure cools
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Fig. 10 A month in the life of Origins might include many observations with the three instruments
0SS, FIP, and MISC-T and a wide survey with OSS and FIP, punctuated rarely by orbit-
maintenance procedures. The daily data volume varies based on the types of observations
scheduled. The upper part of the figure shows schematically when each of the instruments is
in use during this notional month.

and warms rapidly during thermal vacuum testing. This saves schedule time and decreases
the danger of water adsorbing onto sensitive surfaces.

3.6 Additional Design Features

Origins operates in a quasi-halo orbit around the Sun-Earth L2 point and transmits 21 Tbits per
day of science data to the ground via optical communication at 1 Gbps. Optical communication
is currently the state of the art, but undergoing rapid development and deployment. This tech-
nology will be mature and very well established before the start of Origins in 2025. Command
and telemetry support is provided by heritage S-band transponders.

The minimum mission lifetime is 5 years, and the design lifetime is 10 years. The observatory
design allows robotic servicing, which could enable future instrument upgrades and propellant
replenishment to extend the mission beyond 10 years.

Figure 10 shows 30 days in the life of the Origins Space Telescope, during which the
observatory executes the longest planned observation, a 16-day mapping observation by FIP
and OSS. On average, Origins will spend 89% of the time collecting science data. The remaining
time will be spent on slewing to new targets and settling before observations begin (6%), instru-
ment calibration (2%), and smaller fractions of time on data transfer, station-keeping, momentum
management, and in safe mode.

3.7 Schedule

Figure 11 shows a condensed version of the Origins mission development schedule from Phase
A into Phase E. Scheduled milestones and key decision points are consistent with NASA
Procedural Requirements (NPR-7120.5) and formulation and development for Class A missions.
The duration of each of Phases A through D is comparable to the corresponding formulation and
development times of previous large missions of similar complexity. The schedule supports an
April 2035 launch following 10 years of development. The project plan provides 12.7 months of
funded schedule reserve along the critical path, exceeding by 1.9 months the required reserve
according to Goddard Procedural Requirements 7120.7B “Funded Schedule Margin and Budget
Margin for Flight Projects” for Phases C and D (total duration 6.25 years). The schedule allows
time for transportation to and from special integration and test facilities. Much of the design and
development work progresses through parallel efforts, and the critical path runs through the most
complex instrument, OSS. The plan includes 5 years of mission operations after launch, and
an option to extend Phase E to 10 years.
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Fig. 11 Top-level schedule, showing key mission milestones, culminating in a 2035 launch.

3.8 Estimated Cost

The Origins lifecycle mission cost is estimated to be in the range US $6.7B to $7.3B at the
50% and 70% confidence levels, respectively. This estimated cost includes margins and
reserves that meet NASA standards for a mission in preformulation, and covers mission
Phases A through E, assuming no foreign contributions. The cost is given in Fiscal Year
2020 dollars. The cost estimate will evolve until the mission Preliminary Design Review (PDR).
NASA Goddard Space Flight Center’s (GSFC) Cost Estimating and Modeling Analysis (CEMA)
office developed this cost estimate using the commercially available PRICE-H parametric cost
modeling tool. The cost estimate is based on a detailed Master Equipment List (MEL) and a
detailed Integrated Master Schedule (IMS), and it assumes that all components have matured
to TRL 6 by mission PDR. The Origins Space Telescope Technology Development Plan begins
in pre-Phase A and describes the maturation of all mission-enabling technologies (detectors'®>*
and cryocoolers'®) on this timeline and reports the cost of technology maturation.** The esti-
mated cost of technology development in pre-Phase A is $156M in real-year dollars. The mission
cost estimate given above includes mission definition and development, the flight segment, the
ground segment, and mission and science operations for 5 years. The launch cost ($500M for
the SLS launch vehicle, as advised by NASA Headquarters) is also included. NASA GSFC’s
Resource Analysis Office (RAO) independently estimated the mission cost using a top-down
parametric approach. RAO and CEMA were firewalled from each other, but they both referred
to the same MEL and IMS. The RAO and CEMA cost estimates agree to within the estimated
uncertainty. The Origins mission design has not yet been fully optimized, and optimization is
expected to lead to cost savings. Optimization is planned as a Phase A activity. Japan and several
ESA member nations have significant relevant expertise and have demonstrated interest in the
Origins mission through participation in the study. Foreign contributions are expected to reduce
NASA’s share of the mission cost.

4 Estimated Performance

With its next-generation detectors and cryocooled optical system, we estimate that Origins will
be 1000 times more sensitive than prior far-IR missions, as shown in Fig. 12. Origins has only
2.8 times the collecting area of Herschel, but it is much colder: 4.5 K versus Herschel’s 80 K
telescope, which means Origins has a much lower thermal background and can deliver much
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Fig. 12 Origins taps into a vast, unexplored scientific discovery space, defined by three-orders-of-
magnitude improvement in sensitivity relative to all previously flown far-IR observatories, and with
superlative sensitivity bridging a wavelength gap between the JWST Mid-Infrared Instrument
(MIRI) in orbit and ALMA on the ground. With next-generation detectors and a temperature of
4.5 K, Origins’ sensitivity is limited by astronomical background photon noise (lower black curve).
SOFIA (220 K), Herschel (80 K), and JWST (40 K) are shown for comparison with Origins (4.5 K).

higher sensitivity. Similarly, the Earth’s warm atmosphere limits the sensitivity of the
Stratospheric Observatory for Infrared Astronomy (SOFIA),* the only existing facility with
significant wavelength overlap with Origins.

Origins was designed for agility, enabling wide-area surveys and solar-system object
tracking, and deep targeted observations. The estimated time to survey a 1 deg? area photomet-
rically to a depth of 1 mJy (56), or spectroscopically to a depth of 10~'* W m=2 (56), is shown in
Figs. 13(a) and 13(b), respectively. Figure 14 shows the importance of the far-IR spectral range
for discerning the physical conditions in galaxies over a wide range of redshifts and their
corresponding cosmic look-back times. Surveys conducted with FIP and OSS will enable the
characterization of millions of galaxies of different types and evolutionary states.

The higher spectral resolving power modes of OSS are designed to enable measurements of
water and total gas mass in protoplanetary disks. Resolving power in the tens of thousands is
needed to detect the H,O and HD spectral lines above a bright continuum, while order-of-
magnitude greater resolution is required to measure line profiles and derive protoplanetary disk
gas distributions using the line-tomography method. In the wavelength range 30 to 588 um,

Photometric survey time Spatial-spectral survey time
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Fig. 13 With its great improvement in far-IR sensitivity, Origins will be able to map wide areas
with instruments that provide (a) imaging (FIP) or (b) moderate spectral resolving power (OSS),
enabling heretofore impossible surveys. The Space Infrared Telescope for Cosmology and
Astrophysics (SPICA) is a less ambitious proposed and recently declined ESA M-class mission
with similar science goals. Here, SPICA is assumed to have a 2.5-m telescope.
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Fig. 14 Key spectral diagnostic features of active galactic nuclei (red), star formation (blue), and
energetic feedback (green) move through the wide bandpass of the OSS with redshift z, or
look-back time. Origins can measure these important processes over the entire history of galaxy
evolution, filling in a key gap in wavelength and discovery space between JWST and ALMA.
The spectrum of the nearby active galaxy Circinus is used as an example template here.

the Origins angular resolution will be 1.3 (1/30 pum) arc sec, which is not adequate to resolve
the disks spatially.

The Origins MISC-T instrument will be sensitive to CO, and the biosignature pairs
(O3 4+ CH,) and (05 + N,0) in the atmospheres of transiting exoplanets around late-type stars
(Fig. 15). (Origins Guest Observers may wish to propose observations of earlier spectral-type
stars, but we expect the potentially habitable planets they host will be exceedingly difficult to
detect due to their greater distances from the host stars, and correspondingly longer elapsed time
between transits.) JWST will make pathfinding observations, but assuming noise floors of 20 and
30 ppm for the instruments/modes NIRSpec/G395H and MIRI/Low-Resolution Spectroscopy,
respectively, JWST will only be sensitive to CO, at 3.6¢ or more. The assumed JWST noise
floors are current best estimates based on ground testing; the actual detector performance will
not be known until JWST operates in space, and it could be better than assumed.

The Origins baseline design, characterized by the parameters shown in Table 1, carries sig-
nificant margin between science-driven measurement requirements and estimated performance
to assure a successful science mission.

5 Summary

The Origins Space Telescope was designed to answer three important science questions:
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Fig. 15 With its broad wavelength coverage and anticipated noise floor of 5 ppm, MISC-T is
designed to detect key habitability indicators and biosignature gases. Simulated transmission
spectra are shown for a Transiting Planets and Planetesimals Small Telescope (TRAPPIST)-
1e-like planet, with an Earth-like composition (60 transits, R = 100), comparing JWST (top) and
Origins (bottom) measurements, based on current best estimates for their respective instrument
noise floors (20 to 30 ppm for JWST and 5 ppm for Origins).

o How do galaxies form stars, make heavy elements, and grow their central supermassive
black holes from reionization to today?

o How do the conditions for habitability develop during the process of planet formation?

¢ Do planets orbiting M dwarf stars support life?

The Origins STDT, in consultation with many members of the astronomical community,
developed a detailed Science Traceability Matrix that flows from these questions to three sci-
entific objectives per question, and then to instrument and telescope measurement requirements.’

The objectives are achievable with a large (5.9-m diameter) single-aperture telescope
cryocooled to 4.5 K, next-generation detector arrays, and three science instruments operating
in the wavelength range 2.8 to 588 um and offering spectral resolving power from 3 to 3 x 10°.
Taking advantage of new launch-vehicle capabilities, the Origins study team developed a low-
risk (with very few deployments) mission concept that borrows its thermal architecture from the
highly successful Spitzer Space Telescope, but uses mechanical cryocoolers instead of expend-
able cryogen. Origins is designed to operate for a minimum of 5 years in a quasi-halo orbit
around the Sun-Earth L2 point, with a 10-year mission lifetime goal and an option for robotic
servicing to replace instruments and extend the mission beyond 10 years.

To achieve its scientific objectives, Origins will be three orders of magnitude more sensitive
than any previously flown far-IR telescope, agile enough to enable wide-area imaging and
spectroscopic surveys, and its mid-IR instrument will be stable enough to measure biosignatures
in transiting exoplanets. Leaps in measurement capabilities of this magnitude are very rare in
astronomy and have always led to new discoveries and answers to questions that had not even
been imagined when the telescopes or facilities were conceived. Thus, we expect Origins to
enable astronomers in the 2030s to answer the compelling questions that motivate the mission
and also to ask and answer new questions not yet imagined.
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