





@ ORIGINS

Space Telescope

Instrument PI:

Origins Heretodyne InstrumentMartina Wiedner (LERMA)
Study O ce Study Team Study Management:
| | Andr Laurens (CNES)
\ \
Science Maryvonrégi®G(LERMA) Instrument _ Instrument Manager: System & Space
CoordinatioBary Melnick (CfA) Study Team  Jean-Michel Krieg (LERMA) Engineering uppﬁr‘{ff‘ Laurens (CNES)
Instrument. European | Instrument Christophe Risacher Instrument _Space
Scientist  Frank Helmich (SRON) -~ concept Team  System Engineer andrey BaryshevENgineering Supgert Engineering Support
(MPIfR/IRAM) Chit \ he Goldstd
Willem Jellema (SRON ristophe oldstein
SClence aryvonne ( ) . — LO—— Imran Mehdi (JPL) (CNES
Core Tean rin (LERMA) Andrey Baryshev (N;{k/aDptlc% =
Richard Hills (MRAO, Cambridge osts . |
= ‘ ( o) Mixe Vincent Desmaris Englneerlng Concurrent
clence Bruno Borgo (LESIA, Paris [ i :
Extended Team Bruno Borgo (LESA, Dar) victor Belitsky M. F. Del Casiillo TBD- Engineering
Martin Eggens (SRQ N)M h (Chalmers) (CNES) Support
—————— 1 ‘Mechanies .
Geert Keizer (SRON) | "IE chain Juan-Daniel Gallego (Yebes) ‘
Gabby Kroes (NOVA-OIR) René Plume (U of Calgary) Thermal &
; . Joél Gayrard (ENES )%/Ogslglgs
Napoléon Nguyen Tuong (LESIA, Paris) | E— Benjamin Quertier (LAB) P
Ramon Navarro (NOVA—pIE)eCtr(on)tes \
TBD Other
O”é’;’lfgﬂaﬁ‘oﬁmund Brian Ellison (UK) supports TBD
Napoléon Nguyen Tuong (LUTH, E%B%?eahlng
Insﬁﬂm%EeC%m Anna Di Giorgio (IFSI)
Architects  ~,yered by Instr. Syst. E8imulations. Subset Contributors

Figure D-9: An international consortium team carried out the HERO study, showing the worldwide interest in a heterodyne receiver.

located. To minimize any heat transfer to the cryogenic unit, IR blocking filters are added as well as a
door that can be shut when HERO is not in operation (Figure D-10).

D.1.10 Technology Roadmap for HERO

HERO builds on the current state-of-the-art
receiver but surpasses them. Some development
work is required, however there is a very high TRL
fallback option (see Table D-7, Figure D-11) of a
smaller HERO using Herschel/HIFI components. —

D.1.11 HERO Performance

The Heterodyne Receiver for Origins (HERO)
builds on a strong heritage, has near quantum-lim-
ited performance and has unrivaled sensitivity over
a very large frequency range (see Figure D-12). It
consists of small mixer arrays, observes in both
polarizations simultaneously and allows dual fre-
quency observations. It uses very little power per
pixel and is the first heterodyne array receiver de-
signed for a satellite. It is ten times more sensitive
to point sources then Herschel/HIFI, i.e. can ob-
serve a factor of 100 faster and it can map a field of
non-extended sources 8000 times faster, due to its
arrays. Being on a satellite the full far-IR spectrum
becomes available to HERO, whereas ground

HERO
on Origins

Figure D-10: HERO is a relatively small instrument that fits easily
into the spacecraft. To minimize the cryogenic heat load the refer-

based telescopes and even SOFIA are hidden be-

hind a more or less opaque curtain of atmospheric

From First Light to Life

ence signal (Local Oscillator) is located in the spacecraft bus and
optically linked to the cold unit (blue ray traces).
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Table D-8: Current State-of-the-art and HERO requirements
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GREAT/AGREAT/
Sub- HiFl on upGREAT on TRL | TRL Descope 2
system Component Herschel | STO-2 on balloon SOFIA HERO on Origins HERO | seeTab D.1-6
Synthesizer YIG-based Ka-Band-+Active Frequency | VCO-based oscilla- | CMOS or YIG-based W-band
Technology Multipliers + GaAs W-band power amps | tors from VDI synthesizer + GaN. amps
- - Multipliers/ QCL for | Cascaded Multipl. + On-chip.
Multiplied LO (ascaded GaAs frequency multipliers 47TH Power Combining + 3D inteq,
Local Number of Pixels
Oscillator | per array ] 2 / ? > 8
DC power/pixel 25W 20W AMC7W14\\//VV ac: ~15W
FractonalSand- ~12% ~19% 10-33% ~45 %
Mixer Technology SIS, HEB HEB SIS, NbN HEB SIS, HEB — —
SIS sensitivity 2-6 hf/k — 2-6 hi/k 2hf/k 5 718
C | HEB sensitivity 13-18 h/k 3,5 hf/k lab only 4-10 hf/k 3hf/k 4 6/7
Dryogemc Mixer. Assembly | Quasi-optical (Q0) Q0 Wavequide Wavequide — —
etectors :
Number of pixels 1 2 7 2x9 — —
LNA Technology InP HEMT SiGe HBT SiGe, InP Low-power SiGe HBT s 8
DC power/pixel 10 mW 4mW S5mw 0.5mW
IF Processing GaAs HEMT amplifiers 8 8
Backend Spectrometer Tech. FFT FPG FFT FFT (MOS based SoC
DC Power/pixel 0w oW 3BW 2W 4/5 8
IF Bandwidth 1.5GHz 1.5GHz 0.2-4 GHz 6 GHz goal 8GHz
Total DC power per pixel 3BW 35W 49-106 W 35W — —
Table D-9: Development Goals, Risks and Mitigations
Item Goal Risk Mitigation Consequence
ﬁ:ﬁ T(?Ert]||(é?§|\/$?;\irlnga?pu " BW not obtained with i) more power input or i) more LO Molre satellite resources required: i) power ii)
0 using < 0.5 Wipiel enough output power | bands weight and power
Two kinds of LOs will be developed. | For QCL need frequency selection, PLL and
QCLs have more output power extra cooler = more engineering effort
\ZF_BBV\?)W kwith 6 (goal 8 Gz i) Sensitivity not reached ;A]/g Q”E'éer types are developed 51 Longer observing time
s misz\énm reached for HEB Use SIS mixers as much as possible Use two LO settings to cover wide lines
Compact arrays Difficulty miniaturizing | Use individual mixers Slightly more volume required
6 GHz (goal 8 GHz BW), at T | SoC ASIC not radiation e : )
Wipivel, 8192 channels hard Putin radiation shielding box Equipment becomes heavier
Autocorrelators are likely to be heavier and
Spectiometers Stability or BW selection LgsgoarS(jthijigceértrre?l?tgtrirctaynpreesach consume more power, might need to have
cannot be reached these Sp ecé fewer backends, in worst case no dual frequency
P observations = increase in observing time
Two kinds of LNAs are developed:i) | Use InP LNAS, require more cooling or reduce
Low Noise 2K noise, 6 (goal 8GHz BW), prer B.W and low power SiGe which have low power dissipation, | backends, in worst case no dual frequency
: oo dissipation cannot be . ” ! . R
Amplifiers 0.5 mW power dissipation : . | but currently not the bandwidth observations = increase in observing time in
obtained at the same time | . X
ii) InP have BW but at higher power | some cases
Otics Wide bandwidth at excellent | Performance degrades i) increase number of frequency bands |i) Increase in mass and volume of receiver
P performance over BW ii) Accept slightly lower sensitivity ii) Slightly longer observing time
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Figure D-11: The development schedule ensures a low-risk technology development path for HERO.
Table D-10: HERO Instrument Characteristics 10077
HERO Instrument Characteristics
Parameter Value
Operating Mode Dual Frequency 10078 .
Dual Polarization
Sensitivity 6.4 x102" W/m? at 480 um ‘TE
1.6 X102 W/m? at 300 pm =
4.0x102 W/m? at 200 um g‘ 10071
= |
73x10°W/m? at 130 pm E
f= ]
Resolving Power 10°t0 10 A
Wavelength coverage 617 - 111 um 100 I—
Field of View 21 x 2.1 at 480 um, ' —
1.3'x1.3"at 300 ym,
0.8"x0.8"at 200 um,
0.6'x0.6'at 130 ym 1.00-2 | | | | |
Array size 3x3 0 500 1000 1500 2000 2500 3000
Saturation None Frequency (GHz)
Polarization 2 == HERO/ Origins HIFI/Herschel == upGREAT /SOFIA GREAT / SOFIA
OriginsF277
Figure D-12: HERO is more sensitive by an order of magnitude
than any prior heterodyne instrument and has the widest frequency
coverage of any previous instrument. (The sensitivity calculations for
SOFIA assume a perfectly transparent atmosphere, which is not true
close to the water lines.)
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absorption. HERO is a powerful but low-risk upscope option that has the potential to open a new era
of high spectral resolution observations in the far-IR.

D.1.12 Black Hole Demographics Across the Universe and New Tests of General Relativity Made Possible
Using Extremely Long-Baseline Interferometry with the Origins Space Telescope and HERO

The concept of using the Origins Space Telescope (Origins) to study black hole physics on event
horizon scales has recently been raised as a potential extension of the HERO science case. Preliminary
science concept exploration shows much promise, and merits further study. The unprecedented an-
gular resolution resulting from the combination of Origins with existing ground-based submillimeter/
millimeter telescope arrays would increase the number of spatially resolvable black holes by a factor
of 10°, permit the study of these black holes across all cosmic history, and enable new tests of General
Relativity by unveiling the photon ring substructure in the nearest black holes. Expanding the HERO
instrument (Wiedner ez /. 2018) to be an interferometric station will require several technology en-
hancements. Top-level discussions have not revealed any showstoppers, the necessary additional re-
quirements are presented here but the design considerations warrant more focused attention.

D.1.12.1 Key Science Goals and Objectives

A leap forward in our understanding of black holes came in April 2019, when the Event Horizon Tele-
scope (EHT) collaboration revealed the first horizon-scale image of the active galactic nucleus of M87
(EHT Collaboration ez al. 2019a). This feat was accomplished using a ground-based very long baseline
interferometry (VLBI) network with baselines extending across the planet, reaching the highest angular
resolution currently achievable from the surface of the Earth. We could soon have an opportunity to
make another leap by utilizing the extremely long baselines between Earth and the Origins Space Tele-
scope (Origins). The corresponding ~120 x improvement in angular resolution would increase the expect-
ed number of spatially resolvable black hole shadows from = 1 to = 10, enabling new studies of black hole
demographics across cosmic history. For the closest supermassive black holes — such as the one in M87
— the unprecedented angular resolution would yield access to photon ring substructure, providing a new
tool for making precise black hole spin measurements and testing the validity of General Relativity (GR).

Dramatically improving the angular resolution of (sub)mm VLBI is an exciting but daunting pros-
pect that requires either increasing the observing frequency, extending the baseline lengths, or both.
Not many sites on Earth offer atmospheric conditions that are good enough for observations at (sub)
mm wavelengths to be routinely viable, and the current longest baselines are already nearly equal to one
Earth diameter. Sizable angular resolution improvements will thus inevitably require stations in space.
The L2 orbit planned for Origins provides a unique opportunity for extending VLBI to extremely long
baselines by observing in tandem with sensitive ground-based stations (such as ALMA, LMT, NOEMA,
GBT, or ngVLA). Such observations would achieve an unprecedented angular resolution. The EHT is
currently the highest-frequency ground-based VLBI network, operating at a frequency of 230 GHz and
attaining a resolution of ~20 pas; by comparison, an Earth-L2 baseline would have typical fringe spac-
ings well under a micro-arcsecond at observing frequencies of 86, 230, 345, and 690 GHz.

SMBH Demographics and Cosmic Evolution

For a black hole viewed by an observer at infinity, the locus of event horizon-grazing photon tra-
jectories forms a nearly circular closed curve on the sky (Bardeen ez a/. 1973). This boundary defines
the inner edge of the “photon ring,” and for astrophysical black holes emission from the black hole
“shadow” region interior to the photon ring is expected to be substantially depressed (see EHT Collab-
oration et al. 2019a and references therein).

Given a uniform distribution of supermassive black holes (SMBHs) in flat space, we expect the num-
ber of sources, /V, with spatially resolved black hole shadows to increase as the cube of the maximum
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baseline length. Current Earth-based arrays, such as the EHT, are able to spatially resolve black hole shad-
ows for N = 1 source (EHT Collaboration ez al. 2019a; 2019b; 2019¢). Extending a baseline from Earth
to L2, at a distance of ~120 Earth diameters, would increase the expected number of spatially resolvable
black hole shadows from N = 1 to N = 120° > 10°. Each black hole with a resolved shadow would have
a corresponding black hole mass estimate (or, more specifically, an estimate of the mass-to-distance ratio
M/D), enabling studies of SMBH mass demographics with access to an unprecedented statistical sample.
In our Universe, the angular diameter distance reaches a maximum value at a redshift of z = 2; sources
of a given physical size thus have a minimum possible angular size, and if a source can be spatially resolved
at z ~ 2 then it can be spatially resolved at any redshift. The left panel of Figure D-13 shows that on the
extremely long baselines between Earth and L2, with fringe spacings 0 < 0.1 pas, this minimum angular
size ensures that SMBHs with masses M > 10° M, have shadow diameters that can be spatially resolved
across cosmic history. Measurements of the SMBH mass distribution as a function of redshift would shed
light on SMBH-galaxy coevolution and inform cosmological models of structure formation, helping to
understand how supermassive black holes formed in the early Universe (see e.g. Latif ez al. 2013).

Measuring SMBH Spin and Testing GR Using Photon Ring Substructure

For the nearest SMBHs, such as M87, a baseline between Earth and L2 opens up the possibility of
spatially resolving the substructure of the photon ring itself, enabling new, stringent tests of GR. As
detailed by Johnson ez al. (2019), the self-similar nature of the photon ring is naturally decomposed by
interferometers, with successive “windings” of photon orbits dominating the signal in discrete baseline
intervals (see right panel of Figure D-13). The period of the visibility signal along a particular orien-

102 103 g
F On an Earth - L2 baseline, black holes F Earth |_2
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resolved at any redshift 102 e~
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Figure D-13: (Left): Black hole shadow diameter vs. redshift for SMBHs of varying mass; the range of sizes accessible with a maximal
Earth-L2 baseline operating at frequencies of 86 — 690 GHz is shaded in purple. We can see that as shadows reach a minimum size atz = 2,
SMBHs with masses greater than ~10° M, are resolvable at all redshifts. (Right): Flux density as a function of baseline length is plotted in
gray for a simple model of the M87 photon ring structure (Johnson et al. 2019) with the envelope shown as a dashed black line; note that the
periodic structure evident at short baselines continues at longer baselines with the same period. The purple shaded region shows the range of
baselines accessible over the course of a year on an Earth—L2 baseline operating at frequencies of 86 — 690 GHz; the long-baseline end of this
range corresponds to a maximal baseline at 690 GHz, while the short-baseline end of the range corresponds to a minimal projected baseline
(for M87, the minimal projected baseline is a factor of ~ 4 shorter than the maximal baseline) at 86 GHz. For comparison, the range of base-
lines accessible from the ground at 230 GHz observing frequency is shown in red. The Earth-L2 baseline coverage samples many more periods
of the visibility structure than accessible from the ground, enabling correspondingly more precise measurements of the photon ring diameter.
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tation is a function of the ring diameter along that orientation. The orbit of L2 around the Sun over
the course of a year ensures that all orientations can in principle be sampled, enabling precise mea-
surements of the photon ring size and shape. The shape of the photon ring around a Kerr black hole
is uniquely defined by its spin and inclination angle, with mass acting exclusively as an overall scaling
factor. Measuring the ratio between shadow diameters at different orientations thus provides a sensitive
probe of the SMBH spin as well as a way to test the validity of GR itself (Johannsen & Psaltis 2010;
Broderick et al 2014).

D.1.12.2 Technology Overview

All extremely long baseline observations will face sensitivity challenges related to the physical bright-
ness temperature limits of synchrotron radiation imposed by self-absorption and inverse- Compton
scattering (Kellermann & Pauliny-Toth ez /. 1969; see left panel of Figure D-14). On a maximal
Earth-L2 baseline, no source is expected to have a flux density exceeding ~ 1 mJy. This strict sensitivity
requirement drives the technology considerations.

The sensitivity of an interferometric baseline depends on: (1) the geometric mean of the system equiv-
alent flux densities of the individual telescopes; (2) the averaged bandwidth; and, (3) the coherent inte-
gration time. The first property allows telescopes such as Origins (at 5.9-meter diameter) to form sensitive
baselines when paired with a large ground-based telescope (e.g., ALMA or ngVLA). The second allows
digital enhancements (e.g., wider recorded bandwidths) to offset limitations in telescope sensitivity. The
third ties sensitivity to phase stability, which is limited by the atmosphere and reference frequency.
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Figure D-14: (Left): For baselines to L2, synchrotron self-absorption and inverse-Compton scattering limit the brightness temperature to T,
< 10"K (Kellermann & Pauliny-Toth 1969); the black lines mark this limit for each of the labeled observing frequencies. Below each of these
lines, the region shaded purple indicates physically allowed flux densities observable on Earth-L2 baselines ranging between 10 — 100%
of the maximum projected baseline length; overlapping regions indicate where sources could be observed with matched resolution at two
or more frequencies (albeit at different times). The red shaded regions are analogous to the purple ones, but for Earth-Earth baselines at 86
and 230 GHz only. (Right): Estimated integration times required to achieve a 50 detection of a source with brightness temperature T, = 10"
K on a maximal baseline between Origins and various potential Earth-based anchor stations as a function of observing frequency. For the
sensitivity estimates, we have assumed a total bandwidth (across all sidebands and polarizations) of 32 GHz for the 86 GHz observations, and
64 GHz for all other frequencies. All ground stations are assumed to be observing at 45 degrees elevation, with zenith opacity of 0.05 (ALMA),
0.09 (NOEMA), 0.13 (LMT) at 230 GHz, and 0.05 (GBT, ngVLA) at 86 GHz. An aperture efficiency of 0.7 was assumed for all sites. Receiver
temperatures are taken from station specifications or projections.
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The following component recommendations are based on first-pass analyses and discussions, and
are meant to give a general idea of the technology enhancements Origins would need to perform as an
interferometric VLBI station.

D.1.12.3 Technology Drivers

Receiver

Atmospheric conditions above ground-based stations limit the data collection frequencies to win-
dows around 86 GHz, 230 GHz, 345 GHz, and 690 GHz. Band 1 of the HERO instrument already
includes 690 GHz. The remaining frequencies could be covered using two additional bands, one that
spans the 86 GHz and 230 GHz windows, and another that covers 230 GHz through 345 GHz.
Simultaneous multifrequency observations will be useful as the ground-based array expands its capa-
bilities to include multifrequency phase transfer.

Data Processing/Storage/Downlink

To achieve the sensitivities required for an Earth-L2 baseline, a combination of wide bandwidths
and long integration times are needed. Though an improvement of one relaxes the requirement of the
other, a first-pass operational configuration suggests that a total bandwidth of 64 GHz (16 GHz per
sideband) for an integration time of two hours could achieve the requisite sensitivity on baselines to
ALMA at any frequency (see right panel of Figure D-14). These requirements inform the data process-
ing, storage/downlink, and timing reference components.

Data Processing

Onboard data processing requires high-speed analog-to-digital converters (ADC) and a high- per-
formance Field Programmable Gate Array (FPGA). The FPGA quantizes and packetizes the digitized
data for storage. Each of the four 8 GHz channels sampled at Nyquist requires a 16 Gbps ADC. The
FPGA receives multiple streams and quantizes the data from the 4-bit sample to 2 bits, giving a total
data rate of 256 Gbps. Current FPGA transceiver technology meets the speeds required, and both
Xilinx (Ultrascale Kintex) and Microsemi (RTG-4) are currently working to make these high-speed
interfaces available in space-qualified components.

Storage/Downlink

With an observation time of 6 hours, a 1/3 duty cycle, and a rate of 256 Gbps, a total of approxi-
mately 230 TB of data will be captured. A tradeoff between onboard storage and downlink speed will
need to be conducted to determine the most optimal design. Storage continues to increase in both
capacity and speed, with 1TB currently available in a small (22 mm x 80 mm) package. Downlink
capabilities, pushed by the telecommunications industry, are also getting faster with laser communica-
tion speeds currently at 200 Gbps from LEO to small ground-based receivers (Robinson ez a/. 2018).

Timing Reference

To achieve phase stability on a single baseline for integration times of ~hours requires either that
both stations are individually equipped with extremely stable timing references or that they share a
common reference. Individual clocks would need to have Allen deviations better than ~ 5 x 10" over
the integration time, which is roughly three orders of magnitude more stable than current ground-
based technology and likely unachievable on a 1-2-decade timescale. Instead, a shared reference would
relax the more stringent stability requirement almost entirely and will likely prove to be the more
feasible option. A shared ground-space timing reference has been demonstrated at lower observing fre-
quencies by RadioAstron (Kardashev ez a/. 2013), though additional work would be required to extend
such capabilities to higher observing frequencies and to a station at L2.
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Positional/Velocity Accuracy

Antenna position and velocity (and possibly higher order derivatives) must be known in order to co-
herently average the correlated signal across finite bandwidth and over time. Initial searches can be con-
ducted with wide search windows in the associated delay, delay-rate, and acceleration parameters, with
residual values being used to refine the orbit determination, as is currently done for RadioAstron (Zakh-
vatkin ez al. 2018). To create a baseline of position, velocity, and acceleration requirements, we take the
RadioAstron specifications and increase the requirement by a factor of 10 for velocity and acceleration:

¢ Position error less than 600 m
* Velocity error less than 2 mm s™
e Acceleration error less than 10 m s

These requirements can be potentially relaxed with improvements in computational delay and rate
searching routines at the correlation stage.

D.2 Mid-Infrared Spectrometer and Camera: Wide Field Imager

The Mid-Infrared Spectrometer and Camera (MISC) instrument UpScope configuration consists of
a second separate module, the MISC Wide Field Imager (WFI) module. The MISC Wide Field Imager
(WFI) module which offers a wide field imaging (3x3 arcmin) and low-resolution spectroscopic capa-
bility with filters and grisms for 5-28 microns. As needed, the MISC WEFI is also used for focal plane
guidance for itself and the other Origins science instruments.

The MISC instrument studied for the Origins report had two major components: a transit spec-
trometer described in the baseline, MISC-T, (Section 3.2) and a camera with low-resolution grism
spectroscopy (this Section). The camera became an upscope option during the team’s descope process
(Section 2.1). This appendix describes the science drivers for the MISC camera and the full MISC
instrument design.

D.2.1 MISC Science Drivers

D.2.1.1 MISC Follow-up of WFIRST-Deep and WFIRST-Wide Galaxies at5 <z < 10

[ Using Origins/MISC to study the galaxies detected at 5 <z < 10 in WFIRST-Deep and WFIRST- A
Wide surveys will enable critical measurements of the star formation rate (SFR), stellar mass (M),
and dust attenuation. Two surveys using Origins IMISC WFI photometric and spectroscopic ca-
pabilities will provide unique data that broaden our understanding of the evolution of the mass
function (cosmic mass assembly), star formation rate density, and average dust attenuation for a
representative sample of galaxies at 5 < z < 10.

Introduction: Stars emit photons over the entire wavelength range, but their main emissions fall
in the rest-frame UV, optical, and near-IR (-0.25 to 3.5 pm range). Several SFR tracers are available
in this wavelength range (Hal, Pac,, PAH 3.3 um). Measuring the stellar mass of galaxies in the early
universe at 5 < z < 10 will translate into wavelengths that uniquely match Origins IMISC capabilities
(i.e., 5 to 30 pm). The rest-frame UV spectrum will provide an access to the young stars likely to be
predominant at z > 6; but, to perform a complete census, including potential older stars, requires mea-
surements in the rest-frame optical and near-IR.

To follow up on WFIRST’s objects at z > 5 after JWST, requires Origins equipped with MISC. Or-
igins is the only existing or planned facility able to efficiently measure these objects in the rest-frame
optical+near-IR ranges. Extremely Large Telescope (ELT) may provide some data, but mainly below
2.5 um, which is not sufficient to determine accurate stellar masses of galaxies during reionization. An
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estimate of important parameters from the WFIRST-Deep and WFIRST-Wide surveys is required to
inform this Origins study. The planned WFIRST-Deep and WFIRST-Wide surveys are expected to re-
sult in appreciable samples of galaxies as Lyman-break dropouts for which physical properties will only
be known partially due to the wavelength range of those observations. Origins/ MISC-WFI is uniquely
ideal to making additional observations in this spectral range.

Scientific Importance: In 2030 and beyond, a number of facilities will have surveyed the sky to
identify galaxies during the epoch of reionization. JWST will open up this era, but galaxies are ex-
pected to be very rare and faint at 5 < z < 10. For galaxy samples during reionization from WFIRST
Deep and Wide surveys, crucial parameters, such as stellar mass and dust attenuation (mandatory to
compute the total star formation density), will be missing, because tracers are not observable from the
ground and no other planned mission will be able to observe the sky at these redshifts and faint levels
(e.g., SPICA’s 2.5-m diameter barely reaches z - 5).

Proposed Observations: To solve this outstanding question the team uses the Origins/MISC in-
strument for two kinds of observations: Photometry and Spectroscopy. Projections for this Origins/
MISC science program were built using the J-band luminosity function from Ma, Hopkins, and Gar-
rison-Kimmel (2018) and the SED modeling code CIGALE (Noll ez al., 2009).

Photometry: To build the Mass Functions (MFs), SFR vs. M, and other physical parameters
(specific SFR, specific My,,), Origins/ MISC could be used to observe a minimum of ten objects per
redshift bin and per magnitude bin (constrained from WFIRST’s sample). Using the SPIE paper from
Sakon, et al. (2018) and CIGALE’s estimated flux densities, the total exposure time needed is about
280 hours for 120 galaxies with S/N > 5 measurements. Adding the rest-frame UV data from WFIRST
and, possibly the rest-frame far-IR data from Origins/FIP, would enable an even more detailed analysis.

Spectroscopy: To estimate the SFR and dust attenuation for these galaxies, the team will observe
Pact, and PAH 3.3 pm features with MISC/WFI at R = 300. Pao. will be observed over the entire red-
shift range, whereas Hat is observed only at z > 6, and PAH 3.3 pm only at 0.8<z < 8. A minimum of
ten objects per redshift bin and per magnitude bin (starting from WFIRST’s sample) is required. The
Pao./Hao ratio constrains the dust attenuation (nominal case B = 8.46). With this information, SFR
tracers (Hat, Paol, PAH 3.3 pm) and far-UV (incorporating ancillary data from WFIRST could be used
to determine stellar initial mass function of these galaxies during reionization and address if stars are
made up of PopllI or PopllI stars, for example. If the same objects are observed with Origins/FIP, it also
possible to determine the amount of dust attenuation needed to estimate the total star formation rate.

This program aimed at detailed characterization of 100-150 galaxies during reionization can be car-
ried out using Origins/MISC’s capability to observe two wavelength ranges (and two objects per slit,
on average) simultaneously in 250 hours.

D.2.1.2 Giant Planet Atmospheres: Templates For Brown Dwarfs and Exoplanets

The four giant planets of our Solar System represent the closest and best example of a whole
class of gaseous, substellar objects that are commonplace in our universe. Their ever-changing at-
mospheres provide the interface between their dynamic interiors and the external magnetospheric
environment. Origins mid-infrared observations (5-30 um) provide the capability for comparative
planetology of the four giants, as well as long-term monitoring of atmospheric cycles to connect

the JWST and Origins eras.

/

Introduction: Brown Dwarfs and directly-imaged exoplanets demonstrate rotational variability of
their light curves, related to poorly-understood cloud formation and thermal contrasts on these dis-
tant, unresolved worlds. The four giants of our Solar System provide an ideal template for studying the
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sources of spatial and temporal variability, in an effort to understand how dynamic activity (banded
structures, discrete vortices, vertical mixing) varies as a function of planetary metallicity, irradiation,
and other driving properties. Although the giants have been studied for decades at visible and near-IR
wavelengths, the required spatial resolutions in the mid-infrared for robust meteorological studies have
been realized only recently (particularly for the ice giants). This wavelength range is key, providing the
temperatures, humidity, wind shears, atmospheric stability, gaseous composition, and aerosol structure
within these planetary atmospheres. In short, the mid-infrared reveals the environmental conditions
underpinning the color and cloud changes observed in the visible. JWST/MIRI observations (Fig-
ure D-15) are expected to significantly improve the quality of spatially-resolved mid-infrared spectros-
copy of all four targets. However, the low saturation limits and small fields-of-view of the integral field
units limits the capabilities of this observatory for the giant planets. Furthermore, a key requirement
for a step-change in giant planet atmospheric characterization is the need for high-temporal-cadence
observations under invariant conditions. This time-domain science is required over multiple times-
cales: 1) short-term to identify small-scale changes in the atmospheric properties due to moist con-
vective processes and waves; 2) intermediate-term to understand large-scale changes to the belt/zone
structure; and 3) long-term to monitor seasonal and non-seasonal changes to these worlds.

Scientific Importance: Understanding these temporal variations, and specifically the thermal, gas-
eous, and aerosol changes that underpin them, will provide a ground-truth catalog of giant planet
variability as a resource to the exoplanetary community. Combined with the proposed decade-long ob-
serving record from JWST in the same 5-30 um spectral range, Origins would add to an unparalleled
record of atmospheric variability on all four worlds.

Proposed Observations: This proposal program would be complementary to any Origins observa-
tions of the giant planets performed in the far-IR beyond 30 pm, although this focuses specifically on

10°g

102

0L

Surface Brightness (Jy/arcsec?)

Surface Brightness (Jy/arcsec?)

Uranus Surface Brightness (Jy/arcsec?) |

5 6 7 8 9 10 12 15 20 25
Wavelength (um)

OriginsF278

Figure D-15: Imaging capabilities for Jupiter and Uranus from an 8-m observatory (VLT) compared to synthetic MIRI spectra in the 5-30
um range (black). Gaseous features are labelled in the lower plot. The blue line shows MIRI sensitivity to extended objects in 5 minutes and
the challenge of observing Uranus. The red dotted lines show MIRI saturation and the challenge of observing Jupiter. The yellow boxes indi-
cate the small fields-of-view of MIRI. Itis hoped these challenges can be overcome by Origins in the mid-IR, so these targets can be observed
with a reqular cadence throughout the Origins lifetime
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the mid-IR. This science case requires regular, global scale mapping of the four giants in narrowband
imaging, low-resolution (R-300-500) spectroscopy, and high-resolution (R~3000) spectroscopy. Ori-
gins must be able to track the four giant planets, and to fit the full discs (45” for Jupiter) into the FOV
(or with efficient mosaicking built into the observing strategy). Saturation limits must be sufficient
to observe the full spectrum (unlike JWST/MIRI), potentially via the use of neutral density filters.
Sensitivity limits should be improved beyond MIRI to permit rapid imaging of the ice giants Uranus
and Neptune.

If all of these conditions are met, the scientific products would include:

* Global temperature maps from the troposphere (via H,-He collision induced continuum at 15-30
pm) and stratosphere (from CHj at 7.7 um), including emissions from regions heated by planetary
aurorae. Temperatures are used to derive 3D wind patterns and key meteorological tracers such as
the vorticity distributions, as well as assessing the global energy balance of all four worlds.

* Distributions of tropospheric aerosols and condensation clouds via mapping at 5 and 10 pm.

* Spatial and temporal variability of key gaseous species, including the cloud-forming volatiles (e.g.,
CH,, NHj;), disequilibrium species (PH; and para-H,), and stratospheric photochemical products
(e.g., ethane and acetylene).

* Isotopic ratios (D/H, C/™C, "N/"N) in a variety of species provided sufficiently-high spectral
resolution, allowing the team to compare the atmospheric composition of the four worlds to help
constrain the origins of their gaseous composition (e.g., accretion from ices or from gases in the
protosolar nebula).

* Exogenic species, such as CO, CO,, and H,O, to understand the ongoing evolution of their strato-
spheres, which can only be accessed from space-based facilities.

Although snapshots of these parameters have been published previously, attempts to provide long-
term, consistent data in the thermal infrared have been hampered by changing conditions on Earth.
The goal of MISC upscope is to replicate the success of HST’s Outer Planet Atmospheres Legacy
(OPAL) program (regular visible-light imaging of all four targets) via regular imaging/spectroscopy
observations utilizing the mid-infrared and legacy from JWST/MIRI. This requires short segments of
observations spanning multiple years of Origins operations.

D.2.2 MISC Science Traceability

The imaging capability of the MISC WFI will be used for general science objectives. The spectro-
scopic capability with a resolving power of a few hundreds of the MISC WEFI will be used to measure
the mid-infrared dust features and ionic lines at z up to -1 in Rise of Metals and Black Hole Feedback
programs. The MISC WEFI also serves as the focal plane pointing and guiding for the observatory,
including when the MISC-T channel is performing exoplanet spectroscopy observations. Table D-11
summarizes the basic measurement capabilities of the upscope MISC instrument.

D.2.3 MISC Instrument Description

D.2.3.1 General MISC Operation Principle

The MISC WEFI covers the wavelength from 5 to 28 pm with two channels; WFI-short (WFI-S)
covers the wavelength from 5 to 9 um and WFI-long (WFI-L) covers from 9 to 28 pum. MISC WFI-S
serves as the focal plane pointing and guiding for the observatory and has two redundant sets of 2kx2k
Si:As detector arrays. During the normal operation, one of the two Si:As detector arrays in the WFI-S
is used and the mirror changer switches the optical path if needed to use the other detector in case the
performance of the first detector is degraded for some reason. It should be noted that between the two
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Table D-11: The MISC instrument fact sheet (upscope) shows the additional capabilities needed to perform the science described in the
sections above.

Parameter MISC Transit Spectrometer MISC Wide Field Imager
[2] MIR Imaging

[3] MIR low-resolution spectroscopy (slit)

[4] MIR low-resolution spectroscopy (slitless)
[5] MIR scan mapping

9-28 um

WEFI-S: 5-9 um (5GT: 5-9 um)
WEFI-L: 9-28 um (LG1: 9-16.2 um, LG2: 16.2-28 um)
T

Observing modes | [1] MISC Ultra Stable Spectroscopy

2.8-20 um

MISCT-S: 28-5.5 m
SpectralRange | ST p: 5511 pm
MISCT-L: T1-20 pm

R=50-1001in 2.8-5.5 ym (T-5) R=5-10 for MIR Imaaging
Resolving power | R=50—100in 5.5-11 um (T-M) R=300 for MIR low-resolution spectroscopy
R=165-2951in 11-20 um (T-1)

0.21 arcsec at 5 pm, 0.38arcsec at 9 ym
0.68 arcsec at 16 um, 0.98 arcsec at 23 pum,
118 arcsecat 27.6 m

(pixel scale; 0.088 arcsec/pix)

Anqular resolution | Cannot attain spatially resolved information within the FOV

Determined by the field stop size

370 n radius (MISCT=S) [Imager] 3 arcmin x 3 arcmin

Field-of-View o L [Slit for spectroscopy] Length; 3 arcmin, Width; 0.38 arcsec
S e L) (WFI-S/561), 068 arcsec (WFI-L/L61), 118 arcsec (WFI-L/LG2)
A 2kx2k HgCdTe detector array (30 K) for MISG-T-S A 2kx2k Si:As detector array (~8 K) for WFI-S1

Detectors A 2kx2k Hg(dTe detector array (30 K) for MISG-T-M A 2kx2k Si:As detector array (~8 K) for WFI-S2
A 2kx2k Si:As detector array (~8 K) with a calibration source for MISGT-L A 2kx2k Si:As detector array (~8 K) for WFI-L
SNR/sqrt(hr) = 12952 at 3.3 um [Imager]
SNR/sqrt(hr) = 13339 at 4.2 um 1-hr 50 Continuum Sensitivity for a point source
SNR/sqrt(hr) = 9726 at 5 um 0.06 y at 5um, 0.25 py at 9 pum,
SNR/sqrt(hr) = 9873 at 6.3 um 0.64 y at 16 um, 0.96 ply at 23 um,

Sensitivity SNR/sqrt(hr) = 8552 at 7.6 um 1.93 Wy at 25 ym

(Current best SNR/sqrt(hr) = 8373 at 8 um [Low-resolution Spectroscopy; R=300]

estimates) SNR/sqrt(hr) = 7084 at 9.6 im 1-hr 50 Line Sensitivity for a point source
SNR/sqrt(hr) = 6948 at 10 um 5.0x102" W/m? at 6 pm, 4.5x102' W/m? at 8um,
SNR/sqrt(hr) = 4570 at 14 um 5.3x102" W/m? at 10 um, 4.3x102" W/m? at 12 um,
SNR/sart(hr) = 3064 at 20 um 52107 W/m? at 18 um, 5.4x10" W/m? at 24 um,
assuming a R=50 with a 10.8 K-mag star 11x710% W/m? at 26 um, 5.4x10™ W/m? at 28 um

29.8 Jyat3.3um, 275 Jyat 6.3 um, 4.4 Jy at 14 um
Saturation limit calculated for the shortest readout time (assuming partial readout, 10 isec
per pixel per read, two reads per pixel to sample up the ramp)

channels, the WFI-L channel was prioritized for science promise over WFI-S by the STDT, in case a
trade choice was had to be made between the two.

D.2.3.2 MISC Instrument Overview
The block diagrams of MISC wide field imager (WFI) in the upscope design is shown in Figure D-16.

D.2.3.3 MISC Optical Design

In the upscope MISC, MISC-T does not include a Lyot-Coronagraph based tip-tilt sensor — this
pointing correction function is now provided by the MISC WFI module. Other than that, the optical
design (Figure D-17) of the MISC-T is the same as that described in Section 3.2. The MISC Wide
Field Imager (WFI) offers a wide field imaging (3 arcmin x 3 arcmin) and low-resolution (R-300)
spectroscopic capability with filters and grisms covering from 5 to 28 pm. MISC WEFI-S serves as the
focal plane pointing and guiding for the observatory and has two redundant sets of 2kx2k Si:As de-
tector arrays. The MISC WEFI-L has a 2kx2k Si:As detector array. WFI-S and WFI-L share the same 3
arcmin by 3 arcmin FOV by means of the beam splitter and the diffraction-limited image quality over
the entire FOV is achieved at any wavelength from 5 to 28 pum with the help of a deformable mirror
and a tip tilt mirror in the fore optics of the MISC WFI. The reflected beam (i.e., 5-9 pm) by the beam
splitter is diverted to WFI-S and the transmitted beam (i.e., 9-28 pm) is sent through to WFI-L.
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Figure D-16: The MISCWFI block diagram indicates the second module that was added to the upscoped MISC instrument.
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i (side view)
WFI-L Collimator M1 (topview)
Deformable Mirror + TTM WEI-L Collimator M3 WEIS Collimator M1 WL Beam Splitter
Relay Optics M3 | Beam Splitter/ Collimator M3 “F WFI-S/WFI-L
Plane Mirror i

i Relay Optics
Relay Optics M2 .

/

Pick Off Mirror

WFI-S
Camera M2

Plane Mirror
Collimator M2

WFI-S Collimator
and Camera Optics

N WFL-S
WFI-S Camera M1 Detector Array

WFI-L Camera M1

WFI-S Camera M3

WEFI-L Camera M3

Figure D-17: The MISCWF! optical design includes a A) wave front error correction system in the fore optics and B) the imager optics.

D.2.3.4 MISCWFI Detection Subsystem

The MISC WEFI-S optical path contains two 2k x 2k Si:As detector arrays and the MISC WEFI-L
optical path contains a 2k x 2k Si:As detector array, each of which is bonded to a Si readout multiplex-
er operating at ~8 K to provide good detective quantum efficiency in the 5-28 pm wavelength range.
This design has been used extensively in previous space missions such as Spizzer, AKARI, and JWST,
as well as in SOFIA instruments. The detector development work needed for the MISC-WFI upscope

comprises a modest factor of 2 increase in the detector dimension format for the WFI module.
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D.2.3.5 MISC WFI Signal Amplification

Amplification of the signals from the detectors is a straightforward reuse of the technology used in
previous space applications of Si:As BIB detectors such as Spizzer, JWST, and WISE, and will employ
dedicated satellite chips that are located in close proximity to the detectors and also operate at cryo-
genic temperatures.

D.2.3.6 MISCWFI Read-out Electronics

Again, the readout electronics design of the MISC WEFI detectors is very similar to that used in pre-
vious space missions, and will incorporate flexible readout patterns and a variety of readout strategies,
including double-correlated and Fowler sampling techniques.

D.2.3.7 MISC Mechanical Design

Based on the results of the MISC WEFI instrument mechanical design, a 3D solid model of the
MISC WEFI instrument is shown in Figure D-18. To reduce MISC WEFI instrument mass, the team
assumed Beryllium as the baseline material for the mirrors, mirror support structures, and base plate.

D.2.3.8 MISC Mechanisms

The MISC WFI module has the following mechanisms noted with the following numbers in Fig-
ure D-18: [7] a deformable mirror (DM) assembly in the fore optics of the WFI module, [2] a tip-tilt
mirror (TTM) assembly in the fore optics of the WFI module, [3] a slit mask changer in WFI-S,
[4] a slit mask changer in WFI-L, [5] a filter wheel for WFI-S, [6] a filter wheel for WFI-L, and [/]
a mirror changer in WFI-S. Since the telescope optics is limited to diffraction-limited image quality
performance only at 30 pm and longer wavelengths, the MISC WFI module needs to have its own
internal wave front error correction optics. The MISC WFI module includes a DM and a TTM in
its fore-optics and achieves diffraction limited image performance at >5um for sources within a wide
3’x3’ FOV. The slit mask changer used in MISC WFI-S has two 0.4-inch slots (a slit mask and a
hole) and that in MISC WFI-L has three 0.4-inch slots (two slit masks and a hole). The filter wheel
assembly used in each of the MISC WFI-S and WFI-L has triple wheels. Each wheel has six 0.3-inch
positions for band-pass filters and/or grisms for low-resolution spectroscopy. The mirror changer is
placed just before the two Si:As detector arrays in the WFI-S to switches the optical path when need-
ed to do so.

D.2.3.9 MISC Instrument Control

The MISC WFI has redundant dual-string warm electronics boxes (WEB A and WEB B for the
MISC WEFI module). Each electronics box contains a single board computer (SBC) and four boards:
(i) a CPI/ Power board, (ii) a digital and analog board for array control (two 2kx2k Si:As arrays for
WFI-S, one 2kx2k Si:As array for WFI-S), (iii) a board for peripheral control for detectors (two 2kx2k
Si:As arrays for WFI-S, one 2kx2k Si:As array for WFI-L), two slit mask wheels, two filter wheels,
and one mirror changer, and (iv) a control board for the cryogenic DM and TTM. A SBC is used to
analyze the shape of the point-spread function (PSF) and to give feedback to the DM and TTM to
achieve the diffraction-limited image quality at S5um. This SBC also provides reference star centroid
information that is sent to the Origins telescope pointing control.

D.2.3.10 MISC Observing Modes and Data Rates
The MISC offers seven observing modes (Table D-12). In addition to the MISC-T mode, MISC

has guiding, imaging, low resolution spectroscopy and scan mapping,.
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D.2.4 MISC Predicted Performance

The following assumptions are made for the sensitivity estimate of the MISC WFI module. The 56
1-hour line sensitivity of MISC WFI (R=300) is shown in Figure D-19.

Exposure Time: The longest exposure time is determined as 300 sec for the Si:As 2k x 2k detectors
(30 pm/pix; Raytheon) taking account of the number of pixels affected by cosmic ray hit events during
an exposure and assuming the cosmic ray hit event rate at L2 as 5x10* m? sec” (Swinyard ez al., 2004).
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Table D-12: The MISC observing modes (upscope) include the baseline MISC-T modes as well as additional modes used in the imaging
and spectroscopy module.

AOT Mode Datarate

AQTO00 Guiding 2.63 Mbps (max/average)

' 3.73 Mbps (max)’—1.59Mbps (average)® [TRA
AOTOT MISC Transit Spectroscopy 263 Mbgs Emax)/average) [%ugding v%/it)h [VVFI—}S}
AQT02 MISCImaging 12.6 Mbps (max)*—0.45 Mbps (average)® [WFI]
AOTO3 MISC Low-Resolution Spectroscopy (slit) 12.6 Mbps (max)*—0.45 Mbps (average)® [WFI]
AQT04 MISC Low-Resolution Spectroscopy (slitless) 12.6 Mbps (max)*—4.5 Mbps (average)® [WFI]
AQT05A MIR Scan Mapping (AKARI/IRC type) 3.745 Mbps (max/average)’
AQT05B MIR Scan Mapping_(to use TTM moving in a “freeze frame”) 16.78 Mbps (max/average)®

Note 1: up to 8 windows of 32 x 32 pixels each of the MISC WFI-S module are read out at 20 Hz

Note 2: Max data rate of AOTO1 is calculated for the shortest exposure tep=4s

Note 3: Average data rate is calculated for the longest exposure tex=10s

Note 4: Max data rate is calculated by assuming shortest exposure tee=25 and co-adding 6 exposures

Note 5: Average data rate is calculated for the longest exposure time tew=300s

Note 6: Average data rate is calculated for the longest exposure time ten=30s

Note 7: using double lines (2 x 1 pix x 2048 pix) for the purpose of mili-second confirmation. Neighboring 4 lines are read to avoid unstable behavior of the detector.
Consequently 2 x (4+1+4) =18 lines are read. 2 lines are down linked and other 16 lines are discarded. Assuming 4 sec for full (2048 rows) readout, 4 x 18 / 2048 =
35 msec per double lines. The data rate becomes 16 bits x 2 x 1 pix x 2048 pixx 2 ch / 35 msec = 3.745 Mbps.

Note 8: readout half of the array at 0.25Hz. The data rate becomes 16 bits/pix x 2048 x 1024 pix x 2 ch x 0.25Hz = 16.78 Mbps.

Detector Performance: Detector Dark Cur-

rent is assumed to be 0.06 esec'pixel’ for the 1076 Spectral Line Sensitivity

Si:As 2k x 2k detector. The readout noise (re-

duced up to % by means of Fowler-16 sampling) 107 Herschel

is assumed to be 10 e for the Si:As 2k x 2k detec- <€ SPIRE

tors. Saturation Full Well is assumed as 2.5 x 10° % L Hersthel HIFl -

e for the Si:As 2k x 2k. s ol SPICA SAFARI ................. -
Background: The high background case as- 5 = ¢ OriginsHERO, =

sumes zodiacal emission modeled as a greybody 5 ;g / I

at 268.5 K, normalized to 80 MJy/sr at 25 pm E e W

for the high background case and 274.0 K, nor- ™ w0?[ Origins MISC-W 9

malized to 15 M]Jy/sr at 25 pm for the low back-

ground case. 10_225 0 00 500

Wavelength (um)

D.2.5 MISC Alignment, Integration, and Test
MISC instrument alignment and integration  Figure D-19: The 50 1-hour line sensitivity of the Origins /MISC
are straightforward. Dividing the instrument into ~ WFI (R=300) module.
two separate modules, each accessing its own re-
gion of the telescope focal plane, does not require particularly stringent confocality of the entrance
apertures, and as one of the modules has deformable mirrors, a small degree of accommodation can
be realized after integration. However, since the MISC WFI module is also used by the observatory
for pointing, this instrument must meet confocality requirements with all other Origins instruments.
As these other instruments all operate in the far-infrared, meeting this requirement should not be dif-
ficult. The two-module configuration also greatly simplifies and speeds up instrument testing, as the
modules can be tested independently and in parallel, if desired. Specialized test hardware development
is required, but although the scope of this development will be significant, it is straightforward, with
no new technology development required. The integration and test of the MISC instrument is expect-
ed to take 12 months, once all external test support hardware and software is ready.

From First Light to Life App D-28



@ ORIGINS

Space Telescope

D.2.6 MISC Heritage

The wavelength coverage and the capabilities of the MISC instrument are partly overlapping with
those of the JWST/MIRI, SOFIA/FORCAST, SOFIA/EXES, SPICA/MCS, SPICA/SCI, SPICA/
SMI, TAO/MIMIZUKU, Spitzer/IRS, and TMT/MICHI instruments.

D.2.7 MISC Upscope Enabling Technology

In addition to the enabling technologies identified in the baseline MISC (Section 4.4) there are two
new technologies that will need to be further developed to include the MISC upscope capabilities:
larger format Si:As arrays and a deformable mirror capable of operation at ~8K temperatures. The
increase in Si:As array format size is expected to be relatively straight-forward, since as other than the
array size the current performance of the detectors used in the JWST MIRI instrument will be suffi-

cient for the MISC WFI. A cryogenic deformable mirror has been demonstrated, although not at quite
as low as the temperature of the MISC WFI (Table D-14).

Table D-13: MISC instrument (upscope) resource requirements are a modest extension from the baseline values.

MISC (upscope)
MISC-T MISCWFI
Information related to the Total Max Data Rate Mbps See Table D-11 See Table D-11
Flectrical Subsystem Total Average Data Rate Mbps See Table D-11 See Table D-11
. 015 (2.0%0.25x0.30) [foreoptics]
Information related to the [m?] 3.3
! Volume (cold component) 012 (1.0x 0.8 x 0.15)
Mechanical model ' (mxmxm) [Collimator + Densified Pupil Spectrographs] (1.7x19x10)
Mass (cold component) lkal 68.87 126.51
Information related to the Mass (warm component) lkal 16.00 16.00
Thermal Model Mass (Harnessing, bipods, etc) lkal 16.36 277
Total Mass lkal 101.23 170.21
Total Peak Power (cold part) (W] 0.159 0.197
Total Peak Power (warm part) (W] 10 120
Total Average Power (cold part) (W] 0.009 0.050
Total Average Power (warm part) (W] 10 46
Total Standby Power (cold part) (W] 0.009 0.009
Total Standby Power (warm part) (W] 10 46
Average Power Dissipation (detectors) [W] 0.008 0.008
Average Power Dissipation (heater) [W] 0.009 0.009
Table D-14: MISCWFI Enabling Technology and Component Heritage
Enabling Maturity of the
Technology Specification technology Heritage, References
kilo-DM (BOSTON 32x32 MEMS Deformable | Tested at crygenic temperature |Based on heritages of SPICA Coroagraph Instrument (SCI; Enya et al. 2011, “A
micro-machines Mirror 1] high dynamic-range instrument for SPICA for coronagraphic observation of
corporation) exoplanets”, SPIE, 8146, 81460Q)
[1] Aoi Takahaski et al. “Laboratory demonstration of a cryogenic deformable
mirror for wavefront correction of space-borne infrared telescopes,” Appl.
Opt. 56, 6694-6708 (2017)
Cryogenic DM studied |35 element PZT bimorph  |In an early prototype and Based on the AO technology for Subaru telescope as well as for the TMT.
in NAQJ and Kyocera ~ |45mm diameter R&D phase. Not yet tested at | Shin Oya et al. “Characterization of vibrating shape of a bimorph deformable
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APPENDIXE - SUPPORTING SCIENCE CALCULATIONS
This appendix contains descriptions of detailed science calculations that support the science require-
ments summarized in the science traceability matrix in Section 1.4.

E.1 Extragalactic source simulations and spectral extraction

E.1.1 Extracting mid-IR and far-IR sources from 3D data cubes

To achieve the Origins extragalactic scientific objectives described in Section 1.1, it will be necessary
to retrieve the spectral line intensities of millions of galaxies. Although deep Origins extragalactic sur-
veys will be spatially “confused,” with multiple unresolved sources contributing to the signal detected
in each beam, the planned spectroscopic surveys envisaged in Section 1.1.5 will yield spatial-spectral
data cubes with fewer than 1 spectral line per 15 spatial-spectral resolution elements, or “spaxels”.
Hence, the spectral lines are not confused (see Figure 1-21), but how accurately can the line strengths
be measured? Answering this question requires a high-fidelity model of the far-infrared sky and exten-
sive analysis, along the lines of the effort reported by Raymond ez /. (2010) for SPICA.

One basic idea is to search for the long-wavelength counterparts of sources cataloged at much high-
er resolution in another waveband (e.g., optical or near-IR for typical galaxies, and X-ray or radio for
AGN)), as exemplified in the XID method for constructing Herschel-SPIRE catalogs (Roseboom et 4l.,
2010). XID was further developed into the XID+ algorithm (Hurley, 2017) and applied in several pa-
pers (e.g., Pearson ez al., 2017). This method was extended to deep data with wide wavelength coverage
in the so-called “super-deblending” approach (Liu ez al., 2018). The SEDeblend approach (MacKenzie
et al., 2016) deblends sources while fitting continuum spectral energy distributions (SEDs).

It should be possible to combine these ideas with existing optical spectral extraction codes. The ideal
retrieval method would use all available prior information. The priors would include:

* deep high-resolution data, which would already exist in well-known extragalactic survey fields;

e the positions and types (e.g., star-forming galaxies or AGN) of any known sources;

* statistical information about expected line strengths based on galaxy types, and perhaps parameter-
ized spectral templates (SEDs and lines);

* photometric redshifts; and

e calibrated telescope and instrument response functions

All such available information will help to reduce the search volumes so that solutions are tractable
with reasonable computing power. A Markov chain Monte Carlo approach or an iterative “cleaning”
approach could be used to fit the entire 3D data set. Raymond ez a/. (2010) investigated an approach
like this for SPICA. With deep prior catalogs (including photo-z’s, which we will already have), we
expect to do considerably better. Yet exactly how well we will be able to recover broad SED shapes
remains to be determined.

Below we report on the preliminary results of a blind “stress test” designed to locate extragalactic
sources and retrieve their spectra for comparison with an input source and line catalog unknown to
the person (Mr. Alex Griffiths, PhD candidate, University of Nottingham) who kindly volunteered his
time to conduct the analysis. The software used in the “stress testing” conducted to date is sub-optimal
relative to software that will ultimately be developed to retrieve spectra from Origins data. More appro-
priate methods outlined above and will be explored during Pre-Phase A.

E.1.2 Far-IR Sky Model

Our Far-IR Sky Simulator (FIRSS) includes extragalactic and Galactic sources of emission, as well
as emission from the interplanetary dust in the solar system. The COBE Diftuse Infrared Background
Experiment (DIRBE) “zodi” model (Kelsall ez a/. 1998) is used to estimate the zodiacal emission inten-
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sity at the chosen wavelength, sky coordinates, and solar elongation angle. Galactic interstellar dust in
“infrared cirrus” clouds dominates the high Galactic latitude far-IR sky. Cirrus clouds exhibit structure
on all spatial scales measured to date and are thus a source of confusion noise. The FIRSS uses the dust
maps of Schlegel ez al. (1998), derived from absolutely calibrated DIRBE data in combination with
IRAS data, to set the mean brightness of the cirrus emission to a value appropriate for the chosen sky
coordinates. The Zubko, Dwek, & Arendt (2004) dust spectrum is used to estimate the cirrus bright-
ness at unobserved wavelengths. The FIRSS extrapolates the power-law cirrus structure found on large
angular scales by IRAS (Gautier 1986) to the smaller scales not yet observed (Kiss ez 2/, 2003). The
structure function is matched to the observed power spectrum at coarser scales, maintaining the mean
brightness as a function of sky position and wavelength.

The FIRSS statistically represents the three-dimensional distribution of extragalactic sources (i.e.,
their projected density in the sky and their distribution in luminosity and redshift) according to the
source count model described by Bonato ez a/. (2019). The FIRSS uses cosmological parameters based
on Wilkinson Microwave Anisotropy Probe (WMAP) observations (Bennett et al 2003; Spergel ez
al. 2003) to determine the geometry and predict the structure formation history of the universe. The
FIRSS employs a dated model of galaxy clustering (Kashlinsky, 1998), but this is of little consequence
in the present context.

Finally, the FIRSS includes a simple model for galaxy morphology. All star formation-dominated
galaxies are represented as disks, which follow Freeman’s Law for the galactocentric radial distribution
of surface brightness. (Galaxy size is assumed not to evolve, and no radiative transfer calculations
are performed.) Each disk galaxy is assigned random inclination and position angles. Active Galactic
Nuclei (AGN) are treated as point sources with no surrounding disk. The FIRSS assigns a spectrum
to each galaxy according to whether it is dominated by star formation activity or an AGN (Bonato ez
al., 2019). A typical spectrum includes thermal dust emission; the polycyclic aromatic hydrocarbon
(PAH) features seen at mid-IR wavelengths; and the many ionic, atomic, and molecular emission lines
cataloged by Bonato ez a/. (2019).

We used the FIRSS to generate a spatial-spectral data cube centered in the COSMOS field at Ga-
lactic coordinates (1, b) = 236.822, 42.1216, respectively, and we adopted a solar elongation angle of
90 deg for the simulated observation. We assumed a cirrus power-law index of -2.5, which reasonably
fits observed angular scales. The simulated data cube comprises 2048 x 2048 spatial pixels and 2301
spectral channels. The pixel size is 0.14 arcsec. Each wavelength slice of the data cube was simulated as
if observed with R = 300 spectral resolving power. At this resolution, galactic spectral lines are not re-
solved, but molecular PAH features are mostly resolved. The spectral channels run from 25 to 600 um
in uneven steps, which approximately Nyquist sample the spectral resolution.

The simulated data cube contains 5724 star-forming galaxies, which range in redshift from 0.05 to
5.19 and in luminosity from 5.6 x 10° to 3.3 x 10'? Ls. The data cube also contains 753 AGN, which
range in redshift from 0.15 to 3.93 and in luminosity from 7.2 x 10° to 1.6 x 10" L. Figure E-1 shows
two wavelength slices of the simulated data cube, each depicting %™ of the simulated field (1024 x
1024 pixels).

To prepare for the “stress test,” each slice of the data cube was convolved with the wavelength-de-
pendent Origins point spread function at a field position in the middle of the OSS slit (Figure 2-24).
The “convolved” data cube was turned over to Mr. Griffiths for analysis. The only metadata provided
were the attributes of the data cube, such as sky coordinates, pixel dimensions, spectral resolving power
assumed, and the wavelengths of the image slices. The testing was blind in the sense that the contents
of the cube (extragalactic sources and their individual characteristics) were unknown to Mr. Griffiths.
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Figure E-1: Wavelength slices of the simulated far-IR sky at 200 um (left) and 500 um (right) showing the simulated sky at resolutions
unattainable even with the Origins Space Telescope. These are two of the 2301 wavelengths simulated, and each image shows only 1/4th of
the simulated field. After convolving the model sky with the Origins PSF (approximate beam size shown), the convolved data cube was used
to conduct a“stress test”to see how many galaxies could be identified and to derive their spectra.

E.1.3 Source detection

To conduct the stress test, we adopted methods and software commonly used to extract overlapping
spectra from optical survey data, as our volunteer research assistant is experienced in that domain. Be-
low we discuss some ideas for improving on this approach. For test purposes, we added Gaussian noise
to the simulated sky data cube, with standard deviation 0.3 M]y/sr (same at all wavelengths).

Due to the increasing popularity of three-dimensional data cubes produced by integral-field units
(IFUs) at optical wavelengths, with instruments such as MUSE (Bacon e# 4/, 2010) and upcoming
facilities like JWST, numerous source-detection methods have been developed. Here we investigate
some of these methods and discuss how they may be applied to the simulated data. We apply these
techniques to a “sub-cube” —a 100 x 100 pixel region extracted from the full simulated data cube — to
reduce the software run time and enable multiple iterations.

We considered two well-established methods of optical data-cube source detection. First, traditional
source-detection methods, such as SExtractor (Bertin and Arnouts, 1996) can be used on 2D images
created directly from a data cube. These images are created by collapsing or “flattening” (.e., taking
the median or sum) the data cube along the spectral axis. This can be done over the whole wavelength
range to obtain what is often referred to as a “white-light” image, or alternatively, one can create nar-
row- or broad-band images by limiting the wavelength range. The severe spatial blending that occurs
when there are many sources per beam is a significant issue. We ran SExtractor on various 2D images
created from the simulated sub-cube and recovered around 40% of sources compared to the input
catalog (our measure of “truth”), which was divulged at the end of the stress-testing period. This could
potentially be improved by fine tuning the SExtractor parameters, along with careful selection of the
wavelength range, but this method is unlikely to recover 100% of the sources due to blending.

The second approach we explored is the blind detection of emission-line sources. Specifically, we
considered two of the most popular python packages available: the MUSE Line Emission Track-
er (MUSELET; Bacon e al. 2016); and the Line Source Detection and Cataloging Tool (LSDCat;
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Herenz and Wisotzki, 2017). MUSELET builds on the former method by splitting the data cube into
line-weighted pseudo-narrow-band images across the full wavelength range. The continuum is estimat-
ed from spectral medians on either side of the narrow-band region. SExtractor is then used to detect
line emission in the individual narrow-band images and a composite catalogue of objects is created.
Our tests show that this method is eflicient at detecting a large fraction of the emission lines within
the sub-cube; however, the compilation of the final source catalog is far from complete, at only about
the 50% level relative to “truth.”

The solid angle subtended by the Origins OSS beam grows by a factor of 553 from the shortest to
the longest accessible wavelength, a much greater range than customarily seen in optical data cubes,
such as those from MUSE. We attribute the relatively low source recovery fraction to the fact that
the software was not designed to handle a wavelength-dependent PSE. Emission line sources can be
assigned positions far from the true position of the source due to positional error, particularly at longer
wavelengths. In the MUSELET tests, we find that almost all objects show multiple line detections.
This is a promising indication that all of the sources might be identifiable.

We also experimented with the python package LSDCat, which cross-correlates a continuum-sub-
tracted data cube with a 3D emission-line template in order to blindly identify sources in a data cube.
The algorithm runs a median filter along the wavelength axis in order to remove source continua. A 3D
Gaussian template is then used to identify emission lines, from which a catalog is created by analyzing
the spatial locations of the identified line emitters. The results are similar to those seen with MUSE-
LET. The vast majority of the emission lines are detected (see Figure E-2), but the method finds only
about 70% of the “truth” sources.

In summary, we find that the techniques explored here provide a good starting point for the de-
tection of extragalactic sources in the simulated OSS data cube. However, due to the wavelength-de-
pendent PSE the resulting source catalog is incomplete. Because the software is sub-optimal for this
application, we regard the results as conservative. A customized algorithm that takes the PSF into
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Figure E-2: All emission-line detec-
tions for a LSDCat run on a 100 x 100
pixel sub-cube. Red crosses show the
locations of detected emission line
sources and green circles show all input
sources that are detected above the flux
threshold. The simulation is based on
the COSMOS field simulation and used
to test the various software packages.
The image is a sum over all wavelengths
in the PSF-convolved data cube.

05.0

Declination

42:08:00.0

55.0

07:50.0

205  1547:200 195 19.0 18.5 18.0
Right ascension

OriginsF287

From First Light to Life App E-4



@ ORIGINS

Space Telescope

account and combines line detection with source identification techniques commonly used at longer
wavelengths is expected to yield better results, as discussed below.

E.1.4 Spectral extraction

Isolation and extraction of a source’s far-IR spectrum is particularly challenging and should rely on
knowledge of the wavelength-dependent PSE We explored the use of AutoSpec (Griffiths and Con-
selice, 2018) for this purpose. By utilizing the wealth of information available within a visible-wave-
length IFU data cube, AutoSpec has been shown to isolate sources and can lead to increased signal-
to-noise ratio spectra. To test the applicability of AutoSpec to Origins data, we examined a number of
spatially blended sources identified in the SExtractor output.

Figure E-3 shows an example of this procedure and illustrates AutoSpec’s ability to distinguish spa-
tially confused sources and derive their spectra. However, our exploratory tests on the Origins sky sim-
ulations have not resolved all of the known issues. Similarly to MUSELET and LSDCat, the software
was designed for optical data, in which the PSF is wavelength-independent over the wavelength range
of the data cube. Since this is not the case for Origins spectroscopic survey data, we find that source
continuum fluxes and line ratios are not accurately reproduced. We expect that more accurate source
spectra could be recovered through a combination of the approaches applied here and with far-IR de-
blending techniques and source modeling.

White Light Cross Correlation  Cross Correlation+Contsub
57 700 + — AutoSpec[57]
60 60 600 | Original  [57]
500
40 400 -
" 300t
0 200 + R
: 0 — .
700 F — AutoSpec[58]
60 600 Original [58]
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100 |
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Figure E-3: AutoSpec software retrieves the spectra of a pair of simulated galaxies whose emission would be spatially blended when
viewed with the Origins Space Telescope. The first two rows show images centered on the galaxy in question. The left panels show the“white-
light"image constructed by summing the data cube along the wavelength axis. Central and right panels show the cross-correlation weight
maps produced by the Autospec code, run without and with continuum subtraction, respectively. The overall similarity of the continuum will
bias cross-correlation results when the two objects are this close to each other. The power of the cross-correlation algorithm (combined with
continuum subtraction) can be seen by comparing the central and right panels; each source is successfully isolated from its neighbor. The
resulting spectra for the two objects are shown in the bottom panel and compared with“truth”spectra from the original (prior to convolution)
data cube. Autospec retrieves lines and continua, but the retrieved spectra don't accurately match “truth.”

E.2 Planetary system formation technical calculations

E.2.1 Why Do We Have to Spectrally Resolve Lines?

Spitzer and Herschel/ PACS did not spectrally resolve water lines in disks, and this greatly limited the
confidence with which water abundance and its spatial distribution could be derived. Indeed, despite
extensive efforts, Herschel/ PACS did not unambiguously detect the 179.5 um ground-state line in any
disk (Meeus ez al., 2012; Dent et al., 2013), almost certainly due to its low spectral resolving power. In
contrast, cold water detections were made by Herschel/HIFI at much greater spectral resolving power
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for a few disks, and these spectra resulted in the best estimates to date of the mass of the cold-water
reservoir (Hogerheijde ez /., 2011). High spectral resolving power is important for two reasons:

1. Sensitivity: Disks cool primarily via dust emission in the mid- to far-infrared wavelength range.
As a result, all optically thick, planet-forming disks are characterized by a strong far-infrared con-
tinuum. Any observed lines suffer photon noise from this spectral dust continuum. This effect is
important when astronomical background radiation, rather than the telescope, sets the noise floor.
For instance, at full spectral resolving power, typical far-infrared water lines have line-to-contin-
uum ratios of 10-100%. Under-resolving the lines leads to line-to-continuum ratios of 1-10%,
negating much of the sensitivity advantage of a cold telescope (Figures 1-29 and E-4).

2. Tomography: The scientific objective of measuring water lines is to retrieve the mass distribution
of water vapor in each disk. When the line emission cannot be spatially resolved, velocity-resolved
line spectra can be used to derive the radial distribution of line emission (Figure E-4, and Section
E.2.3). Line tomographic imaging can also be used on any other disk line, such as the 112 pm HD
line and the atomic fine-structure lines discussed above.

E.2.2 Line Detection Yields and Design Reference Program

The goal for Origins is to conduct a survey of a large number of disks around stars with masses down
to the brown dwarf limit. To determine if the requirements for sample size and line sensitivity can be
met, the team developed a design reference program for observing water with Origins/OSS. Since the
nearest star-forming regions within 150 pc (such as Taurus or Ophiuchus) do not contain 1000 plan-
et-forming disks, it is necessary to explore more-distant clusters.

The 1000 disk survey: There are many young clusters within 1 kpc that can be used for a survey
of water and HD in disks. The team selected the Orion cluster (Megeath ez a/., 2012), which consists
of ~3000 infrared-identified protoplanetary disks located within a combined area on the sky of 16
deg’. The Orion cluster is known to be young, with an estimated age of 1-3 Myr (Hillenbrand, 1997),
ensuring access to large numbers of gas-rich planet-forming disks. Optical spectroscopic follow-up of
the L1630 and L1641 subclusters confirmed 399 young stars and showed the median spectral energy
distribution of the disks is similar to that found in Taurus and similar nearby star-forming regions
(Fang et al., 2009).

The stellar luminosities and stellar masses of the disk sample (-3000 disks) are estimated using their
H-band magnitudes, which are corrected for extinction using the average measured extinction law for
the region (Ap/Ag=1.55) and the 3 Myr isochrone from Siess ez /. (2000). The line flux for each disk is
then predicted using the reference disk model based on the disk RNO 90, as fitted to Spitzer and Her-
schel spectra by Blevins ez al. (2016) and scaling by the stellar luminosity. Since RNO 90 has some of
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Figure E-4: The 179.5 um water ground-state line simulated for different inclinations and resolving powers shows that the double peak at
intermediate inclinations is separated only at resolving powers of at least R=200,000. Origins resolves these lines and is capable of exploiting
the kinematic information.
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the strongest water lines observed by Spizzer, the
reference model has decreased water abundance
by a factor 2 to approximate a more typical plan-
et-forming disk (e.g., Pontoppidan ez al., 2010;
Carr et al., 2011).

For the purposes of a yield calculation, the
ground-state H,O 2,, — 1, line at 179.5 Km
is used to define when water vapor is detected.
The predicted flux of this line, along with Ori-
gins/OSS sensitivity in FTS mode, is used to esti-
mate how many disks can be observed per 1000
hours, assuming a luminosity-limited sample
and randomly selected disks. Many other water
lines at shorter wavelengths tracing warmer gas
are also essential, but these tend to be brighter
than the ground-state line (Table 1-11) and will
be observed concurrently. This results in a sam-
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Figure E-5: Stellar mass yield of 0ST/0SS detections of water va-
por in the Orion cluster compared to to the expectation for SPICA/
SAFARIin the same time (1000 hours). Also shown is the mass dis-
tribution of exoplanet host stars with transiting exoplanets targeted
by 0SS/MISC.

ple brightness distribution with the same shape

as that of the parent population. For comparison, the same exercise is repeated for SPICA/SAFARI.
The resulting yield is shown in Figure E-5, which demonstrates that Origins is able to obtain com-
plete, luminosity-limited measurements of water vapor masses at the distance of Orion down to stellar
masses of 0.25 Me. Crucially, this mass range overlaps with the expected mass range of the host stars
of habitable planets to be targeted by Origins/ MISC-T, enabling Origins to link the trail of water from

the youngest disks all the way to planetary surfaces in the same class of stellar system.

E.2.3 Line Tomographic Imaging

In the absence of velocity information in the water lines, it is necessary to fit a model to many lines
to infer the water distribution. Therefore, Origins also deploys the line tomography method, enabling
it to obtain this information more directly (Bast ez a/., 2013; Manser ez al., 2016). In this method, lines
that are spectrally well resolved can be inverted to produce radial images of the line emission. Under
the assumption of a Keplerian velocity field, the relation between line shape and radial intensity is
one-to-one over a wide range of disk radii (Figure E-6; Bast e al., 2013). The Origins design reference
mission aims to obtain high-resolution spectra of the ground-state water line at 179.5 pm and the HD
J=1-0 line using the OSS Etalon.

Line tomography works best if the double peak of the Keplerian line profile is well separated, with
at least five spectral resolution elements across the line. Figure 1-32 demonstrates that a resolving
power of R-200,000 is required for tomographic imaging of the ground state water line. Since the
FTS resolving power is higher at shorter wavelengths, and warmer lines are wider (because they trace
smaller disk radii), the FTS can be used with the addition of the etalon for tomographic imaging of
warm disk gas.

Line tomographic imaging requires high signal-to-noise ratio (SNR). Specifically, the SNR per
resolution element must be high enough to distinguish the trough between the double-peaks of a
Keplerian line profile. This is the most important detail, as it determines the line emission intensity
at the greatest distance from the central star. For lines tracing warm gas, this central line component
is the most important for characterizing snow lines (e.g., Notsu ez al., 2016). The trough is typically
20% of the peak line flux density. With a minimum SNR of 20 per resolution element, the trough
can be detected with 99% confidence. A minimum sensitivity requirement for line tomography is
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Figure E-6: Example line-tomographic mapping of mid- to far-infrared emission lines from planet-forming disks. Left: The observed line
profiles from water, HD, and [OI] 63 um. Right: The retrieved radial intensity using the line profiles, assuming a Keplerian velocity profile.

then defined as that which yields SNR=20 per resolution element for the 179.5 pm water line in a
nearby solar-mass disk at 125 pc. At R=200,000, this line is resolved with ~5 resolution elements, and
has a total strength of 3x10'® W/m?. Tomography of this line can be achieved with a 1o sensitivity of
3x10%° W/m? per resolution element.

E.2.4 Technical Note On Estimated Sensitvity to Water

For pre-stellar cores, which are not included in baseline Origins program, uncertainty is set by the
range of ortho/para ratios of water vapor and overall mass. For protostars, the range is set by calcula-
tions of the water vapor mass with T > 150 K (i.e., evaporated water) by Harsono ez 2/. (2015), along
with an assumption that the proper probe is H,'®O, which requires the higher sensitivity offered by
Origins cooled far-infrared telescope. The inner disk refers to hot water emission inside the midplane
snowline and assumes a gas rich disk, such as those modeled by Du and Bergin (2014). The maximum
content of water and the lower limit are set by assuming the mass could be lower by 2 orders of mag-
nitude, and the water abundance is set by the fundamental chemical limit of pure gas phase chemistry
in gas with little UV exposure (~10 photons per H, molecule). Because of its higher spectral resolving
power and corresponding ability to detect sources with lower line-to-continuum flux ratios, Origins is
more sensitive than JWST. For the outer disk (beyond the water snowline), the expected range is mo-
tivated by the Herschel water line survey water vapor mass limits in Du ez a/. (2017), with an assumed
factor of 100 range down to gas/dust mass ratios of unity. Origins is more sensitive than Herschel due
to its larger, cooled aperture and sensitive detectors. Origins is also more sensitive than SPICA due to
its larger aperture and higher spectral resolving power (Section 1.2.5).

Disk ice mass upper-limits are taken from the existing Herschel detection by McClure et al. (2015).
The lower bound is uncertain, as it depends on the growth of bodies to larger sizes and gaseous disk
dissipation. The team therefore assumed a three order-of-magnitude range. As a result of its 5.6x larger
aperture, Origins is more sensitive than SPICA in this range.

For gas in debris disks, the team draws upon the comprehensive work of Kral ez 2l. (2017), using the
full range of expectations for debris systems at 100 pc. For such detections, Origins is more sensitive
than Herschel due to its cooled aperture and SPICA due to its higher spectral resolving power.

For comets, we use the range of the D/H ratio seen in water in the solar system compiled by Hallis
(2017). The decisive advantage of Origins lies in its superlative sensitivity and high spectral resolving
power, which enable detection of the narrow H,"*O and HDO lines. Origins sees weaker comets with
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production rates as low as 10”7 mol/s, which is 2 orders of magnitude below the level detectable from
Herschel for comets at 1 AU. With an improved ability to determine the D/H to higher accuracy
Origins can cover a broad D/H range, measure the water D/H in more comets than ever before and
characterize the heterogeneity in the population.

The pre-stellar cores science requires an instrument with very high spectral resolving power (R>10°).
Although this is not included in the Origins baseline, an instrument upscope, HERO, that will fulfill
the requirements of this additional work is detailed in Appendix D.

E.2.5 Technical Note on HD Flux Calculations

The HD J=1-0 fluxes and line-to-continuum ratios are provided in Table 1-13 of Section 1.2 of this
report. Trapman ez al. (2017) has predicted line-to-continuum contrasts of ~10-20% for Herschel/PACS.
However, the line-to-continuum ratios seem to be inconsistent with the measurements and upper limits
of McClure et al. (2016), who reported contrasts of <3% for four of six disks, one detection of 8%, and
one upper limit of <10%. Origins disk models for estimating HD line fluxes and line-to-continuum
contrast are therefore consistent in terms of line flux, but are significantly more conservative in terms
of line-to-continuum contrast, and consistent with the range of Herschel observations. There is a critical
need for high spectral resolving power to consistently detect the line over a range of disk masses and sizes.

E.3 Exoplanet calculations

In order to determine the ideal wavelength range, number of transits/eclipses, resolving power and
aperture size to characterize terrestrial M-dwarf planets and develop well-justified science requirements
for Origins, members of the Origins Exoplanet Science Working Group conducted a comprehensive
exoplanet trade-space study (Tremblay e# 4/, in prep), simulating transmission and emission spectra
with realistic uncertainties and performing full atmospheric retrievals. While there are likely nearly
limitless choices and plausible arguments for particular climates and compositions for potentially hab-
itable planets, for this trade study the team assumed a modern Earth composition (Robinson ez al.,
2011). We simulate our spectra using the physical parameters (e.g., size) of TRAPPIST-1e (Gillon ez
al., 2016), orbiting an M8 star with a K-band magnitude that represents the median of our observa-
tional sample, Kmag = 9.85. This magnitude is based on TESS and SPECULOQOS simulated yields.

Origins ultimately aims to detect biosignatures and habitability indicators in the atmospheres of
temperate M-dwarf planets—notably robust detections of ozone and methane. Standard atmospheric
spectral retrieval models and Bayesian approaches (Line ez 4/, 2013a,b; Greene et al., 2016; Line &
Parmentier, 2016; Kreidberg ez al., 2015; Line ez al., 2016; Benneke & Seager, 2012; MacDonald &
Madhusudhan, 2017; Swain, Line, & Deroo, 2014; Trotta, 2008; Feroz & Hobson, 2008) adapted for
terrestrial atmospheres are used to derive atmospheric parameter constraints and molecular detection
significances. We compute detection significances using a fully Bayesian evidence-based method (Trot-
ta, 2009) where a significant detection is considered to be >3.66 according to the Jeffery’s scale. These
quantities are used to assess the impact of each instrument trade assumption under these particular
atmospheric scenarios. The uncertainties derive from using realistic instrument throughputs and adding

(in quadrature) the photon-limited performance

to an assumed 5 ppm noise floor. While the pri-  Jable E-1:Key terrestrial molecular bands between 3 - 22 ym.

des i ioated includ leneth Having access to multiple bands of the same feature is critical to
mary trades investigated include wavelengti cov- preaking degeneracies in molecular abundances.

erage, spectral resolution and mirror diameter, in Absorber Wavelength (um)
this appendix we focus on the former two trades, 0, 43,15
as they were critical in setting the observational H,0 63,>17
program—namely, the number of transits/eclipses CH, 33,17
in each observational tier. (We note that the figure Néo 4'5'97'78’12'2' 17

3 17,14,
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constraining aperture size is already shown in Figure 1-52). Table E-2 presents a summary of the two
trades. In the following two subsections, we detail the major conclusions for each of these trades.

Wavelength

We evaluate five bandpasses in our trade study as shown in Table E-2: 3-5, 3-11, 3-30, 5-11, and
5-30 microns. The primary habitability indicator and biosignature molecules contain their strongest
molecular bands between 3 and 22 pm, making this range optimal for detection and abundance
constraints. It is critical to have at least two bands per each molecular species, as degeneracies due to
overlapping spectral signatures result in ambiguities if only one molecular band is observed. The 3-22
um range ensures the presence of at least two bands per each of the key molecules, which can break
these degeneracies, resulting in robust molecular detections. The trade study shows 3-5 pm is a critical
wavelength region for the detection of CO,; for bandpasses inclusive of the 3-5 pm range, only -6
transits are required for a significant detection of CO,. Therefore, the detection of CO, forms the first
(bottom) tier of Origin’s 4000-hr exoplanet observational program, relying on this wavelength range.
The detection of N,O in < 60 transits requires a bandpass that includes 3-11 pm. While CHj is not
included in the table, as >100 transits are required to detect the individual molecule at high signifi-
cance given our median K-band magnitude, the combined detection of CH, and N,O will be easier
to accomplish in a reasonable number of transits (see Figure 1-55), and it would be possible to detect
CHy; to high significance for brighter targets. Lastly, we find longer wavelengths (10-22 um) are key
to assessing the effective surface temperature, as a large amount of flux at habitable terrestrial planet
temperatures is radiated at these wavelengths (see Figure 1-49).

Resolution

It is a common misconception that high-resolution is required to detect molecules. While stellar
atomic lines are relatively narrow and require high resolutions, molecular signatures commonly present
in planetary atmospheres present broad spectral features that are readily resolved with resolutions as
low as ~-50. Indeed, Table E-2 shows that there is not a large reduction in transits required to detect
CO,, O; and N,O to high significance as you increase spectral resolution from R = 50 to R = 100.
Only H,O shows a significant reduction in transits, as R=100 is necessary to resolve the broad H,O
bands. However, resolutions lower than 50 can cause features from different molecules to blend, re-
sulting in greater degeneracies between molecular  yap1a £-2: Number of transits required to detect each molecule
absorbers. These enhanced degeneracies inhibit 10360 confidence for each of our test cases. A dash indicates that

robust molecular detections. This is particularly achievingq3.6qdeﬁection was not possible within 100 transits. Note
true for the detection of O-. the detection significance values for not calculated for molecules

? other than CH, due to the excessive computational expense associ-
ated with retrieving a broad wavelength, high resolution spectrum.

Trade Summary Band eaout g .
Given our wavelength and resolution trade ancpass eso3 Olétlon 30 CSO; 9’ 612(5)
space study of a TRAPPIST-1e like planet with an |36 o6 100 - o9 - 701
Earth-like atmospheric composition around a star 50 , 62 , ,
of K-band magnitude 9.85, we conclude that in . 100 846 | 59 | 577 | 434
o C T 3-11 microns
order for Origins to detect habitability indicators 20 - 61 | 709 | 583
and biosignatures CO,, O;, N,O/CH; to high A Iy i = %] 4.3
.. . 3-30 microns 50 95.6 55 64.8 528
significance (>3.60) and measure effective sur- 20 - 63 303 o
face temperature within a 5-year mission lifetime, 100 _ _ 819 _
. . 5-11 microns '
it must support a wavelength range of approxi- 50 - - 100 -
mately 3-30 microns and a spectral resolution of 100 - 31| 709 -
at least 50. Further simulations and retrievals on |30 micons gg - jég 1%30 -
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transmission and emission spectra showed that the 3-22 micron wavelength range was best for detect-
ing biosignatures/habitability indicators and constraining surface temperature, while simultaneously
falling within optimal design specifications for MISC-T.

From First Light to Life App E-11



@) ORIGINS

Space Telescope

APPENDIX F - INDEPENDENT STUDY OF LARGE COLD (<4.5K) TELESCOPE

An independent study of a cooling a large space telescope to 4.5 K or less is described in this paper
and supports the feasibility of cooling the Origins Space Telescope. Arenberg ez al. (2019) has a com-
prehensive discussion of a 4.5 K JWST architecture.

An Alternate Architecture for the Origins Space Telescope
Jonathan W. Arenberg, John Pohner, Michael Petach, Ryan Hall and Jeffrey Bautista
Northrop Grumman Aerospace Systems, Redondo Beach CA 90278

Abstract

This paper our investigation into adapting the design of the James Webb Space Telescope to the
needs and requirements of the Origins Space Telescope (Origins). Origins is mission study being per-
formed for the Astro 2020 decadal review and is a Far-IR mission, ~6-600 um with optics at 4K. This
low operating temperature is not achievable by passive means, requiring active cooling. We find this
cooling to be within the state of the art and discuss modifications needed to the JWST design necessary
to reach the needed temperatures. The thermal architecture and the heats loads at 18K and 4K are dis-
cusses as are the modification existing coolers necessary. Our ultimate conclusion is that 4K telescopes
are possible and in-family designs such as JWST can be modified to fulfill the needs of this mission.

Keywords: Origins Space Telescope

F.1 INTRODUCTION

'The Origins Space Telescope is a mission study being prepared for the Astro 2020 decadal. [/] Our
paper reports on the results of a study to re-use the design of the James Webb Space Telescope to the
extent possible. The motivation is quite simple reuse the JWST to the extent possible, resulting in a
6.5 m primary (approximately 23.4 m? collecting area) and avoidance of much of the non-recurring
expenses involved in the design of the space telescope. Our proposed architecture is called Origins
alternate architecture, to avoid confusion of this work the study’s baseline design

In some respects this study is deja vu. A previous decadal study called, Single Aperture Far Infra-Red
(SAFIR) pursued the same path of adapting the JWST design for the far-IR mission with the addition
of active cooling. [2] [3] These studies were performed from the vantage point of the early 2000’s made
two basic assumptions, the technical maturation of the planned cryo-coolers for JWST’s MIRI instru-
ment and the JWST design. At the time of this writing, 2019, both of these events have been realized.
This enables our modern study of this question based on validated flight JWST thermal models.

This quick study also presents an argument showing the truth in two seminal tenets. The first is that
4K class telescopes are viable and possible. These systems are a problem in design and manufacture,
they do not require new generations of cooling technology. The second tenet is that space observatory
architecture have mission flexibility and new missions can leverage previous designs to achieve higher
engineering productivity.

Because we are adapting a design for a mission it was not originally intended, we have taken a step

by step approach illustrated in Figure F-1.

F.2 Architecture and Loads

The alternate architecture is derived from the validated flight models used in the design and verifi-
cation of JWST. Figure F-2 shows a picture of the proposed configuration and identifies some of the
major changes to the Webb architecture.
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to get to a viable architecture

AW - Calculate cooler loads at 18K and 4K

« Using validated JWST thermal models what changes to the architecture must be made

« How can the MIRI cooler be adapted to the OST problem
- Number of coolers, loads, power and mass
- 6K reduced to 4K

Figure F-1: Steps in the definition of

3. Packaging

« Accommodation of coolers and radiators, instrument electronics, added electrical power

Origins” Alternate Architecture

«What instruments can be included in the alternate architecture
-1SIM available volume
- (G migration (momentum management)
- Cooling and other thermal interface considerations

JWST ISIM fixed and deployed thermal
radiators for NIR instruments have been
eliminated

JWST ISIM Electronics Compartment
(IEC)and ISIM Harness Radiator
(HR) eliminated. Electronics for Sls
are now housed in spacecraft bus

Figure F-2: View of the JWST derived Origins Alternate Architecture

0ST adds room-temperature deployed radiator
system to reject heat from cryocoolers that

Construction of insulation
enclosures and tube wraps
for all OTE hardware is MLI
for Origins. On JWST, itis a

mixof MLl and SLI

0ST eliminates IEC.
Diagonal shields to
enlarged to coverall
of the floor of the BSF

Table F-1: Modifications to the Webb architecture leading to Origins Alternate Architecture

Subsystem’ JWST Origins
Cooling Passive thermal architecture for mirror and all instruments except MIRI, | Active cooling of telescope optics and instruments to 4K
which is actively cooled to ~6K
Insulation Some sides of ISIM enclosure — as well as insulation for backplane Completely cover instrument volume and with high-performance
and BSF - covered with mixture of MLI and black Kapton SLUI for added | MLI to minimize refrigerant loads for instruments. Backplane and BSF
radiative cooling. structure are covered with MLI with low-¢ surfaces facing mirrors
Hamess Design | Design employs copper hamess running along the backplane and BSF, with | Electrical hamess will employ only PhBr or other low-k material in
OTE's use of PhBr restricted to the transition haress running from bottom | harnesses from DTA base upward.
to top of the DTA (where harness temperature gradients are the largest).
Aft optics AQS covered with black Kapton SLI with Kevlar mesh AQS insulated with MLI to better isolate AOS
subsystem (AQS)
A0S JWST cools FSM to <40K using two radiator panels and heat straps. Origins cools Fine Steering Mirror (FSM) and Tertiary Mirror (TM)
using heat straps connected to 4K cold finger.
Deployable Tower | Leaves almost all DTA tube surfaces bare. design makes extensive use of MLI and low- e surfaces to prevent
Assembly heat from 300K vibration isolator assembly near base of DTA from
radiating into cold side

From First Light to Life
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A more detailed listing of the differences be-
tween the Webb architecture and Origins alter-
nate architecture is given in Table F-1.

F.2.1 18K Thermal Loads

The Origins Alternate Architecture has two
temperature intercepts, 18K and 4K. At each
intercept the heat is removed by active refrigera-
tion. The JWST thermal model was modified as
described above and used to calculate the loads on
the cooler at various locations.

The 18K heat loads are considered first. The
surfaces shown in yellow on the backplane sup-
port fixture (BSF) in Figure F-3 can be cooled
to 18K to reduce the required cooling load for
the Primary Mirror (4K), Tertiary Mirror (4K),
Fine Steering Mirror (4K), and science instru-
ments (detectors potentially <1K). This is done
transferring heat from these locations to a limited
number of cold fingers using high-purity alumi-
num straps. The unmargined total heat from all
locations at 18 K is 203.9 mW.

Several other locations were selected to cooled
to 18 K. On Webb, all thermally-significant har-
nesses that run from warm spacecraft bus to cold
OTE must pass through a specific interconnect
panel, ICP6. This harness includes those for con-
trolling PMSAs, SM, and FSM, as well as OTE
deployments mechanisms and heaters, tempera- g2
ture sensors, etc. Cooling this ICP is an unimag-  Figure F-3: BSF 18K stage cooling locations are indicated by the
ined load of 339 mW. The other item selected as lettered points
for cooling is the Cold Junction Box (C]B) locat-
ed near ICP6 on underside of BSF floor. The harnesses for controlling PMSAs, SM, and FSM pass
through the CJB. Cooling CJB to 18K helps augment cooling at 18K and further reduces the heat
load on mirrors operating at 4K The predicted 18K heat load on the CJB is 38 mW. This gives a total
calculated 18K heat load of 581 mW.

F.2.2 4K Thermal Loads

The thermal loads on the optics are also calculated directly from the thermal model. Figure F-4
shows the heat loads on the primary mirror.

The total 4K load from the primary mirror is 118.8 mW. The very noticeable “hot spot” in the mir-
ror is due to an asymmetry in the design of the Webb harness, is clearly an area that can be investigated
for further improvement.

The 4K loads on the other optics have also been determined and are 9.9 mW for the secondary mir-
ror, 1.7 mW for the tertiary mirror and 4.7 mW for the fine steering mirror. This gives an unmargined
total of 143.3 mW at 4K.

Lightsey et al provides an assessment of the stray light performance of this configuration. [4]

From First Light to Life App F-3



@ ORIGINS

Space Telescope

Figure F-4: Primary Mirror Loads

N

OriginsF293

F.3 Cooler

From the preceding section the unmargined cooler loads have been calculated and are; 134 mW at
4K and 581 mW at 18K. As has been mentioned above, these loads are no margin applied to them and
are thus an optimistic estimate. To provide a more sober assessment of the alternate architecture ther-
mal challenge we adopted a 33% margin as the loads required. Other investigators use larger margins
on heat loads. The fact that validated models are used in this study justifies the smaller, but still signifi-
cant margins chose. Use of this margin gives the following loads: 178 mW at 4K and 1.005 W at 18K.

Reuse of the Webb architecture suggests that t cooler that will be used for the MIRI instrument will
be re-employed for Origins, as such no new cooler development is needed for Origins. The Webb MIRI
cooler has the requirements of 6.25K: 55 mW at 6.25K and 232 mW at 18K. It is our assessment that
an unmodified MIRI cooler is unsuitable for use in the Origins application. However, a high TRL mod-
ifications can be made that will allow for sufficient heat removal at 4K. [5] The cooler modification adds
a second JT compressor in series with MIRI cooler JT compressor. The additional compressor stage is
a modified JT compressor with 4X area pistons. These larger pistons are being used on other programs
and are this not new. The 1* stage recuperator tube diameters will be increased compared to MIRL. It
should be noted that this increase is small, and only the “trained eye” will notice the difference, without
the drawing to indicate dimensions. It is also remarked that this increase in tube diameter is local and
does not ripple through the system. Figure F-5 shows a diagram of the modified cooler.

With the margined loads above and using the anchored MIRI cooler mode modified to the Origins
cooler configuration, it is found that 3 coolers will be needed for the Origins mission. The estimated
electrical power needed is about 1.5 kW total, approximately 500 W/cooler.

Initial assessment is that *He and “He are viable options as the refrigerant gas. This selection will be
subject of a future trade.

F.4 Packaging
As part of this study an initial look at packaging the instrument and cooler electronics was per-
formed. One objective of this packaging study was to find room within the existing Webb spacecraft
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Figure F-5: 2 stage JTC compressor version of MIRI cooler modified for use on Origins

for the relocated instrument electronics, which in the Webb configuration are located on the cold
side of the sunshield. The second objective is to find a means to reject the additional 1.5 kW coming
from the additional cryo-coolers. In the Webb design heat form the single MIRI cooler is rejected on
a radiator panel forming a side of the bus. This is the location planned for the instrument electronics.

The solution for Origins to reject the heat from the 3 cryocoolers, is to have a deployable room tem-
perature radiator made of panels. Each panel measuring 1.25m by 0.7 m, with one panel per cooler.
The ensemble of radiations is capable of rejecting nearly 1.6 kW at 290K. This frees up the space now
used for MIRI and this is the initial location for the relocated instrument electronics. A sketch of this
layout is given as Figure F-6.

Another key consideration in this architecture is the ability to accommodate the science instruments.
To assess this the volume footprints of the existing Origins instruments were fitted to the available volume
in the JWST ISIM. Since the electronics for the instrument have been moved into the space craft volume,
there is additional volume available for instrument accommodation. The results of the instrumentation

These panels on bus + J2 and -J2 sides (employed for
MIRI cooler heat rejection on JWST) could be used to reject
payload electronics heat on 0ST mission :

Figure F-6: Instrument and Cooler elec-
tronics packaging

OriginsF295
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packaging study is shown in Figure F-7. To first order, all of the instrument envelopes can be accom-
modated. There are few areas of interference with current backplane struts and the Origins instrument
envelopes. These small interferences are not viewed as “show stoppers” as the instruments are represented
by their envelopes and these envelopes were developed for the Origins baseline not this architecture. Giv-

en the small size of the interferences, we are quite
confident a deliberate effort to accommodate the
Origins instruments would be successful.

We also examined the electrical power budget,
which is higher for Origins than for JWST, requir-
ing the addition of two extra panels to the current
5 panel array. This array packaged for launch is
shown in Figure F-8. This thicker stack does en-
croach of the keep put zones defined by the Ariane
5 launch vehicle. This small envelope violation is
not a “show stopper” for two reasons. The first
is that that envelope violations are small and in
family with others that we know of that have been
waived for JWST. Second is that when this JWST
derived Origins design might launch the Ariane 5
will be retired, so a small violation is no reason to
reject a concept at this level of development.

We also investigated the longer length of the
solar array for it potential interference with de-
ployment envelopes. In this case, the envelopes
are inviolate. To accommodate the longer solar
array the angle of deployed solar array had to be
adjusted down 10 degrees as show in Figure F-9.

From First Light to Life
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Figure F-9: Deployed envelope for Ori-
gins length array and adjusment to avoid
interference with the aft flap.

OriginsF298

Finally, a mass assessment was made based on the largely JWST mass properties and study values
for the instruments. All told the Observatory wet mass is approximately 6,505 kg, with small mass
margins on the JWST legacy hardware and the same mass growth allowance used by the Origins study
and reported there.[ /] Our study also indicates that the CG of the alternate architecture is compliant
to the requirements of JWST momentum management solution. Allowing us to conclude at the con-
ceptual level that once the alternate architecture has reached operating temperature, it can operated
in the same efficient manner as will JWST, allowing reuse of all the apparatus and software of Webb
planning and operations.

F.5 Summary

This brief report has shown that the concept of using a modified Webb architecture can meet the
thermal needs of Origins and is a viable concept. This alternate architecture employs 3 MIRI coolers
with well understood and demonstrated modifications to achieve the 4K required for Origins. The im-
portant conclusion here is that realizing a 4K space telescope is within the current state of technology
with no major developments required. A seminal argument the authors have been making in many
forums. [6]

It is also worth noting that baseline Origins design requires a similar number of state of the art cool-
er to our findings. [/] The Origins team approached the design problem in a very different way and
came to the same conclusion. Namely, Origins requires only a manageable number of existing coolers
to achieve its mission. In short, such observatories are viable and possible. The challenge to realizing
Origins lies in design and workmanship, not technology.

We have also demonstrated that there are possible observatory architectures that can accommodate
telescopes of various spectral ranges and operating temperatures. This exciting possibility opens the
way for planned reuse of architecture, design and hardware, providing an increase in productivity and
launch tempo that may well enable a sustainable future for such flagship missions. [7]
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Acronym Definition Acronym Definition
ACE Advanced Composition Explorer (MM Coordinate Measuring Machine
ACEIT Automated Cost Fstimating Integrated Tools CMMI (apability Maturity Model Integration
AG-Modulated | Alternating-Current Modulated (NES Centre National d'Ftudes Spatiales (National Center for
ACS Attitude Control System Space Studies)

ACTDP Advanced Cryocooler Technology Development Program (M&0 Center Management and Operations
ADC Analog digital Converter (MoS Complementary metal oxide semi-conductor
ADR Adiabatic Demagnetization Refrigerator (OBE Cosmic Background Explorer
ADRC Adiabatic Demagnetization Refrigerator Controller s Commercial off the shelf
AGN Active Galactic Nucleus or Nuclei CPA chrome-potassium-alum
ALMA Atacama Large Millimeter/submillimeter Array (Pl Cloud Particle Imager
AO Adaptive Optics (PM (ryogenic Payload Module
AO Announcement of Opportunity (PT Comprehensive Performance Test
A0S Aft Optics Structure (PU Computer Programmable Unit
APD Astrophysics Division (RM Continuous Risk Management
ARC AMES Research Center (RTBP Circular Restricted Three Body Problem
ARIEL Atmospheric Remote-sensing Infrared Exoplanet 0 Chief Safety Officer
Large-survey (TE Coefficient of Thermal Expansion
ASIC Application-Specific Integrated Circuits (TIA capacitive trans-impedance amplifier
ASIST Advance Spacecraft Integration and System Test vz Continuous Viewing Zone
ATP Authority/Authorization to Proceed DAC Distributed Monte Carlo Method Analysis Code
AU Astronomical Unit DAK Double Aluminized Kapton
B Billion DC Direct Current
BIB blocked impurity band DDL Detector Development Lab
BIRB Ball infrared Black DES Dark Energy Survey
BFR Big Falcon Rocket DET Direct Energy Transfer
BHAR Black-Hole Accretion Rate DIT Differential Impedance Transducer
BHARD Black-Hole Accretion-Rate Density DIT Dublin Institute of Technology
BLASTPol Balloon-borne LargeAperture Submillimeter Telescope for DM Deformable Mirror
Polarimetry DR dilution refrigerator
BOL Beginning of Life DRO Distant Retrograde Orbit
BW Bandwidth DSCOVR Deep Space Climate Observatory
BY Base Year (is defined equivalent to Fiscal Year (FY)) DSN Deep Space Network
C Cooper Pair DSOC Deep Space Optical Comm
CADR Continuous Adiabatic Demagnetization Refrigerator DTU Data Transfer Unit
(BE Current Best Estimate DTN Delay/Disruption Tolerant Network
(CA Cryocooler Assembly EAR Export Administration Regulations
(CHP Constant Conduction Heat PiDES EDRS European Data Re|ay Sys{em
CDF Cummulative Density Function EDU Engineering Demonstration Unit
(&DH Command and Data Handling FGSE Flectrical Ground Support Equipment
(DM Code Division Multiplexing ELT Extremely Large Telescope
(DR (ritical Design Review EM E|e(tr0magneﬂ(
(EA Ffench Alternative Energies and Atomic Energy Commis- EM Engineering Model
sdon : : EMC Flectromagnetic Compatibility
(EMA Cost Estimating and Modeling Analysis EMI Flectro-Magnetic Interference
cFE core Flight Executive EOL End-of-Life
(FRP (arbon Fiber Reinforced Polymer FoR Epoch of Reionization
a5 core Flight Software EPS Flectrical Power System
(GH computer-generated hologram ESA Furopean Space Agency
(GM (ircumgalactic Medium Al Engineering Test Unit
@nc interdigitated capacitor EQW Fquivalent Width
(A confidence levels F&A Facilities and Administrative
(M8 Cosmic Microwave Background Far- R SIG Far-IR Science Interest Group
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Acronym Definition Acronym Definition

FOM frequency-division-multiplexed IMP Instrument Mounting Plate

FIP Far-infrared Imager Polarimeter IMS Integrated Master Schedule

FIR Far-Infrared (~30-300um) IMS Inner Mirror Segments

FM Flight Model IMU Inertial Measurement Unit

FM Fold Mirror IPT In-Plant Transporter

FOG Fiber Optic Gyro IPAC Infrared Processing and Analysis Center

FoR Field of Regard IPC interpixel capacitance

FOR Flight Operations Review IR InfraRed

FOV Field of View IRAC InfraRed Array Camera

FPA Focal Plane Array IRAS InfraRed Astronomy Satellite

FPGA Field Programmable Gate Array IRS InfraRed Spectrometer (on Spitzer)

FPI Fabry-Perot interferometer IRSA IPACInfrared Science Archive

FRR Flight Readiness Review IS Image Surface

FS Fine Structure ISE Instrument Systems Engineer

FSM Field Steering Mirror ISM Interstellar Medium

FSR Final Systems Review 150 Infrared Space Observatory

FSW Flight Software 1&T Integration and Test

FTE full-time-equivalent ITAR International Traffic in Arms Regulations

FTS Fourier Transform Spectrometer [10S Integrated Test and Operations System

FUN CAls (alcium-aluminium-rich inclusions with isotopic mass JAXA Japan Aerospace and eXploration Agency
fraction‘ation effects and unidentified nuclear isotopic JOMT James Clerk Maxwell Telescope
anomal|e§ : : JHU Johns Hopkins University

FWHM Spectral Line FuII‘W|dth gt Half-Maximum L Jet Propulsion Laboratory

G(C Goddard Composite Coating 15 Johnson Space Center

G Guest Investigator JWST James Web Space Telescope

GLF gadolinium-lithium-fluoride KB Kuiper-belt

GMT Giant Magellan Telescope KDP Key Decision Point

GNC Guidance Navigation and Control KIDs Kinetic Inductance Detectors

G0 General Observer L inductor

GOES Geostationary Operational Environmental Satellite LCRD Laser Communication Relay Demonstration

GOLD Goddard Open Learning Design LEMNOS Laser-Enhanced Mission Communications Navigation and

GRC Glenn Research Center Operational Services

GSE Ground Support Equipment LFO Low Earth Orbit

GSFC Goddard Space Flight Center LEV SEL2 Earth-Vehicle

W gravitational wave LIGO Laser Interferometer Gravitational Wave Observatory

HAWG+ High-resolution Airborne Wideband Camera-plus LIR Infrared Luminosity

HEB Hot Electron Bolometer mixer LIRG Luminous Infrared Galaxies

HEMT High-electron-mobility transistor LISA Laser Interferometer Space Antenna

HERO HEterodyne Receiver for Origins M Lockheed Martin

HFI Planck High Frequency Instrument L0 Local Oscillator

HGA High Gain Antenna LOFAR Low Frequency Array

HIFI Heterodyne Instrument for the Far-Infrared L0l Libration Orbit Insertion

HIRMES High Resolution Mid-infrarEd Spectrometer L0S Line Of Sight

HQ NASA Headgquarters LRS Low-Resolution Spectrometry

HST Hubble Space Telescope LSST Large Synoptic Survey Telescope

HWP Half-wave Plate LTE Local Thermal Equilibrium

IBC impurity band conductor LV Launch Vehicle

IC integrated circuit LWS Long Wavelength Spectrometer (on infrared space

IDE Integrated Development Environment observatory)

IDL Instrument Design lah M Million

IF Intermediate Frequency MAST Mikulski Archive for Space Telescopes

IFU Integral Field Unit MAM Mission Assurance Manager

IGM Intergalactic Medium MCC Mid-Course Correction

IMF Initial Mass Function MDL microdevices lab
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Acronym Definition Acronym Definition
MDL Mission Design Lab PMBSS Primary Mirror Backplane Support Structure
MEB Main Electronics Box PMSA Primary Mirror Segment Assembly
MEL Master Equipment List PIA Propellant Isolation Assembly
MEMS Micro-Electro-Mechanical Systems PIR PAF Interface Ring
MEV Maximum Expected Value POM Pick-off-Mirror
MHD magneto-hydrodynamical PM Primary Mirror
MIR Mid-Infrared (~3-30um) PMD Propellant Management Device
MIRI Mid InfraRed Instrument PPM Pulse Position Modulation
MIRI-IFU Mid InfraRed Instrument Integral Field Unit PS Propulsion System
MISC Mid-Infrared Spectrometer and Camera PSE Power Supply Electronics
MISGT Mid-Infrared Spectrometer and Camera Transit Spectrom- PSF Point Spread Function
eter Module PS Pounds per Square Inch
MKID Microwave Kinetic Inductance Device PSR Pre-Ship Review
MLI Multi-Layer Insulation Q(Ds Quantum Capacitance Detectors
MOC Mission Operations Center QF quantum efficiency
MOR Mission Operations Readiness Review QML Quality Management Plan
MPC Minor Planet Center QS0 Quasi-Stellar Object
MPMF Mass Properties Measurement Facility R Resolving Power
MPSoC multiprocessor system-on-chip RA Resource Analyst
MPV Maximum Possible Value RAO Resource Analysis Office
MSE Mission Systems Engineer RF Radio Frequency
MSFC Marshall Space Flight Center RFSoC RF-system on chip
MSX Mid-course Space eXperiment RLP Rotating Libration Point
NASA National Aeronautics and Space Administration RM Risk Manager
NEA Noise Fquivalent Angle RMS Root Mean Squared
NEN Near Earth Network RMSWE Root Mean Square Wavefront Error
NEOCam Near-Earth Object Camera mission ROICs Read Out Integrated Circuits
NEP Noise Equivalent Power RV Radial Velocity
NIRCam Near-Infrared Camera RXTE Rossi X-ray Timing Explorer
NIRSpec Near InfraRed Spectrograph RY Real Year
NOEMA Northern Extended Millimeter Array S/A Solar Array
NRHO Near Rectilinear Halo Orbit SAFARI SpicA FAR-infrared Instrument
0FC0 Office of the Chief Financial Office SAM System Assurance Manager — check this. . "Safety”
OFSW Origins Flight SoftWare SAMPEX Solar, Anomalous, and Magnetospheric Particle Explorer
OMS Quter Mirror Segments SAT Strategic Astrophysics Technology
0PD Optical Path Difference B Spectroscopic Binary
Origins Origins Space Telescope SBC Single Board Computer
ORR Operations Readiness Review SBIR Small Business Innovation Research
0SS Origins Survey Spectrometer SBM Spacecraft Bus Module
IN Optical Telescope Element and Integrated Science Instru- SC Spacecraft
ment Module SCPPM Serially Concatenated Pulse Position Modulation
PACE Plankton, Aerosol, Cloud, ocean Ecosystem SCTILT Spacecraft Top-Level Integration and Test
PACS Photodetector Array Camera and Spectrometer 00 Scattered-Disk Object
PAF Payload Adaptor fitting S0 Solar Dynamics Observatory
PAH Polycyclic Aromatic Hydrocarbon SDSS Sloan Digital Sky Survey
PAH-SFR PAH Star Formation Rate SECCHI Sun Earth Connection Coronal and Heliospheric Investi-
PCA Pressure Control Assembly gation
PDR Preliminary Design Review SECO1 Second Engine Cut-0ff 1
PDR Photon-Dominated Region or Photo-Dissociation Region SED Spectral Energy Distribution
PEEK PolyEthylEtherKetone SED Sciences and Exploration Directorate
PER Pre-Environmental Review SELT Sun-Earth Libration Point 1
PES PRICE Estimating Suite SEL2 Sun-Earth Libration Point 2
PHOENIX A radiative-transfer atmosphere code (not an acronym) SEM Scanning Electron Microscope
PM Primary Mirror
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Acronym Definition Acronym Definition
SES Space Environment Simulator TESS Transiting Exoplanet Survey Satellite
SEU single event functional upsets TFSM Telescope Fine Steering Mirror
SF Star Formation 1D Total lonizing Dose
SFD source follower per detector M Technical Interchange Meeting
SFR Star Formation Rate TIP Transfer to Insertion Point
SFRD Star Formation Rate Density TIS Teledyne Imaging Sensors
SHI Sumitomo Heavy Industries T-L MISCTransit Spectrometer Long Wavelength Channel
SiC Silicon Carbide TLS two-level-system (fluctuators)
SIR System Integration Review ™ Tertiary Mirror
SIS Superconducting Insulating Superconducting mixer T-M MISC Transit Spectrometer Mid Wavelength Channel
SKA Square Kilometre Array TMA Triple Mirror Assembly
SLS Space Launch System TMA Three Mirror Anastigmat
M Secondary Mirror TMT Thirty Meter Telescope
SM3 Servicing Mission 3 TNO Trans Neptunian Object
SMA Secondary Mirror Assembly 100 Targets of Opportunity
SMA Safety and Mission Assurance TRAPPIST Transiting Planets and Planetesimals Small Telescope
SMBH Supermassive Black Hole TRL Technology Readiness Level
SMSS Secondary Mirror Support Structure TRMM Tropical Rainfall Mapping Mission
SIN See SNR (if we're using both, we should pick one!) 15 MISCTransit Spectrometer Short Wavelength Channel
SNe Supernovae 1™ Tip-Tilt Mirror
SNR Signal-to-Noise Ratio S MISC Tip-Tilt Sensor
SNR Supernova remnants ULE Ultra Low Expansion
SO0A state-of-the-art ULIRG Ultra-Luminous Infrared Galaxy
S0C Science Operations Center UpGREAT upgraded German REceiver at Terahertz
SOFIA Stratospheric Observatory for Infrared Astronomy UR University of Rochester
SPECULOOS Search for habitable Planets EClipsing ULtra-c00I Stars VDA Vapor Deposited Aluminum
SPF Space Power Facility VELLOs Very Low Luminosity Objects
SPICA SPace Infrared telescope for Cosmology and Astrophysics VNA Vector Network Analyzer
SPIFI South Pole Imaging Fabry-Perot Interferometer VSMOW Vienna Standard Mean Ocean Water (standard used for
SPIRE Spectral and Photometric Imaging Receiver D/H)
SQUIDs Superconducting Quantum-Interference Devices WBS Work Breakdown Structure
SRR System Requirement Review WHI MISC Wide Field Imager Module
SSDIF Spacecraft Systems Development and Integration Facility WFIRST Wide Field InfraRed Survey Telescope
SSPD Satellite Servicing Projects Division WFIRST/HLS WFIRST High Latitude Survey
SR Solid State Recorder WISE Wide-Field Infrared Explorer
SRON Netherlands Institute for Space Research WMAP Wilkinson Microwave Anisotropy Probe
<s Study Scientist WSC White Sands Complex
SSA Sun Shield Assembly XRCF X-Ray Calibration Facility
STOT Science and technology Definition Team Xov X-ray and Ultraviolet
STM Science Traceability Matrix Y50 Young Stellar Object
TSl Space Telescope Science Institute ZEUS redshift (Z) and Farly Universe Spectrometer
STTARS Space Telescope Transportation Air, Road and Sea
SV Servicing Vehicle
SWAS Submillimeter Wave Astronomy Satellite
SWS Short Wave Spectrometer (on Infrared Space Observatory)
T Transit Spectrometer
TAA Technical Assistance Agreements
TAC Time Allocation Committee
TAl International Atomic Time
18D To Be Determined
DM Time-Frequency Division Multiplexing
TDRSS Tracking and Data Relay Satellite System
TES Transition-edged Sensors
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