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• Low-risk, Spitzer-like closed architecture with a 1.8m primary aperture, actively 
cooled to < 8K (Reqt; CBE ~ 4.7K)   

• Two instruments dedicated for spectroscopy and spectro-imaging:
– DDSI (direct detection spectroscopy instrument)

• Low resolving power (R=100) broad-band ~35-260µm simultaneous in 4 channels
• Medium resolving power (R=20,000) in 156-180 µm (CII 157/H2O 180)  in one channel
• High resolving power (R=89,000-100,000) two channels with 10% BW (HD 112/OH 119; HD 56/OI 63)
• Low resolution spectral mapping mode allowing spectral imaging surveys
• High-resolution optimized for planet formation science objectives

– HSI (heterodyne spectroscopy instrument) 
• Three-bands
• Five-pixel x dual-polarization arrays per band, allow mapping and R=106-107 (<1 km/sec) spectroscopy
• Optimized for water pathways

• Five-year science mission operations: 25% PI-led & 75% GO science programs.
• $1B-class NASA science mission heritage at APL, delivered within budget.
• Substantial heritage designing, assembling, and delivering infrared space 

telescopes and IR instruments at Ball, with oversight from university PIs.
• Science Operations Center/Guest Observer Facility at IPAC. 
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• Observing time is proportional 
to the square of the sensitivity.

• At 4.7K and 1.8m 
FIRSST/DDSI is1600  (MEV) – 
3600 (CBE) times faster than 
Herschel/PACS instrument.

• FIRSST opens up a deep 
discovery space beyond all 
prior far-infrared missions.

• With a large sensitivity gain, it 
is guaranteed that any 
observation will lead to a new 
scientific discovery.

Use or disclosure of the data on this page is subject to the restrictions on the title page of this proposal
16 November 2023 E–2  NNH23ZDA021O 

as Herschel/HIFI for point sources, but improves mapping speed 
significantly with a multi-pixel array (Fig. E-2D).

FIRSST’s large FoR provides access to >50% of the sky, includ-
ing the entire anti-Sun hemisphere. Observatories with small FoRs 
(due to keep-out zones toward and away from the Sun) are restricted 
in when they can observe sidereal targets and severely limited in 
their ability to conduct non-sidereal and time-sensitive observations, 
particularly of solar system targets. FIRSST’s large FoR ensures 
greater target access and valuable scheduling flexibility and for all 
observational programs.

Observation Plans. FIRSST is agile and stable, achieving 90% 
observing efficiency with minimal slew/settle times and data down-
link interruptions. A BSM common to both DDSI and HSI and 
flexible mapping modes optimize observing time (Table E-2).

Spectroscopy of point sources is conducted with the space-
craft locked on target and optical signal modulation provided by 
the BSM (Fig. E-2D). 
FIRSST instrument 
sensitivities require 
point-source obser-
vations that last from 
several minutes in LR 
to many tens of hours 
in HR and HSI.

Spectral line map-
ping uses the BSM 
and/or spacecraft, 
depending on map 
size. Survey capabil-
ities require mapping 
medium to large areas 
with total integration 
times of hundreds of 
hours scheduled over 
multiple days.

A typical observatory day may involve multiple targets and both 
DDSI and HSI observations. HSI observations have priority during 
ADR recycling every 22 hours (§F.1.4.4). Data downlink occurs every 
3-4 days, for an estimated total of 500GBits/week (Fig. F-2F).

PI-led Investigation. Table E-3 outlines the time allocation pro-
file for the PI-led investigation over the five-year nominal mission. 
This profile reflects three goals. First, observations during year one 
showcase instrument capabilities, modes, and sensitivities, and form 
a mini early-release program led by the science team. Second, obser-
vations are distributed over the five years in a manner that allows 
for significant GO opportunities as soon as possible. Third, time 
allocations are balanced between objectives requiring less time and 
those requiring more time. This approach staggers objective com-
pletion across all five years, providing significant PI-led science 
milestones every year.

GO Program. We anticipate 25% of observatory time for PI-led 
science and 75% for GO programs. The PI-led science maintains the 
75/25% split between PI-led and GO programs under MEV instru-
ment performance scenarios expected in the threshold scenario; the 
difference is absorbed through allowed performance degradation 
built into the PI-led science program and changes to the total number 
of PI-led observing targets (§D.3). Starting in year 1, PI-led and GO 
programs can be scheduled concurrently, optimized to keep overall 
time spent on observations at 90% (MR7; Table D-9). 

Data Plans. §E.4 outlines data analysis and archival plans for the 
PI-led science and GO programs. After commissioning, the SOC 
releases all raw L0 data within one week of acquisition via IRSA 
(satisfying NASA SPD-41). Pipeline-processed L2 data are made 
publicly available within 6 months, and L3 data within 1–2 years. 
L4 releases vary depending on the science allocation profile; some 
programs take five years to complete and are released after Phase 
F (Table E-3).
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Fig. E-1. FIRSST improves sensitivity in the 
FIR with a 1.8m PM cooled to <8K (4.7K CBE). 
Left axis: Thin blue curves highlight telescope and 
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FIRSST Highlights
PI-led Science Investigation – 25% of observatory time

§ A diverse science team with existing experience covering all aspects of the mission, from 
science to instrumental techniques, and technologies.

§ PI-led science data to become public without any proprietary period.

Community-led GO Science Investigation – 75% of time
§ Unique features allowing efficient observations in the far-Infrared. – detailed in this talk.

Science Implementation
§ x40 (MEV) to x60 (CBE) more sensitive than ESA’s Herschel Space Observatory, the 

previous mission (2009-2013) at far-infrared wavelengths. 

Mission Implementation
§ Substantial heritage with successful $1B class missions at APL, delivering within budget.
§ Substantial heritage with science operations with past IR  missions at IPAC.
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Origins: A Mission for the Astronomical Community  
With more than three orders of 
magnitude improvement in 
sensitivity over Herschel and 

access to a spectral range spanning nearly 8 
octaves, Origins vastly expands discovery 
space available to the community. While the 
mission is designed to achieve a specific set of 
objectives, the science program is intended to 
be illustrative only. Origins is a community 
observatory, driven by science proposals 
selected through the usual peer-review 
process, as with existing NASA observatories.  

Unanticipated, yet transformative, 
discovery space: The impressive Origins-
enabled scientific advances discussed above 
are extensions of known phenomena.  

However, history has shown that order-of-magnitude 
leaps in sensitivity lead to discoveries of 
unanticipated phenomena.  For example, the 
sensitivity of IRAS over balloon and airborne 
infrared telescopes allowed the discovery of debris 
disks, protostars embedded within dark globules, 
Galactic infrared cirrus, and IR-bright galaxies, none 
of which were expected at the time of launch.  
Likewise, no study anticipated that Spitzer can study 
z > 6 galaxies, measure winds transporting energy in 
exoplanet atmospheres, and detect the dust around 
white dwarfs produced by shredded asteroids.  

Origins’ sensitivity exceeds that of its 
predecessor missions by a factor of 1000.  Jumps of 
this magnitude are very rare in astronomy, and have 
always revolutionized our understanding of the 
Universe in unforeseen ways. Thus, it is essentially 
guaranteed that the most transformative discoveries 
of Origins are not even anticipated today. 

 

 
Figure 7: Origins builds on substantial 
heritage from Spitzer to minimize schedule 
risks during assembly, integration and testing, 
and deployment risks in space. A cutaway view 
shows the locations of Origins instruments and 
major elements of the flight system. Origins, with 
an aperture diameter of 5.9 m and a suite of 
powerful instruments, operates with spectral 
resolving power from 3 to 3x105 over the 
wavelength range from 2.8 to 588 µm. Origins has 
the agility to survey wide areas, the pointing 
stabiity required to observe transiting exoplanets, 
and operates with >80% observing efficiency, in 
line with the approximately 90% efficiency 
achieved with Herschel and Spitzer. 
 
 

 
Figure 6: Origins’ key science program requires a cold 
telescope with a primary aperture diameter of 5.3 m. This 
requirement comes primarily from the exoplanet science 
case to detect biosignatures in a 5-year mission, given that 
transit durations are fixed and sensitivity cannot be 
recovered with a longer single-epoch integration. If the mid-
infrared exoplanet science case is descoped, the 
extragalactic study places an aperture size requirement of 
>5 m based on the need to detect a statistically significant 
sample of galaxies at z > 6. The minimum primary aperture 
diameter is 3 m to enable an effective extragalactic and 
Galactic science program, where source confusion 
compromise the telescope’s ability to conduct spectroscopic 
studies of galaxies and the sensitivity is not too poor to study 
water and gas in proto-planetary disks. 
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Origins Study Report; Origins Astro2020 Decadal Submission

Origins study showed imaging science 
objectives are significantly impacted at 
D < 3m.

Remaining science cases are all related to 
spectroscopic measurements.

Sufficiently large numbers of extragalactic 
and Galactic targets exist for spectroscopic 
measurements from existing (Herschel + 
Spitzer + JWST + ALMA) or upcoming 
facilities (e.g., SPHEREx, Euclid, Roman).

However, appropriately designed 
spectroscopy-focused instruments can also 
do wide area spectral line imaging  and 
extragalactic surveys  
– examples at the end with FIRSST.
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Seville, 3rd november 2023 
 
 
Subject: Letter of Support for the Far Infrared Spectroscopy Space Telescope mission 
(FIRSST) 
 
 
 
 
Dear Dr. Cooray, 
 
The Spanish Space Agency sincerely appreciates the importance of the FIRSST mission, 
a pointed observatory designed to provide far-infrared spectroscopy data. This mission 
is of great importance to Spain and builds on the rich legacy of ESA’s successful Herschel 
mission, which has fostered important scientific contributions from the Spanish infrared 
community. 
 
With this letter, the Spanish Space Agency expresses its interest in offering support to 
the FIRSST mission in response to NASA's 2023 Astrophysics Probe Explorer 
Announcement of Opportunity, dated July 31, 2023.  
 
While noting the high priority of the Spanish contribution to the FIRSST mission, the 
support to the Spanish activities will be according to the general policy of funding 
proposals on a competitive basis after proper evaluation, and subject to budgetary 
conditions. 
 
Yours sincerely, 
 
 

Miguel Belló Mora 
Director de la Agencia Espacial Española 
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National Centre for Space Studies (CNES) 
   

 

 

 

Strategy Directorate  
 

 Pr. Asantha Cooray 
University of California, Irvine 
4186 Frederick Reines Hall 
Mail Code: 4575 
Irvine, CA 92697 
USA 

 Paris, 02 November 2023 
N/Réf : DS/DAP/SUE-2023.0014690 

  

Object : Endorsement of a French contribution to FIRSST in response to the APEX call 
  

Dear Professor Cooray, 

The Centre National d‘Etudes Spatiales (CNES) is aware of the contribution of the French scientists in the FIRSST 
proposal submitted in response to the NASA’s first Astrophysics Probe Explorer (APEX) AO. FIRSST will be a 
major observatory to help solving a number of outstanding questions in astrophysics, including galaxy evolution, 
water trail in the interstellar medium, or planet-forming disks. The French scientific community, supported by 
CNES, has a long-standing interest and experience in these topics and in the associated space instrumentation, 
thanks to its major involvments in ISO, Herschel, Planck, and in the Spica studies. 

This French contribution is led by Dr. Martina Wiedner (Observatoire de Paris) and also involves Dr. Yan Delorme 
(Observatoire de Paris) and Dr. Maryvonnne Gerin (Observatoire de Paris). It includes, beyond the science 
contribution, the following elements of the FIRSST scientific payload: 

 A contribution to the system engineering of the Heterodyne Spectroscopic Instrument (HSI) 
 The procurement, qualification and tests of the HSI local oscillator 
 The design, procurement, qualification and tests of the HSI Band 1 SIS mixers 
 A contribution to the HSI science data processing 

Observatoire de Paris has an excellent track record of contributions to space missions, in particular regarding 
heterodyne instrumentation (Herschel, Juice). It led the HERO phase 0 for the ORIGINS preparatory study for the 
last US Decadal Survey in Astrophysics.  

Should this proposal be selected by NASA for a phase A, CNES intends to support the corresponding activities of 
the French contributors. 

Should this mission be selected as the first APEX mission, CNES will do its best efforts to secure the funding for 
the development and implementation of the proposed nationally provided elements. 

At CNES and at the laboratories, we look forward with enthusiasm to contributing to such an exciting mission. 
FIRSST will undoubtedly be a landmark in astrophysics. 

Sincerely,         
Olivier La Marle 

 
Head of Space Science 

Program 
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 Netherlands Research. School for Astronomy (NOVA)/Kapteyn  Nederlandse Onderzoekschool voor Astronomie 
The Netherlands Research School for Astronomy 

 
An alliance between the Universities of 

Amsterdam, Groningen, Leiden and Nijmegen 
 
 

D IR E C T O R S  OF F IC E  

NOVA NOVA tel +31 (0)71 – 527 5835 Bank: RABO bank Leiden 
P.O.Box 95 Niels Bohrweg 2 tel +31 (0)71 – 527 5837 IBAN NL78 RABO 0102468869 
2300 RA  Leiden 2333 CA  Leiden nova@strw.leidenuniv.nl t.n.v. UL-NOVA 
The Netherlands The Netherlands www.strw.leidenuniv.nl/nova Leiden 

 
 

Leiden, 
October 9th 2023 

 
 
Subject: Letter of Support for Far Infrared Spectroscopy Space Telescope mission (FIRSST) 
 
 
Dear Dr. Cooray, 
 
With this letter NOVA, the Netherlands Research School for Astronomy, including the Kapteyn Astronomical 
Institute of University of Groningen, commits to support the FIRSST mission in response to NASA’s 2023 
Astrophysics Probe Explorer Announcement of Opportunity, dated 31st of July 2023. NOVA and the Kapteyn 
Astronomical Institute see FIRSST as an exciting opportunity for a pointed observatory that will provide far-IR 
spectroscopy data. 
 
Our support will focus on the Heterodyne Spectrometer Instrument (HIS), led by Dr. Martina Wiedner, 
Observatoire de Paris – LERMA, as instrument PI. With expert staff and facilities available at our sub-mm and 
optical-infrared instrumentation groups, NOVA, including the Kapteyn institute, are fully committed to support 
FIRSST phase A effort, to deliver:  
 

• Opto-Mechanical design of High Spectral Resolu[on Instrument (HSI) for FIRSST 
 
We will provide these items upon approval of FIRSST Phase A by NASA. For phase A, the commitment is for: 
 

• 1,5 FTE of technical staff effort at the sub-mm and/or op[cal-infrared instrumenta[on groups (NOVA) 
• 0,5 FTE of scien[fic staff effort of Prof. Andrey Baryshev (Kapteyn Astronomical Ins[tute) 

 
The required resources for this effort are made available internally by NOVA and the Kapteyn Astronomical 
Institute and require no external funding. 
 
The Co-Investigators listed below have the full support of both NOVA and the Kapteyn Astronomical Institute: 
 

• Andrey Barychev, Deputy European PI of HSI, Co-I of FIRSST mission.  
 
NOVA and the Kapteyn Astronomical Institute affirms that FIRSST is an excellent mission concept that merits 
NASA consideration and approval. 
 
Sincerely, 
 
 
 
Dr. ir. Michiel Rodenhuis     Prof. Dr. Leon Koopmans 
Executive Director, NOVA     Director, Kapteyn Astronomical Institute 
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To remain as 
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Engineer
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Optics Lead

Yongsu Kim
Thermal Lead
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Formulation leads

Mickie Courtney
Proposal manager
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Smithsonian Astrophysical Observatory  

 

 
 
 

 
 
 
 
 
    
	

Email Lisa.Kewley@cfa.harvard.edu 

 

 

Center for Astrophysics | Harvard & Smithsonian 
60 Garden St., MS 45  

Cambridge, MA 02138 

 

                                    31 Oct 2023  
Professor Asantha Cooray         
University of California, Irvine 
4186 Frederick Reines Hall 
Irvine, CA 92697 
 
 
Subject: Letter of Endorsement for Far Infrared Spectroscopy Space Telescope mission 
 
 
Dear Professor Cooray, 
 
With this letter, the Smithsonian Astrophysical Observatory (SAO) commits to support the 
Far Infrared Spectroscopy Space Telescope (FIRSST) mission in response to the NASA 2023 
Astrophysics Probe Explorer Announcement of Opportunity dated 31 July 2023. 
 
SAO sees FIRSST as an exciting opportunity for a space-based observatory that will provide 
unique far-IR/submillimeter spectroscopy data deemed of very high scientific importance 
by the 2020 Decadal Review. 
 
SAO is fully committed to supporting FIRSST. SAO builds on its experience in far-infrared 
astronomy and the long history of the SAO Submillimeter Receiver Laboratory in building 
and testing submillimeter heterodyne instrumentation.  SAO also draws upon the extensive 
expertise of the SAO Central Engineering team in delivering flight hardware to a range of 
NASA missions, to integrate, test and deliver the contributed Heterodyne Science 
Instrument (HSI) for FIRSST, to support its scientific observations during the mission, and to 
deliver scientific input across the full PI-led science program for FIRSST.   
 
The SAO Co-Investigators are listed below: 
 

Paul Grimes, Physicist, HSI deputy-PI. 
  Gary Melnick, Sr Astrophysicist, HSI US instrument scientist. 
  Volker Tolls, Sr Astrophysicist, HSI level 3 data scientist. 
  David Wilner, Sr Astrophysicist, FIRSST science team. 
  Chunhua Qi, Astrophysicist, FIRSST science team. 
 
 

Michelle Goldman
Formulation leads
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SETI Institute
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Project Scientist
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Movement Consulting
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MIDEX 2016, Step 2 S P H E R E x Section M.3 
AO NNH16ZDA010O Resumes 

M.3-30 
Use or disclosure of information contained on this sheet is subject to the restriction on the Restrictive Notice page of this proposal. 

Gary J. Melnick 
Harvard-Smithsonian Center for Astrophysics 

60 Garden Street • MS-66 • Cambridge MA 02138 
(617) 495-7388 • gmelnick@cfa.harvard.edu 

Proposed Role in the Investigation: Co-Investigator 
Dr. Melnick will lead the SPHEREx Galactic Ice Survey program. As such, he 
will: (1) oversee the development of the Level 2 data pipeline work needed to 
produce the ice absorption spectra for analysis by the team; and, (2) coordinate 
the efforts of the team in the analysis and publication of the Ice Survey results. Dr. Melnick will 
also contribute to the SPHEREx inflation science goals.  

Experience Related to the Investigation 
For more than 40 years Dr. Melnick has been active in the design and building of infrared and 
submillimeter instrumentation, along with the interpretation of the data derived from these 
instruments, including more than 300 publications. These efforts include the design and building 
of infrared spectrometers for the NASA Lear Jet and Kuiper Airborne Observatories in the 
1970s and 1980s. From 1989 through 2005, Dr. Melnick served as the Principal Investigator for 
NASA’s Submillimeter Wave Astronomy Satellite (SWAS), a highly successful Explorer mission 
dedicated to the study of water in interstellar clouds. Dr. Melnick also serves as the Deputy 
Principal Investigator for the Infrared Array Camera (IRAC) aboard the Spitzer Space Telescope 
and served as Co-Investigator for the Heterodyne Instrument for the Far-Infrared (HIFI), one of 
three focal plane instruments that flew aboard the Herschel Space Observatory. Finally, in 2004 
and again in 2008, Dr. Melnick served as PI on two competitively-selected NASA studies of the 
Probe-class mission Cosmic Inflation Probe – a mission designed to constrain inflation 
parameters, including non-Gaussianity, using precise measures of large-scale structure. 
 
04/89–09/05 Principal Investigator, Submillimeter Wave Astronomy Satellite 
06/83–present Deputy Principal Investigator, Spitzer/IRAC Instrument 
06/04–09/09 Principal Investigator, Cosmic Inflation Probe, a NASA Mission Concept Study 

Education 
Ph.D. Astronomy, Cornell University, 1980 
M.S. Astronomy, Cornell University, 1979 
B.A. Physics, Cornell University, 1974 

Honors/Awards 
2004 NASA Group Achievement Award for SWAS 

Related Publications 
Bergin, Melnick, & Neufeld. 1998. “The Postshock Chemical Lifetimes of Outflow Tracers and a 

Possible New Mechanism to Produce Water Ice Mantles,” ApJ, 499, 777. 
Bergin, Neufeld, & Melnick. 1999. “Formation of Interstellar Ices Behind Shock Waves,” ApJ, 

510, 145. 
Melnick, et al. 2000. “The Submillimeter Wave Astronomy Satellite: Science Objectives and 

Instrument Description,” ApJ, 539, 77. 
Melnick, et al. 2008. “Detection of Extended Hot Water in the Outflow from NGC 2071,” ApJ, 

683, 876. 
Melnick, et al. 2011. “Distribution of Water in Molecular Clouds,” ApJ, 727, 13. 
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Harry I. Teplitz 
IPAC • California Institute of Technology 
M/S 314-6 • Caltech • Pasadena CA 91125  

(626) 395-1932 • hit@ipac.caltech.edu 

Proposed Role in the Investigation: Co-Investigator 
Work with IRSA to develop SPHEREx-specific tools to augment archival 
research capabilities, including web interfaces, data viewers, and features for 
moving/variable objects. 

Experience Related to the Investigation 
Dr. Teplitz is a Senior Research Scientist at IPAC/Caltech. He has extensive experience with 
infrared spectroscopy both from the ground and with HST and Spitzer. His research interests 
include multi-wavelength studies of galaxy evolution, and the contribution of galaxies to 
reionization. He is the PI of programs with HST (371 orbits combined) and Spitzer. 
2014–present  Science Lead for Euclid NASA Science Center at IPAC  
2009–present  Science Lead for NASA/IPAC Infrared Science Archive  
2007–2009  Spitzer Science Center, Post-BCD Tools Task Lead  
2002–2007 Spitzer IRS Instrument Support Team member  
1997–2002 Research Associate, STIS Instrument Definition Team, NOAO/GSFC  

Education 
Ph.D. Physics, University of California, Los Angeles, 1997  
M.S. Physics, University of California, Los Angeles, 1993 
B.S. Physics, Massachusetts Institute of Technology, 1991 

Honors/Awards/Panels 
NASA Group Achievement Awards (2010, 2012, 2013, 2014, 2016) 
NASA time allocation panels (HST 2006, 2008, 2014; GALEX 2005, SOFIA 2016) 

Related Publications 
Teplitz, H.I. et al., 2013, “UVUDF: Ultraviolet Imaging of the Hubble Ultra Deep Field with 

Wide-Field Camera 3”, The Astronomical Journal, 146, 159 
Siana, B., Teplitz, H.I., et al., 2010, “A Deep Hubble Space Telescope Search for Escaping 

Lyman Continuum Flux at z~1.3'”, The Astrophysical Journal, 723, 241 
Teplitz, H.I. et al., 2011, “Spitzer Infrared Spectrometer 16 micron Observations of the GOODS 

Fields”, AJ, 141,1 
Teplitz, H.I. et al., 2007, “Measuring PAH Emission in Ultradeep Spitzer IRS Spectroscopy of 

High-Redshift IR-Luminous Galaxies”, The Astrophysical Journal, 659, 941-949 
Teplitz, H. I. et al., 2003, “Emission-Line Galaxies in the STIS Parallel Survey. II. Star 

Formation Density”, The Astrophysical Journal, 589, 704-708 
Teplitz, H. I et al., 2000, “The Rest-Frame Optical Spectrum of MS 1512-CB58”, The 

Astrophysical Journal, 533, L65-L68 
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Volker Tolls 
Harvard-Smithsonian Center for Astrophysics 

60 Garden Street • MS66 • Cambridge MA 02138 
(617) 495-7432 • vtolls@cfa.harvard.edu 

Proposed Role in the Investigation: Co-Investigator 
Dr. Tolls will participate in the SPHEREx Galactic Ice Survey Program. He will 
contribute to the development of the Level 4 Ice Surveys data pipeline, he will 
develop ice absorption spectra analysis tools, and he will participate in the 
analysis and publication of the results of the SPHEREx Ice Surveys. 

Experience Related to the Investigation 
Dr. Tolls was the Instrument Scientist of the Submillimeter Wave Astronomy Satellite (SWAS), 
leading all ground-based and in-orbit science verification tests. He has also worked on an alternate 
pipeline for Spitzer IRS data. He is co-investigator of several proposed scientific concept studies. 
He has also worked intensively with Herschel HIIF, PACS, and SPIRE data including leading 
several large data reduction efforts. He is involved in the STO-2 and GUSTO NASA balloon 
project’s data reduction pipeline development. 
 
01/93–09/05 Instrument Scientist, SWAS 
09/03–12/14 Co-Investigator, Extra-solar Imaging Coronagraph, a NASA Concept Study 
06/04–09/09 Co-Investigator, Cosmic Inflation Probe (CIP), a NASA Concept Study 

Education 
Diplom, Physics, University of Cologne, Germany, 1988 
Doktor rer. nat. (Ph.D.), Physics, University of Cologne, Germany, 1992 

Honors/Awards 
1994–95, 1999, 2000 Award of Smithsonian Institution in recognition of “Special Achievement 

Reflecting a High Standard of Accomplishment” 
1995  NASA Special Act Group Award  
1999, 2004  NASA Group Achievement Award 

Related Publications 
Tolls, V., et al., “The Search for Star Formation in Inner Galactic Gas Clouds: IGGC 22,” AAS 

Meeting #231, #237.08, 2018 
Tolls, V. and Smith, H., “Hidden Star Formation in High-Velocity Gas Clouds in Clump 2 near the 

Edge of the CMZ,” Proc. IAUS, 322, 170, 2017 
Etxaluze, M. et al., “The Galactic Center in the Far-infrared,” AJ, 142, 134, 2011 
Melnick, G. J. et al., “Distribution of Water Vapor in Molecular Clouds,” ApJ, 727, 13, 2011 
Melnick, G. J. et al., “Herschel Search for O2 toward the Orion Bar,” ApJ, 752, 26, 2012 
Neufeld, D. A et al., “Herschel/HIFI Search for H217O and H218O in IRC+10216: Constraints on 

Models for the Origin of Water Vapor,” ApJ, 767, L3, 2013 
Melnick, G. J. et al., “Herschel observations of EXtra-Ordinary Sources (HEXOS): Observations 

of H2O and its isotopologues towards Orion KL,” A&A, 521, L27, 2010 
Tolls, V. et al., “Submillimeter Wave Astronomy Satellite Performance on the ground and in orbit,” 

ApJ, 152, 137, 2004 
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Michael Zemcov 
The Rochester Institute of Technology 

1 Lomb Memorial Dr. 17-3177 • Rochester NY 14623 
(585) 475-2338 • zemcov@cfd.rit.edu 

Proposed Role in the Investigation: Co-Investigator 
Prof. Zemcov will use his experience building, deploying, and analyzing data 
from near-IR and intensity mapping experiments to guide the instrument and data 
pipeline design to minimize systematics and susceptibility to astrophysical 
foregrounds. He will contribute to the development of the data reduction and calibration pipeline.  

Experience Related to the Investigation 
Over 15 years of research experience in experimental astrophysics and cosmology, with 
specialization in multi-wavelength studies of the extra-galactic infrared background, the cosmic 
microwave background radiation including polarization and the Sunyaev-Zeldovich effect, and 
reionization. Experienced in instrument design, integration, data analysis, and scientific 
interpretation of results. Extensive scientific and project management experience including a wide 
range of team sizes and platforms from ground based to sub-orbital and space observatories.  
2016–present Instrument Scientist, Cosmic Dawn Intensity Mapper Probe Study.  
2015–present PI, Cryogenic Star Tracking Attitude Regulation Sensor. 
2012–present Co-I, Tomographic Ionized Carbon Mapping Experiment. 
2009–2013 Associate Scientist, Herschel-SPIRE. 
2006–present Project Lead/Co-I, Cosmic Infrared Background Experiment 1& 2. 
2003–2008 Science team member, QUaD  CMB Polarimeter. 

Professional History 
2015–present Assistant Professor, Rochester Institute of Technology, Rochester, NY  
2009–present Affiliate Scientist, Jet Propulsion Laboratory, Pasadena, CA 
2009–2015 Senior Postdoctoral Scholar, California Institute of Technology, Pasadena, CA  
2006–2009 NASA Fellow, Jet Propulsion Laboratory, Pasadena, CA 
2006–2009 Visiting Scholar in Physics, California Institute of Technology, Pasadena, CA 

Education 
Ph.D. Physics, Cardiff University, Cardiff, United Kingdom, 2006 
B.Sc. Physics with Honours, University of British Columbia, Vancouver, Canada, 2002 

Honors/Awards 
2014 NASA Achievement Award for CIBER 
2010 NASA Achievement Award for Herschel-SPIRE Commissioning 
2006 NASA Postdoctoral Fellowship (2006–2009) 

Related Publications 
Zemcov, M., Smidt, J., Arai, T., et al., 2014. “On the Origin of Near-Infrared Extragalactic 

Background Light Anisotropy.” Science, 346, 6210. 
Zemcov, M., Arai, T., Battle, J., et al., 2013. “The Cosmic Infrared Background Experiment 

(CIBER): A Sounding Rocket Payload to Study the near Infrared Extragalactic Background 
Light.” The Astrophysical Journal Supplement, 207, 31. 
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Science Team

• A $1B-level multi-national science 
team.

• Phases A-F will last 15+ years; 
intent is to organically grow the 
next generation of far-IR proficient 
astrophysicists through training of 
post-docs and students.

• Already implemented through 
deputy roles assigned to early 
career scientists and engineers.

Dra. Nicole Cabrera Salazar
(Astrophysics PhD)
FIRSST Inclusion, Diversity, 
Equity, and Accessibility (IDEA) 
Implementation Lead. Prior 
experience working with NASA 
projects, including SMD 
Launchpad.

12

A separate company 
for evaluations and 
progress tracking.
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FIRSST Addresses Key Astro2020 Science Questions

December 4th 2023IRSTIG Seminar 13
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SG #5: Determine the influence of the intergalactic medium on galaxy-wide 
star formation.
SG #6: Determine the mass growth rate of galaxies from today to cosmic 
noon, across a range of galaxy properties, stellar masses, and environments.

SG #3: Determine the source of water in protoplanetary disks
SG #4: Determine the origin of water in terrestrial/rocky planets and the 
delivery of water to Earth’s oceans by comets.

SG #1: Determine the ability of planet-forming disks to form planets with 
masses down to super-Earths and mini-Neptunes.
SG #2: Determine how gaseous volatiles are distributed within and removed 
from disks, setting the timescale for planet formation and the composition of 
the resulting planets.

PI-Led Science Goals and Objectives

14
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Why are more planets in our Galaxy super-Earths and mini-Neptunes?
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How massive are planet forming disks?  
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ALMA measurements suggest very few planet-forming disks would have 
enough mass to form Jupiter-sized planets.

MJUP = 318 MEARTH



FIRSST
Charge #: X6CSDAYJ 
Service Now: 23-01791 
PI: Asantha Cooray 
PM: 

246, 152, 29
F6981D

78, 74, 144
4E4A90

48, 138, 186
308ABA

18, 52, 70
123446

49, 155 ,155
319B9B

ICON SWATCH RGB/HEX

209, 214, 39
D1D627

Fingerprinting Planetary Reservoirs

FIRSST
Charge #: X6CSDAYJ 
Service Now: 23-01791 
PI: Asantha Cooray 
PM: 

246, 152, 29
F6981D

78, 74, 144
4E4A90

48, 138, 186
308ABA

18, 52, 70
123446

49, 155 ,155
319B9B

ICON SWATCH RGB/HEX

209, 214, 39
D1D627

Fingerprinting Planetary Reservoirs

18

Expected FIRSST gas mass precision 

Herschel/PACS R=1500 

Resolving HD spectral lines is essential to: 
(1) measure the true line flux and 
(2) accurately measure disk gas masses.
(3) Break mass-temperature degeneracy with 
the ratio of HD J=2-1 and J=1-0 lines

Essential to resolve 
the double-horned
velocity profile 
from the Keplerian 
gas disk



SO #1: Disk Gas Mass

Objective: Assess total mass available to form 
planets, measure the statistical distribution of
protoplanetary disk gas mass down to 0.001M⦿.

Observations: HD J = 1 – 0 at 112 µm (primary 
line) and J = 2 – 1 at 56 µm (breaks temperature 
degeneracy) for 300 planet-forming disks out to 
200 pc in 2000 hours.

Requirements: Spectral line sensitivity of 3´10-20 
W m-2 to detect a MMSN disk at 3s in 30 hours, 
R (l/Dl) = 75,000 to spectrally resolve lines, and 
angular resolution < 25 arcsec to avoid confusion. 
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Objective: Establish timescale for planet formation, 
measure the mass loss rates of protoplanetary disks
down to 10-10M⦿ yr-1.
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SO #2.1: Photo-evaporation and timescale for 
planet formation



Objective: Establish timescale for planet formation, 
measure the mass loss rates of protoplanetary disks
down to 10-10M⦿ yr-1.

Observations: [OI] at 63 µm and [NII] at 112 µm for 
1000 planet-forming disks out to 200 pc in 500 hours.

Requirements: Spectral line sensitivity of 4´10-19 W 
m-2 at 122 µm to detect a MMSN disk at 200 pc at 5s in 1 
hour, R (l/Dl) = 75,000 to spectrally resolve lines, and 
angular resolution < 25 arcsec to avoid confusion.

Use or disclosure of the data on this page is subject to the restrictions on the title page of this proposal
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the brightest disks for line tomography. A total of 2000 hours over 
the 5-year mission will be needed for the entire disk mass program. 
Years 1–3 surveys starting with the most massive stars in the sample 
will identify the best targets for tomography in the final two years.
D.1.1.2. Disk Evaporation and the End of Planet Formation

SO2.1 Motivation. If significant gas is present when the plane-
tary cores of mini-Neptunes begin forming, accretion often produces 
giant planets instead.15 This suggests that smaller amounts of gas are 
present when they form. Planet formation timescales must thus be 
long compared to disk lifetimes, which are dictated by erosion due to 
photoevaporative winds (created by high-energy ionizing radiation 
from the central star). There are no robust observational constraints 
on this connection, especially for cooler gas at larger radii where 
most of the disk mass lies. Thus, it is uncertain how efficient pho-
toevaporation is during the 1–10Myr period when mini-Neptunes 
are expected to form. 

Current Understanding. High-energy X-ray and UV radiation 
from the star heats the disk surface, and can cause gas to escape, 
producing a photoevaporative wind. This rate is initially low com-
pared to the accretion rate of disk material onto the star, but as the 
disk evolves, wind mass loss can dominate accretion to open a gap. 
The inner disk can no longer be replenished and drains onto the star 
to leave a hole.16 The timescales and gap locations depend on the 
mass loss rates which are not currently constrained.

Although ionized wind tracers like [NeII] have been observed,17 
the ionizing agent is not certain. Models of extreme ultraviolet 
(EUV) photoevaporation predict low-mass loss rates of ~10−10 M⊙ 
yr−1, (ref. 18,19,20) while X-ray/far ultraviolet (FUV) emission leads to 
loss rates of ~10−8 M⊙ yr−1. (ref. 21,22,23) These rates span several orders 
of magnitude leading to different predictions for disk lifetimes and 
planet forming-potentials.

Objectives. FIRSST uses FIR fine-structure lines to diagnose 
the high-energy radiation fields impinging disk surfaces.24,25 Atomic 
oxygen [OI] at 63mm arises from neutral gas flows,26 driven by X-ray 
and FUV photoevaporation (Fig. D-2),27 while single ionized nitrogen 

[NII] 122µm traces ion-
ized EUV-driven f lows. 
By combining observa-
tions of [OI] and [NII], 
FIRSST discriminates 
for the first time between 
photoevaporation models, 
thus determining the disk 
gas removal rate and the 
timescale available to form 
mini-Neptunes. 

O b s e r v a t i o n a l 
Strategy. The [OI] and 
[NII] target lines are gen-
erally bright and can be 
detected at >5σ in less than 
30 minutes of observation. 
For the faintest candidates, 
[OI] is easily detected and 
[NII] may only be detect-
able at <5σ. The entire 
program targets a total of 
1000 disks (drawing from 
the same clusters listed in Table D-2 and adding lower mass disks) 
out to 500pc to build a large statistical survey. A total of 500 hours 
will be divided between Years 2 and 3. Observations will target the 
same clusters from Table D-2 to build a complementary dataset.
D.1.1.3. Locations and Mechanisms in Planet Formation

SO2.2 Motivation. The dust and gas in older debris disks are 
believed to be regenerated by collisions between planetesimals (i.e., 
comets and asteroids). Thus, their composition should reflect these 
underlying, larger bodies.28,29 The carbon-to-oxygen (C:O) ratio will 
provide constraints on the chemistry of debris disks in exoplanetary 
systems including whether conditions are oxidizing or reducing.30 
This is especially relevant today because JWST can measure this 

10–17
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(A) DDSI_HR1 [OI] 63µm Sensitivity (5σ; 1 hour)

(B) DDSI_HR.2 [NII] 122µm Sensitivity (5σ; 1 hour)
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Fig. D-2. With [OI] and [NII], DDSI-HR will 
distinguish between the two EUV and 
X-Ray/FUV photoevaporation models
for the first time. The expected range of 
[OI] (in A in blue) and [NII] (in B in orange) 
line fluxes in a 1MJup disk are shown a 
function of EUV luminosity. While the [OI] 
flux is not sensitive to EUV luminosity, [NII] 
shows a strong trend. The spread in val-
ues represents expected variation in X-ray 
luminosity.
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SO #2.1: Photo-evaporation and timescale for 
planet formation



Objective: Connect disk chemistry with planet 
composition, measure the C/O ratio in gas-rich
debris disks down to a CO gas mass of 10-6M⊕.
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SO #2.2: Gas remaining in debris disks to connect disk 
Chemistry with planetary compositions



Objective: Connect disk chemistry with planet 
composition, measure the C/O ratio in gas-rich
debris disks down to a CO gas mass of 10-6M⊕.

Observations: [OI] at 63 µm and [CII] at 158 µm for 
40 gas-rich debris disks in 500 hours.

Requirements: Spectral line sensitivity of 4´10-19 W 
m-2 to detect a CO gas mass 10-6 M⊕ debris disk at 5s in 1 
hour, R (l/Dl) = 75,000 for [OI], R (l/Dl) = 10,000 for 
[CII], and angular resolution < 25 arcsec to avoid 
confusion 
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for hundreds of exoplanetary 
atmospheres, allowing for a 
direct comparison between 
planets and the disks from 
which they formed.

Current Understanding. 
Scattered light and ALMA 
images show that planetesi-
mal birth rings in debris disks 
lie outside the water ice snow 
line, suggesting that planetes-
imals in these systems should 
be volatile-rich.31 However, 
directly measuring debris 
disks’ composition (e.g., CO, 

CO2) has been limited by sensitivity in the FIR and millimeter 
(Fig. D-3).32,33,34,35,36,37,38 UV absorption line spectroscopy provides 
an alternate way to study debris disk composition, but has been 
limited by target availability.28,39,40 

Existing studies suggest a dichotomy with directly-imaged mas-
sive planets having a solar C:O ratio (~0.5), while transiting exoplan-
ets exhibit a broad range from 0.3–1.6.41 This suggests that massive 
planets may form via accretion of large amounts of icy planetesimals, 
while low-mass planets have a mix of formation pathways. Properly 
connecting these expoplanet measurements with debris disk C:O 
statistics is essential to verify these trends.

Objectives. DDSI-HR sensitivity and resolution allow us to tomo-
graphically map the [OI] 63µm line and accurately determine the 
total [CII] 158µm line flux at medium resolution. In the brightest 
targets, HSI band 3 enables complementary high spectral resolving 
power observations of [CII] at R>106, but for the majority of disks 
R>104 with DDSI-HR3 is adequate for a total flux measurement. 
FIRSST combines C:O line flux density ratios from targets with 
ionization equilibrium calculations to interpret overall disk models, 
their time evolution, and to connect with C:O ratios for exoplanetary 
atmospheres. 

Observational Strategy. FIRSST measures the C:O ratio of cir-
cumstellar gas in ~40 gas-rich debris disks, a factor of ~5–10× more 
than previous missions leading to the first statistically significant 
sample (Fig. D-3). We estimate 10 hours per target with DDSI-HR, 
and an additional 10 hours with HSI band 3 for the five brightest 
targets. A total of 500 hours will be divided between Years 2 and 3. 
Year 3 observations will be used for [OI] and [CII] tomography of 
the brightest targets identified in the Year 2 survey.
D.1.2. Tracing Water to Rocky Planets

FIRSST traces the path of water from pre-stellar cores 
and disks to rocky planets.
Water’s origin in planetary systems is still debated. 
Water may be inherited from the prenatal cloud core or 

reformed from oxygen atoms in the cold outer protoplanetary disk 
and transported inward.42 Exoplanetary oceans might even have a 
mixed heritage. Chemical studies of Solar system comets and of 
the interstellar medium (ISM) suggest some inheritance occurs.43,44 

The level of inheritance likely depends on the chemical evolu-
tion of gas during prestellar core assembly45 and during star/disk 
formation.46 

Following the trail of water has important implications for pro-
toplanets with inheritance and reset scenarios resulting in radically 
different chemistry in the inner disk and, therefore, in the final 
planetary bulk compositions.47,48,49,50,51 Studying water in cores and 
disks and any environmental effects will help us understand how 
water and other volatiles are distributed across planetary systems 
and how they influence the habitability of exoplanets.
D.1.2.1. Water Inheritance vs. Regeneration 

SO3 Motivation. Water in cold (~10–20K) pre-stellar cores can 
be studied only at FIR wavelengths where its low-lying transitions 
occur (Fig. D-4). ALMA potentially has access to three transitions, 
although the atmospheric transmission at these frequencies is <20% 
for zenith water vapor ≥ 0.7 mm and angles away from the zenith, 
prohibiting their detection. JWST will detect H2O from planet-form-
ing disks, but emission at mid-infrared wavelengths is limited to 

Previous Herschel detections
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Expected FIRSST targets
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Fig. D-3. The sensitivity of DDSI-HR 
will increase the sample of debris 
disks with [OI] and [CII] detections 
by a factor of at least 5. Previous 
facilities detected emission from only a 
handful of debris disks.
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Water has to be delivered to terrestrial, habitable planets. 
Is habitability determined by natal cloud core environments or disk conditions?
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in cold pre-stellar cores.
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re-processed in disks.
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Objective: Determine if water in planet-forming disks is 
inherited from the ISM or regenerated within disks,
measure ortho-to-para and HDO/H2O ratios down to 
1M⦿ cores and ~0.03M⦿ disks.

Observations: Multiple o-H2O, p-H2O and
HDO emission lines in a total of 40 pre-stellar cores
and 40 protoplanetary disks around A and FGK (solar
type) stars in 4 star-forming regions, over 2800 hours.

Requirements: Spectral line sensitivity (varies) to 
detect multiple water lines of cores and disks in 10 
hours, R (l/Dl) = 106 to spectrally resolve infall and 
other water line structures.

Credit: Pezzuto+ (2021)
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upper energy levels 
≳1000K, tracing either 
the small H2O reser-
voir at sub-AU dis-
tances to the central 
star52 or the high disk 
atmosphere within a 
few AU.53 The primary 
H2O reservoir, how-
ever, extends through-
out the disk,54,55 is 
<1000K, and emits 
mainly in the FIR.

Current Under-
standing. Spitzer first 
detected warm H2O 
in inner disk regions56 Herschel demonstrated that H2O is found 
everywhere in the ISM, including in shocked regions.57 However, 
Herschel data only hinted at water’s presence in one prestellar core 
(Table D-2, left)58 and three disks.59,60,61 The lack of data at these 
early formation epochs severely limits our understanding of the 
origins of planetary water. 

Objectives. FIRSST targets 37 ground-state o- and p-H2O lines 
(Fig. D-4), enabling detailed analyses of water excitation and tem-
perature. HSI with R>106 traces infall kinematics to follow the flow 
of water from the ISM to the centers of pre-stellar cores at differ-
ent evolutionary ages and determines the radial distribution of disk 
water via line tomography (Table D-3).

Herschel studies have characterized water chemistry in the past,62 
but the full diagnostic power of water lines is yet to be exploited. HSI 
observation quantifies the inheritance of water through the HDO/
H2O line ratios in star-forming regions at different ages (e.g., ≲1Myr 
Ophiuchus, ~1−2Myr Taurus, and ~3Myr Lupus clouds). Deuteration 
(HDO/H2O ratio) and ortho/para-H2O (ref. 63) spin ratios are sensitive 
to formation temperatures and distinguish between water formed 
in cores and disks (Table D-4, left). Previous Herschel observations 

determined that water is produced by desorption of ice by FUV pho-
tons generated by cosmic rays (CR) in dense core interiors.64 Warmer 
temperatures due to higher CR ionization rates, e.g., in clustered vs. 
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Fig. D-4. FIRSST studies 37 H2O transitions 
with super level temperatures, Eu/k, ≤1000K 
at spectral resolving powers, R>105. In com-
parison, as shown above, JWST studies one 
transition at R~3,000, while ALMA potentially 
has access to three H2O transitions.

Table D-3. Summary of Key Observational Requirements for 
Science Objectives 1-3

HIGH SPECTRAL RESOLUTION: KEY TO ANSWERING ASTRO2020 QUESTIONS

Accurate Line Fluxes. Galactic sources, such as prestellar 
cores and young stellar objects exhibit complex line profiles 
due to infalls, outflows, and self-absorption (shown below).

HSI provides the required instru-
mental capability to spectrally 
resolve H2O lines. The o-H2O line in the 
prestellar core L1544 (Herschel/HIFI125) 
shows an infall signature, not seen in 
the oH2D+ line (CSO126). A high spectral 
resolving power R >106 (velocity resolu-
tion < 0.3 km/s) is essential to retaining 
absorption and emission components 
and obtaining accurate H2O line fluxes.
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Line Tomography. SO1 and 3.1 aim to recover masses with 
integrated line flux densities and the radial distributions 
using line profiles. The latter leverages Keplerian orbital 
motion within a disk for line tomography.127 DDSI-HR and HSI provide adequate 

resolution for line tomography 
studies to retrieve radial distribution 
of gas and cold water. A simulated 
water spectrum from an inclined disk 
(i=30) model128 shows contributions 
from different radial annuli; inner disk 
emission dominates in the line wings 
while outer disk emission dominates the 
line center flux.
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Synthetic o-H2O (110–101) 538μm spectrum
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Improving Weak-Line Detections. With lower spectral resolving powers, the line-to-continuum ratio 
also decreases as shown above and in Table D-1 (right). At velocity resolutions larger than the line 
width, weak lines become increasingly indistinguishable from instrumental noise, underscoring the 
need for high spectral resolution observations.
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Credit: Pezzuto+ (2021)
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isolated regions,65 will affect the line ratios, and studying different 
regions will untangle environmental effects.

Observational Strategy. For prestellar cores for ortho/para-
H2O ratios (Table D-4, top), FIRSST targets the brightest cores in 
Ophiuchus, Lupus, and Taurus, which are the progenitors of ~0.5−2 
M⊙ stars, to reveal signatures of inherited water. Cores with a peak 
H2 density of ~3×1022 cm−2, similar to or greater than L1544, yield 40 
starless core targets. The ground-state H2O transitions are expected 

to be the strongest lines, with line brightness of ~8×10−20 W m−2 for a 
1 M⊙ core with a column density of NH~1022 cm−2, with integration 
times of ~10 hours in each band to detect at >5σ the 270 and 538mm 
water and 336mm HDO lines at 0.1 kms−1 resolution with HSI.

To elucidate inheritance vs. reset water chemistry, SO3 also 
targets ~40 disks around clustered A-type (~2−3M⊙) and isolated 
FGK-type (~1M⊙) stars, at ages ranging from ≲1−3Myrs in the same 
star-forming regions. Model estimates of line fluxes are a (2−3)×10−19 
W m−2 for the 538mm o-H2O line f or a young (0.03 M⊙) disk around 
a Sun-like star at 150 pc. Detecting this line at >5σ at 0.3 kms−1 
resolution with HSI requires ~10 hours (Table D-3, bottom). We 
also estimate ~10 hours for detecting the weaker HDO 336µm line. 
Other lines, e.g., o-H2O 179µm originating from the inner ≲50AU 
planet-forming regions can be detected with shorter integrations. 
Optimizing an HSI observing program with multiple settings, we esti-
mate ~40 hours per disk. Inheritance is quantified by modeling and 
comparing observed HDO/H2O and o/p H2O ratios (Table D-4, top). 

This objective requires a total of 2800 hours over all years. Years 
1 and 2 will focus on core water. Pending results from the SO1 
survey, we will begin to target the more massive disks that show 
evidence for water emission in the DDSI-HR3 band in years 2 and 
3. In year 4, we will target fainter sources with longer 
observations.
D.1.2.2. Water Ice Available for Planets During and After Formation

SO4.1 Motivation. It is essential to take a water ice census in pro-
toplanetary and debris disks to understand water delivery to 
rocky planets. Measuring ice in protoplanetary disks reveals the 
water available for incorporation into growing planets. Such 
measurements of debris disks reveal the water successfully 
sequestered by exo-com-ets and available for late delivery to rocky 
planets. Water ice on dust grains is evident from FIR emission 
features, with distinct peaks for amorphous and crystalline ice (Fig. 
D-5). Ice forms cold and amor-phous, but crystallizes once heated 
and can remain crystallized after cooling. Crystalline water ice is 
prevalent in the outer Solar system,66 so measuring the 
crystallinity of disk ices indicates whether the thermal history of 
the Solar system is common or unique. 

Table D-4. Science Requirements Flow: 
Tracing Water to Rocky Planets

MEETING SCIENCE REQUIREMENTS

Science Objective 3. Determine if water in planet-forming 
disks is inherited from the ISM or regenerated within disks, 
measure ortho-to-para and HDO/H2O ratios down to 1M⊙ 
cores and ~0.03M⊙ disks. FIRSST will, for the first time, de-

termine the origin of water in disks. 
Measurements of the HDO/H2O (circles) 
and ortho/para ratios (triangles) exist 
for protostars and comets, but only one 
disk has an HDO/H2O129 and a different 
disk an o/p-H2O measurement.130 HSI 
will measure both ratios in 40 prestellar 
cores and 40 disks, thus completing the 
water trail. 
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upper energy levels 
≳1000K, tracing either 
the small H2O reser-
voir at sub-AU dis-
tances to the central 
star52 or the high disk 
atmosphere within a 
few AU.53 The primary 
H2O reservoir, how-
ever, extends through-
out the disk,54,55 is 
<1000K, and emits 
mainly in the FIR.

Current Under-
standing. Spitzer first 
detected warm H2O 
in inner disk regions56 Herschel demonstrated that H2O is found 
everywhere in the ISM, including in shocked regions.57 However, 
Herschel data only hinted at water’s presence in one prestellar core 
(Table D-2, left)58 and three disks.59,60,61 The lack of data at these 
early formation epochs severely limits our understanding of the 
origins of planetary water. 

Objectives. FIRSST targets 37 ground-state o- and p-H2O lines 
(Fig. D-4), enabling detailed analyses of water excitation and tem-
perature. HSI with R>106 traces infall kinematics to follow the flow 
of water from the ISM to the centers of pre-stellar cores at differ-
ent evolutionary ages and determines the radial distribution of disk 
water via line tomography (Table D-3).

Herschel studies have characterized water chemistry in the past,62 
but the full diagnostic power of water lines is yet to be exploited. HSI 
observation quantifies the inheritance of water through the HDO/
H2O line ratios in star-forming regions at different ages (e.g., ≲1Myr 
Ophiuchus, ~1−2Myr Taurus, and ~3Myr Lupus clouds). Deuteration 
(HDO/H2O ratio) and ortho/para-H2O (ref. 63) spin ratios are sensitive 
to formation temperatures and distinguish between water formed 
in cores and disks (Table D-4, left). Previous Herschel observations 

determined that water is produced by desorption of ice by FUV pho-
tons generated by cosmic rays (CR) in dense core interiors.64 Warmer 
temperatures due to higher CR ionization rates, e.g., in clustered vs. 
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Fig. D-4. FIRSST studies 37 H2O transitions 
with super level temperatures, Eu/k, ≤1000K 
at spectral resolving powers, R>105. In com-
parison, as shown above, JWST studies one 
transition at R~3,000, while ALMA potentially 
has access to three H2O transitions.

Table D-3. Summary of Key Observational Requirements for 
Science Objectives 1-3

HIGH SPECTRAL RESOLUTION: KEY TO ANSWERING ASTRO2020 QUESTIONS

Accurate Line Fluxes. Galactic sources, such as prestellar 
cores and young stellar objects exhibit complex line profiles 
due to infalls, outflows, and self-absorption (shown below).

HSI provides the required instru-
mental capability to spectrally 
resolve H2O lines. The o-H2O line in the 
prestellar core L1544 (Herschel/HIFI125) 
shows an infall signature, not seen in 
the oH2D+ line (CSO126). A high spectral 
resolving power R >106 (velocity resolu-
tion < 0.3 km/s) is essential to retaining 
absorption and emission components 
and obtaining accurate H2O line fluxes.
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Line Tomography. SO1 and 3.1 aim to recover masses with 
integrated line flux densities and the radial distributions 
using line profiles. The latter leverages Keplerian orbital 
motion within a disk for line tomography.127 DDSI-HR and HSI provide adequate 

resolution for line tomography 
studies to retrieve radial distribution 
of gas and cold water. A simulated 
water spectrum from an inclined disk 
(i=30) model128 shows contributions 
from different radial annuli; inner disk 
emission dominates in the line wings 
while outer disk emission dominates the 
line center flux.
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Improving Weak-Line Detections. With lower spectral resolving powers, the line-to-continuum ratio 
also decreases as shown above and in Table D-1 (right). At velocity resolutions larger than the line 
width, weak lines become increasingly indistinguishable from instrumental noise, underscoring the 
need for high spectral resolution observations.
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Objective: Determine the water content available
for fully formed planets, measure the fraction of 
water ice mass to 5% in debris disks.
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Objective: Determine the water content available
for fully formed planets, measure the fraction of 
water ice mass to 5% in debris disks.

Observations: Emission bands of amorphous and 
crystalline water ice in 40 debris disks around FGK 
(solar type) stars, over 200 hours.

Requirements: Spectral line sensitivity of 3´10-21

W m-2 to 43, 47 and 63 µm ice features at 5s in 
1hr at R (l/Dl) = 50.

Use or disclosure of the data on this page is subject to the restrictions on the title page of this proposal
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Current Understanding. The ISO mission detected FIR ice 
features from a few bright (Fν>10 Jy) protoplanetary disks.67,68,69 
Herschel/PACS tentatively detected 63µm crystalline ice from a few 
disks around T-Tauri stars.70 There are no confirmed detections of 
ice in debris disks. Water ice also has absorption features at JWST 
wavelengths (~3µm), but dust in debris disks is too tenuous to detect 
in absorption, and for protoplanetary disks these features probe ice 
only near the disk surface.71,72 

Objectives. FIR features, especially from 40-55µm, are ideal 
for measuring both the amount and phase of water ice in disks. 
This wavelength range was not accessible by Spitzer, Herschel, or 
JWST, but are readily accessible to DDSI-LR. By comparing with 
Solar system comets and Kuiper belt objects, we can also determine 
whether the abundance of water ice in the Solar system is typical.

Observational Strategy. Ice features can be detected at SNRs 
>100 in a 1-hour integration (Fig. D-5). FIRSST measures the
water ice content of
~40 debris disks and 
probes the cometary 
analogs of other exo-
planetary systems. 
An additional pilot 
study measures ice 
in protoplanetary 
disks. The sample 
overlaps with disks 
whose water vapor 
lines are observed 
with FIRSST, yield-
ing a comprehensive 
census of water in 
all phases in plan-
et-forming disks.

A total of 100 hours 
are needed for the 
ice feature detection 

program will be made in Year 1. The identification of solid state ice 
features will facilitate the selection of suitable debris disk targets 
for SO2.2 and water vapor measurements for SO3 in years 2-3.
D.1.2.3. Comets and the Origin of Earth’s Oceans

SO4.2 Motivation. Earth’s water may have originated from the 
inner disk, transported from the outer disk,73,74 or been delivered 
later by asteroids, comets, and meteoroid impacts.75 The chemical 
and thermal histories of small bodies like comets contain vital clues 
to this early dynamical evolution of the Solar system. Cometary 
D/H ratios are critical to assessing whether comets delivered water 
to Earth, and comparing cometary D/H ratios with protoplanetary 
and debris disks could provide clues to the location within the disk 
from which cometary ices accreted.

Current Understanding. The cometary contribution to Earth’s 
water remains unclear due to widespread uncertainties in cometary 
water D/H values (Fig. D-6). There are no defined trends in D/H 
ratios between different dynamical families, long-period Oort cloud 
vs. short-period Jupiter-family comets, or between comets of differ-
ing activity levels/outgassing modes.76 Current remote observations 
are sensitivity-limited and biased towards higher D/H values; all 
13 existing D/H values are >1.5×10−4, the value of Vienna Standard 
Mean Ocean Water (VSMOW). While HDO line studies are unaf-
fected by atmospheric absorption, unlike the H2O line that requires 
a facility above the atmosphere, the precision needed to detect faint 
HDO emission for D/H values below 1.5×10−4 remains challenging 
even for ALMA. Accurate cometary D/H statistics can be obtained 
only with concurrent HDO/H2O measurements.

Objectives. FIRSST measures the D/H ratio of cometary water 
down to values below 5×10−4—lower than can be reached with cur-
rent ground-based HDO observations. To do this, FIRSST observes 
the 509GHz HDO line and multiple H2O lines with HSI band-1. The 
D/H ratio is obtained with H2O and HDO production rates based 
on LTE radiative transfer modeling. FIRSST thus assesses wheth-
er comets have a wider D/H distribution than implied by current 
measurements. 
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Fig. D-5. DDSI-LR measures water ice for the 
first time, with short integration ties even for 
low mass and distant disks. DDSI-LR covers 
the crucial 40–55μm range, previously inacces-
sible by Spitzer and Herschel. Simulated DDSI-LR 
(CBE noise) spectra from an optically thin dust 
model of a faint (10mJy at 70μm) debris disk are 
shown for varying amorphous and crystalline ice 
content which can be easily distinguished with 
~1-hour observations.
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Objective: Address how inner planets, including Earth, received 
water by measuring the D/H ratio
below 5×10-4 and the D/H ratio variations across the outer 
regions of the solar system.
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SO#4.2: Address how inner planets, including 
Earth, received water



Objective: Address how inner planets, including Earth, received 
water by measuring the D/H ratio
below 5×10-4 and the D/H ratio variations across the outer 
regions of the solar system.

Observations: Emission lines of H2O and HDO for 10 comets 
over a range of heliocentric distances and for both
periodic and Oort cloud comets; map D/H in the coma of 5 bright 
comets.

Requirements: Spectral line sensitivity of 1x10-19 W m-2 to detect 
H2O and HDO lines in comets for D/H values similar to VSMOW 
disk at 5s in 12 hour, R (l/Dl) = 106 to spectrally resolve lines, 
and HSI mapping capability to separate emission from coma and 
nucleus.
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Comets may have 
asymmetric coma, 
and outgassing from 
icy grains may induce 
complex it ie s .  To 
determine the coma 
physical structure, 
SO4.2 also maps the
extended H2O emis-
sion within a few hun-
dred arcseconds of the
nucleus. This tests the 
hypothesis that come-
tary coma grains have 
a different D/H ratio 
than bulk nucleus 
ices, and opens new 
avenues for the study 
of the origins of water 
to rocky planets.

Obser vat iona l 
Strategy. Despite its 
85° Solar avoidance angle and the >2π sr instantaneous FoR that 
allows observations in the anti-Sun direction, SO4.2 is subject to 
the rate of cometary appearances. Over the five-year mission, using 
ephemeris data from JPL Horizons Small-Body Database, FIRSST 
projects highly accurate D/H ratio measurements for 10 comets. For 
a comet at 1.5AU from the Sun and 1AU from Earth, and assuming 
D/H=2.1×10−4 and a water production rate of Q(H2O)>1.5×1028 s−1, 
representing a moderate-to-low cometary activity, the HDO line can 
be detected at >10σ confidence in 2 hours. H2O lines are detected at 
much higher significance. We estimate that at least five of the total 
comet sample will be bright (active) enough to obtain spatially-re-
solved maps of D/H ratios. 

D.1.3. Unveiling the Drivers of Galaxy Growth 
FIRSST provides unobscured measures of galaxies.
A key theme for Astro2020 is to unveil how galaxies 
grow. The FIR wavelength regime is rich with molecular 
and fine-structure lines that capture the unique spectral 

fingerprints of gas, dust, and stars in all phases of the ISM (Table D-5). 
These line features allow studies related to the interplay between star 
formation (SF) and active galactic nuclei (AGN) activity in galaxies, 
and how gas flows in and out of galaxies as part of the baryon cycle. 
The FIR fine-structure lines also contain pivotal indicators of the 
abundance of metals in galaxies. The PI-led science program focuses 
on the star-forming gas and the metallicity evolution. 
D.1.3.1. Gas Mass Census of Nearby Galaxies

SO5 Motivation. We must understand how stars form out of a 
complex ISM to understand galaxy evolution. Even at low metal-
licity, stars are thought to form from H2, but there are contrasting 
theories about how star formation is fostered by the transformation 
of atomic HI gas to molecular H2.

Current Understanding. One class of galaxy-wide models 
describes SF as a “self-regulating” process dictated by the balance 
between energy and momentum input from young, massive stars.77,78 
Observationally, this means that the star formation rate (SFR) sur-
face density ΣSFR correlates with dynamical equilibrium pressure in 
the galactic disk.79 These are top-down models because they rely on 
the overall pressure balance of the large-scale disk. 

A second class of models focuses on the observed inefficiency 
of SF, because only a few percent of available gas is converted to 
stars. These bottom-up models explain the SF inefficiency on small 
scales and build a galaxy-scale SF law as the sum of small-scale 
relations.80,81,82

In the two-phase ISM,83,84,85,86 most ISM mass resides in two 
phases: the cold neutral medium (CNM; T≈30-50K) and the warm 
neutral medium (WNM; T≈5×103K). Photoelectric (PE) heating by 
stellar FUV photons impinging on small grains maintains the ther-
mal pressure between the two ISM phases.87 In these two phases, 
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Fig. D-6. FIRSST determines distribution 
of cometary D/H values down to 5×10−5. A 
compilation of data from remote IR and submil-
limeter spectroscopy and in-situ mass spec-
trometry131,132,133 is shown above. D/H values for 
comets and Earth (labeled as VSMOW) overlap, 
indicating that part of Earth’s oceans could have 
been delivered by comets, or that part of the 
comet population could have delivered all of 
Earth’s water.
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SO#4.2: Address how inner planets, including 
Earth, received water



33

FIRSST bridges the crucial wavelength 
gap between ALMA and JWST.

FIRSST allows studies in the peak of 
the dust emission.

FIRSST captures emission from stars, 
gas, and supermassive blackhole 
activity in galaxies through multiple 
atomic and molecular lines.

FIRSST
Charge #: X6CSDAYJ 
Service Now: 23-01791 
PI: Asantha Cooray 
PM: 

246, 152, 29
F6981D

78, 74, 144
4E4A90

48, 138, 186
308ABA

18, 52, 70
123446

49, 155 ,155
319B9B

ICON SWATCH RGB/HEX

209, 214, 39
D1D627

Unveiling the Drivers of Galaxy Growth



Objective: Establish the mass growth rate of galaxies
using the evolution of O/H abundance, conduct a metal 
line survey out to cosmic noon in bins of redshift, stellar 
mass, IR luminosity, AGN activity, and environment, 
down to down to 1011 L⦿ at z=0.5, 1012 L⦿ at z > 1.
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SO #6: Galaxy mass growth over cosmic history
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>NII@ tracing the ionized medium, provide key 
insights into ISM physical conditions. 

Objectives. :hile top-down models are inde-
pendent of galaxy metallicity, it is a fundamental 
parameter of bottom-up models. At solar metal-
licity, most of the carbon in molecular clouds is 
CO. However, in strong interstellar radiation fields, 
or in low-metallicity environments such as dwarf 
galaxies or the outer regions of galactic disks, 
CO tends to photodissociate, leaving singly-ion-
ized or atomic carbon. Consequently, in these 
regions of CO-dark gas,81 H2 is better traced by 
>CII@. To distinguish the two main paradigms of 
SF, we need a complete census of the H2�HI gas 
mass budget and its dependence on metallicity. 
This can be achieved with diagnostics of the gas-
phase structure²namely where HI in the warm 
gas transforms into H2 in the cold gas in which 
stars can form.

:ith high spectral resolving power, DDSI-HR3 
reveals CO-dark gas as traced by >CII@ in a large 
sample of nearby galaxies, extending Herschel 
studies that targeted only the Milky :ay and the 
Magellanic Clouds. :ith an ionization potential of 
11.26e9, >CII@ emission can be found in dense pho-
todissociated regions (PDRs), diffuse neutral gas, 
and ionized gas. DDSI-HR’s high spectral resolv-
ing power allows a comparison of >CII@ velocity 
profiles to those of >OI@ (warm, dense, atomic gas� 
PDRs) and >NII@ (ionized gas). Thus, mapping both 
>OI@ and >NII@ is needed to disentangle the origin 
of >CII@. It also enables a study of the 3D structure 
of the ISM. Fig. D-7 demonstrates that the >CII@ 
and >OI@ observations will identify the :NM-
CNM transition in galaxy disks.82

Table D-5. Key Infrared Diagnostics Reveal Drivers of Galaxy Growth
EMISSION FEATURE 

(WAVELENGTH IN μm)

IONIZATION 
POTENTIAL  

(eV)

OBSERVABLE  
REDSHIFT RANGE  

FOR DDSI
DIAGNOSTIC UTILITY

Ionized Atomic Gas

[Mg V] 13.5 
[Ne V] 14.3, 24.3
[O IV] 25.9

[S IV] 10.5
[Ne II] 12.3
[Ne III] 15.6, 36.0
[S III] 18.7, 33.5
[Ar III] 21.8
[O III] 51.8, 88.4
[N III] 57.3
[N II] 122, 205

109.0
97.1
54.9

34.8
21.6
41.0
23.3
27.6
35.1
29.6
14.5

1.6 < z < 18
1.4 < z < 9.7 
0.3 < z < 9.0

2.3 < z < 24
1.8 < z < 20
1.2 < z < 6.2
0.8 < z < 6.8
0.6 < z < 11
0.0 < z < 1.9
0.0 < z < 3.5
0.0 < z < 0.3

AGN strength
AGN strength, electron density
AGN strength, radiation field hardness 

SF rate and strength, metallicity 
SF rate and strength/HII region, metallicity
SF rate and strength/HII region density, metallicity
SF rate and strength/HII region density, metallicity
SF rate and strength/HII region
SF rate and strength/HII region density, metallicity
SF rate and strength/HII region, metallicity
SF rate and strength/HII region density, metallicity

Neutral Atomic Gas and Photodissociation Regions

[Si II] 34.8
[O I] 63.1, 145
[C II] 158

8.20
--

11.3

0.0 < z < 6.5
0.0 < z < 0.8
0.0 < z < 0.7

Photodissociated region (PDR) density and 
temperature, radiation field strength, transition 
between WNM/CNM

Molecular Gas

H2 9.66, 12.3, 17.0, 28.2 1.8 < z < 8.2  
(3+ lines)

Feedback, shocks, X-ray dominated regions, gas 
mass and column density, abundance, PDRs

HD 37.0, 56.0, 112 0.0 < z < 1.3
OH 34.6, 53.3, 79.1, 98.7, 

119, 163
0.0 < z < 1.6  

(4+ lines)
H2O 73.5, 90.0, 101, 107, 

180, 245, 258, 260
0.0 < z < 1.4  

(4+ lines)

High-J CO ~2600/J  
(J > 10)

0.0 < z < 1.2  
(4+ lines)

Dust

PAH 6.25, 7.66, 8.55, 
11.2, 17.0

Silicate 9.70, 18.0

2.1 < z < 14  
(2+ lines)

2.6 < z < 13

PDR tracer, dust mass and distribution
Grain properties, redshift indicator
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IIZw40

NGC1140 NGC5253
SBS0035−052

IZw18DDO87

NGC1569

IC10

● High−z sample
Spirals Kennicutt (1998)
Starbursts Kennicutt (1998)
False colors: Bigiel+ (2008)

All resolved measurements
(except Kennicutt)

● Dwarf galaxies (HI only)
Dwarf galaxies (HI+ H2)

(Blue compact dwarfs, LITTLE THINGS, SHIELD, FIGGS, VLA−ANGST)

Bottom-up

Pressure regulated, feedback modulated models 
relate star-formation rate (SFR) surface density with 
dynamical equilibrium pressure in stellar+gas disk

Galaxy-scale star formation constructed from small-
scale relations. Needs gas column densities and 
shielding to form H2, thus SF depends on metallicity.

Top-down
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SO #5: Dominant Mode of Star Formation in Galaxies
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Objective: Distinguish between two competing
models (top-down and bottom-up), map the
ionized gas distribution in the multi-phase medium
of galaxies down to dwarf galaxy masses of 106 M⦿.

Selected from the volume-limited (D ≈ 11Mpc) 
Nearby Galaxy Catalogue (NGC).
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to be effective.100 The ratio of these lines, N/O, 
is a sensitive probe of SF histories, as galaxies 
with similar metallicity can have drastically dif-
ferent N/O ratios due to differences in their SF 
efficiencies.101 By comparing metallicity mea-
surements to those based on existing optical 
nebular lines, we will also characterize biases 
of the optical-based metallicity indicators to z~2 
and improve the galaxy metallicities from JWST 
and Roman.

The broad-band spectroscopy of galaxies 
with DDSI-LR has additional applications. As 
highlighted in Table D-6, broad-band spectra 
contain high-excitation emission lines (e.g., [Ne 
V] and [O IV]) that trace AGN strength and
radiation field hardness. This will enable an
assessment of the relation between host galaxy
growth and the strength of black hole activity. 
The sample selection can also be performed as a function of the 
environment as traced by weak lensing halo mass from Roman. This 
connects DSFG growth to dark matter halos (Table D-9).

Observational Strategy. FIRSST executes a targeted extragalac-
tic survey of all accessible far-IR fine structure lines in 250 galaxies 
from z~0 to z~2. Catalogs from JWST and Roman identify targets 
from well-studied legacy fields (e.g., COSMOS, EGS, GOODS) in 
three SFR bins and five redshift bins. Observing times per galaxy 
will vary from about an hour for low-z, high-SFR galaxies to 18 
hours at z~2 for low-SFR galaxies. The total time needed under CBE 
performances for DDSI-LR for 250 galaxies is 1500 hours.
D.2. PI-led Science Requirements/Baseline Mission
FIRSST meets requirements of the three PI-led science themes with 
large margin.

The three science themes of the PI-led science program (fin-
gerprinting planetary reservoirs, tracing water to rocky planets, 
and unveiling the drivers of galaxy growth) drive DDSI-HR, HSI, 

and DDSI-LR instrument requirements, respectively. The driving 

requirements for each science theme are illustrated in flow-down 
tables (Tables D-1, D-4, and D-6) and are summarized in the STM in 
Table D-9. The wavelength range or bands, spectral resolving power, 
and sensitivity are matched to the key science objectives. In Figs. 
E-9B and E-9D the point source spectral line sensitivity provides a 
full error budget for the telescope diameter, detector performance, 
optical efficiency, and system pointing stability. Mission require-
ments accommodate thermal and pointing needs for point source 
sensitivity, data reliability, and systematic error control.
D.3. Threshold Mission

FIRSST’s baseline design captures the uncertainty related to
instrument performance within the allowed scientific margin for 
the PI-led science program. In most of the key parameters, such as 
spectral line sensitivity, the science margin exceeds the instrument 
performance relative to CBE values by more than 100% (Tables 
D-1, D-4; and D-6). This high science margin allows for design 
and performance degradations, especially on key items such as the 

Dw
ar

fs

6 7 8 9 10

Sci. Reqt. = 100 galaxies
CBE (148)
 

Log (stellar mass) [M⊙]

Nu
m

be
r

15

10

5

MEV (114)

HI         Old stars       SF

NGC 6946 (spiral)

D25=14' D25=13'

IC 2574 (dwarf)

Fig. D-8. DDSI-HR maps [CII], [NII], and [OI] to reveal the currently missing CO-dark gas in 
galaxies, identify the phase transition between HI and H2, and establish the CNM to WNM 
transition. Left: Distribution of stellar masses for nearby galaxies. CBE sensitivity allows all 148 
NGC galaxies within 11Mpc to be studied (with MEV sensitivities 114 can be studied). Science 
requirement calls for 100 galaxies. Center, Right: Composite images show two target galaxies 
(spiral and dwarf)79 and the extent of the HI gas beyond where the old stars reside.
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to be effective.100 The ratio of these lines, N/O, 
is a sensitive probe of SF histories, as galaxies 
with similar metallicity can have drastically dif-
ferent N/O ratios due to differences in their SF 
efficiencies.101 By comparing metallicity mea-
surements to those based on existing optical 
nebular lines, we will also characterize biases 
of the optical-based metallicity indicators to z~2 
and improve the galaxy metallicities from JWST 
and Roman.

The broad-band spectroscopy of galaxies 
with DDSI-LR has additional applications. As 
highlighted in Table D-6, broad-band spectra 
contain high-excitation emission lines (e.g., [Ne 
V] and [O IV]) that trace AGN strength and
radiation field hardness. This will enable an
assessment of the relation between host galaxy
growth and the strength of black hole activity. 
The sample selection can also be performed as a function of the 
environment as traced by weak lensing halo mass from Roman. This 
connects DSFG growth to dark matter halos (Table D-9).

Observational Strategy. FIRSST executes a targeted extragalac-
tic survey of all accessible far-IR fine structure lines in 250 galaxies 
from z~0 to z~2. Catalogs from JWST and Roman identify targets 
from well-studied legacy fields (e.g., COSMOS, EGS, GOODS) in 
three SFR bins and five redshift bins. Observing times per galaxy 
will vary from about an hour for low-z, high-SFR galaxies to 18 
hours at z~2 for low-SFR galaxies. The total time needed under CBE 
performances for DDSI-LR for 250 galaxies is 1500 hours.
D.2. PI-led Science Requirements/Baseline Mission
FIRSST meets requirements of the three PI-led science themes with 
large margin.

The three science themes of the PI-led science program (fin-
gerprinting planetary reservoirs, tracing water to rocky planets, 
and unveiling the drivers of galaxy growth) drive DDSI-HR, HSI, 

and DDSI-LR instrument requirements, respectively. The driving 

requirements for each science theme are illustrated in flow-down 
tables (Tables D-1, D-4, and D-6) and are summarized in the STM in 
Table D-9. The wavelength range or bands, spectral resolving power, 
and sensitivity are matched to the key science objectives. In Figs. 
E-9B and E-9D the point source spectral line sensitivity provides a 
full error budget for the telescope diameter, detector performance, 
optical efficiency, and system pointing stability. Mission require-
ments accommodate thermal and pointing needs for point source 
sensitivity, data reliability, and systematic error control.
D.3. Threshold Mission

FIRSST’s baseline design captures the uncertainty related to
instrument performance within the allowed scientific margin for 
the PI-led science program. In most of the key parameters, such as 
spectral line sensitivity, the science margin exceeds the instrument 
performance relative to CBE values by more than 100% (Tables 
D-1, D-4; and D-6). This high science margin allows for design 
and performance degradations, especially on key items such as the 
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Fig. D-8. DDSI-HR maps [CII], [NII], and [OI] to reveal the currently missing CO-dark gas in 
galaxies, identify the phase transition between HI and H2, and establish the CNM to WNM 
transition. Left: Distribution of stellar masses for nearby galaxies. CBE sensitivity allows all 148 
NGC galaxies within 11Mpc to be studied (with MEV sensitivities 114 can be studied). Science 
requirement calls for 100 galaxies. Center, Right: Composite images show two target galaxies 
(spiral and dwarf)79 and the extent of the HI gas beyond where the old stars reside.



Objective: Distinguish between two competing
models (top-down and bottom-up), map the
ionized gas distribution in the multi-phase medium
of galaxies down to dwarf galaxy masses of 106 M⦿.

Lines of Interest: Velocity-resolved emission line 
maps of [OI], [NII], and [CII] for 150 galaxies selected 
form a volume limited nearby galaxy sample spanning 
a range of stellar mass and metallicity, over 1600 
hours.

Requirements: Per-pixel line surface brightness 
sensitivity of [C II] 158 µm at 2.5´10-11 W m-2 sr-1 at 5s in 
1 hour, R (l/Dl) ≥ 10,000, and angular resolution < 25" at 
158µm for kpc physical scales and ≥ 2 pixels for 
mapping speed.
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O b s e r v a t i o n a l 
Strategy. To optimize 
angular, spectral reso-
lution, and sensitivity 
requirements, we have 
selected galaxies with 
prior metallicity and HI 
measurements from the 
volume-limited (within 
~11Mpc) Nearby Galaxy 
Catalog.91 [CI I ]  and 
[OI] can be significantly 
detected in mapping mode 
with 1 minute/beam in 
148 galaxies (CBE). The 
sample contains a sig-
nificant number of met-
al-poor dwarf galaxies 
(Fig. D-8),92 enabling a 
stringent test of metal-
licity dependence. With 
beam sizes of ≈22, 17, 
and 9 arcsec for [CII], 

[NII], [OI], FIRSST probes 
physical resolutions of 
400pc–1kpc in the gal-
axies farthest away, and 
40–100pc in the closest 
ones, at ≤15km/s velocity 
resolution. Mapping all 
148 NGC galaxies in [CII], 
[OI], and [NII] requires 
1600 hours in CBE sensi-

tivities spread over five years. We will start with the brighter sources 
in the sample during the first year of operations.

D.1.3.2.  The Rise of Metals in Galaxies
SO6 Motivation. Heavy elements—those besides H and He—

serve key roles in many galactic processes. From gas cooling to stellar 
evolution and feedback, metals are critical to how galaxies function 
and evolve. Measuring metallicity is vital to understanding galaxy 
evolution across cosmic time. 

Current Understanding. There are many well-established meth-
ods for probing the metallicity of galaxies, with the most common 
employing the collisionally excited oxygen and nitrogen lines at 
visible wavelengths. Unfortunately, significant discrepancies exist 
among different strong-line metallicity calibrations. Using the same 
data, but 10 different metallicity calibrations, Kewley & Ellison93 
show a 0.7 dex variation in the mass-metallicity relation. These 
methods use optical emission lines, and are significantly affected by 
dust, which introduces errors via extinction corrections. For dusty 
star-forming galaxies (DSFGs)94 at high redshift, dust can completely 
obscure these optical lines. 

Another problem with optical metallicity is sensitivity to gas 
temperature. Because emitting levels of optical lines are >1000K, 
emissions vary significantly. Even the direct temperature method, 
which uses a doubly ionized oxygen [OIII] λ4363Å auroral line, is 
susceptible to gas temperature effects. There is a factor of ~2 dif-
ference between metallicity derived using the direct method and 
metallacity derived from fainter metal recombination lines, due to 
temperature variations within the gas emitting region.95

Objectives. The emitting levels of FIR lines are at ~100K above 
ground, and are not affected by gas temperature variations. FIR 
emission lines are also minimally affected by dust. They are the best 
way to measure metallicities of DSFGs (Table D-6), a population 
that dominates the cosmic SFR at z~2.96 Even in normal galaxies 
there is significant dust-obscured SF,97 so FIR lines return the best 
unbiased metallicity measure. 

FIRSST yields mass-metallicity relations unaffected by dust and 
gas temperature (Fig. D-9).98,99 The [OIII] 52, 88, and [NIII] 57µm 
lines are the primary metallicity probes and have been demonstrated 
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Fig. D-7. DDSI-HR reveals the transition 
between WNM and CNM in galaxies 
for the first time. The WNM/CNM phase 
transition shows the emissivity of [OI] (top) 
and [CII] (bottom) in ISM phase equilibrium 
from TIGRESS simulations,77 with [OI] at 
the same spectral and spatial resolution as 
[CII] in HR3. Just one-minute integration per
sight-line identifies WNM transitions to the
CNM down to dwarf galaxy masses.



Objective: Establish the mass growth rate of galaxies
using the evolution of O/H abundance, conduct a metal 
line survey out to cosmic noon in bins of redshift, stellar 
mass, IR luminosity, AGN activity, and environment, 
down to down to 1011 L⦿ at z=0.5, 1012 L⦿ at z > 1.
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detector noise equivalent power (NEP) of DDSI or the system noise 
temperature of HSI mixers. The MEV values in the baseline hard-
ware mission capture the threshold science scenarios in Table D-9. 

FIRSST also includes a number of technical and programmatic 
descopes capturing cost and risk reduction strategies (Table G-4). 
None of these descopes impact the science objectives and the PI-led 

science program is not impacted below the threshold science observ-
ing programs for each of the eight objectives in Table D-9.

D.4.  General Observer Potential
FIRSST fills the gap between JWST and ALMA, enables
unique spectral line diagnostics, and provides respon-
sive time-domain capabilities.

With a factor of 60 (CBE) improvement in spectral line sensitivity 
over Herschel, and access to a spectral range spanning over four 
octaves, FIRSST vastly expands the scientific discovery space avail-
able to the astronomical community from previous FIR observato-
ries. The payload and mission requirements achieve the scientific 
objectives of the PI-led science program. As the program uses only 
25% of the mission science lifetime, payload and mission capabilities 
are also designed to meet the needs of a successful GO program. 

FIRSST is a pointed observatory, which will meet the broadest 
community needs. This allows the widest flexibility for science pro-
grams led by individual PIs, similar to how Spitzer and Herschel 
drove successful scientific discoveries. The unallocated 75% of mis-
sion operations time will be decided from time allocations through 
competitive peer-reviewed proposals, similar to existing NASA 
observatories.

FIRSST introduces new capabilities and approaches that will 
drive community use (Table D-7). The observatory is flexible and 
responsive for the scientific needs of community. While Astro2020 
anticipated many of the potential GO use cases of a FIR probe, 
FIRSST will conduct science operations after more than ten years 
and five years of JWST and Roman, respectively. The scientific 
landscape may be different and FIRSST’s design choices create a 
highly flexible observatory. 
D.4.1. Opening a Transformative Discovery Space
FIRSST gives the astronomical community a fast, flexible, adaptable
far-infrared pointed observatory.

The FIRSST-enabled scientific advances anticipated under the 
PI-led science program discussed in §D.1 are extensions of known 

Table D-6. Science Requirements Flow: 
Unveiling the Drivers of Galaxy Growth

MEETING SCIENCE REQUIREMENTS

Science Objective 6. Establish galaxy growth rate via the 
evolution of O/H metal abundances, conduct a metal line 
survey out to cosmic noon in bins of redshift, stellar mass, 
IR luminosity, AGN activity, and environment.

DDSI-LR detects galaxies that are the 
dominant contributor to the cosmic 
SFR density out to z~2.5. Plot shows 
the FIR luminosity of example emission 
lines, with thick lines highlighting the 
driving [OIII] 52μm & [NIII] 57μm lines 
for both CBE & MEV sensitivities. Circles 
indicate science-required luminosity 
sensitivity (Table D-FO.1).

5σ 10-hour detection
with DDSI-LR
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a large margin.
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Requirements: Spectral line sensitivity of [NIII]57 µm at 
1.9´10-19 W m-2 of a solar metallicity, 1012 Lsun galaxy at 
z=1.0 at 5s in 10 hours, R (l/Dl) = 80 to spectrally resolve 
lines, ang. resolution < 40" at 114µm to avoid confusion
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Enclosed architecture ensures thermal stability, 
minimizes stray backgrounds and other systematics. 

Instantaneous field of regard is greater than half of 
the sky (~54%) allowing responsive observations to a 
large number of time sensitive targets, thus enabling 
time domain astronomy in the far-infrared. Full sky 
coverage in every six months.

An agile observatory with minimum slew/settle times 
between targets.

Science observing efficiency > 90%. Rapid response 
time < 48 hrs. Mission lifetime >= 5 years.
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Unique features of FIRSST



• FIRSST’s enclosed telescope has several 
advantages compared to an open architecture.
• Substantially reduces straylight and 

scattered backgrounds.
• Limits contamination and its effects on 

science performance.
• Stabilizes the thermal environment, and 

enables the primary mirror to achieve a lower 
temperature. 

• Contributes to FIRSST’s large FoR 
(instantaneous field of regard). 

• Minimizes systematics.

Spitzer FIRSSTkepler
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FIRSST Design: Enclosed Architecture

Herschel

Open architecture
(Herschel was a passively 
cooled primary)

Detailed trade studies led at APL and Ball conducted by the 
FIRSST team showed no real gain with an open design in 
terms of mass and cost savings vs. mission risks.  
Closed architecture also proven by heritage examples.
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Fig. E-2. Overview of Payload, Thermal 
Management, and Operations
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Payload subsystems and instruments are 
illustrated in relation to the spacecraft bus 
(wireframe). 4K cryocooler, HSI local oscil-
lator unit, and payload warm electronics are 
located in the spacecraft bus to mitigate 
heat leaks. HSI cold optics assembly and 
DDSI are co-located on the 4.5K optical 
bench under the primary mirror. DDSI de-
sign positions the FPAs close to the ADR to 
keep the MKIDs at 120mK.

BSM enables various observing modes (see Table E-2).

Final telescope WFE budget (nm RMS) results shown in highlighted box.

BSM scans instrument FoVs within limits shown in Fig. 
E-2A to map small areas. Sample patterns shown for HSI, 
but BSM software allows flexible patterning for both DDSI 
and HSI. Large maps constructed by mosaicking small 
maps or maneuvering the spacecraft back and forth.

Full observatory thermal performance was 
bounded by simulations including expected 
internal thermal loads. IMLI layers were 
modeled using double-aluminized Kapton® 
blankets with conductors for spacers  
between layers, an approach proven to 
predict heat leaks accurately.22 Simulations 
yield heat loads <25mW at the 4.5K interface, demonstrating relative immunity to thermal loads. Below: 
thermal map and model outputs for worst case simulation (90º pitch angle, hot). Payload Thermal 
Performance table (right) shows how thermal margin tracks with cooling source in worst case scenario.
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ADR (8.0), LO/mixer/cal load 
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Blue: DDSI active. Red: HSI active. 
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RMS WFE Stability Vibe ALIGNMENT
TELESCOPE
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BSM 56 100 15 112 112 Totals
Bench - 100 -
Totals 297 283 36

Coating Mount Gravity Cryo Distortion Gradients
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source and one set measuring background.

LR point source observations begin with spacecraft pointing to <3.5˝ 
of target to place target in LR4 slit.  BSM peak ups signal in LR1 slit 
and then scans back and forth to modulate signal. HR point source 
observations are peaked up in LR slit, target is moved to HR slit, and 
then BSM begins scanning to modulate signal.
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THERMAL SIMULATIONS
THERMAL LOAD (mW) AT TEMP. STAGE

Hot cases* Cold cases**
-5° 0° 90° -5° 0° 90°

4.5K interface 23.0 22.9 24.0 22.9 22.9 23.9

18K interface 39.6 39.0 39.4 39.1 38.5 39.1

65K interface 1960 1950 2310 1920 1910 2270

Effective background temperature of 7.2K in all simulations
*Solar flux of 1421 W m-2, end-of-life properties
**Solar flux of 1291 W m-2, beginning-of-life properties
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STAGE
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PITCH ANGLE

MASS (kg) VOL. (m3)
Payload 1893.87 43.365

DDSI 283.15 1.532

HSI 81.80 0.123

OTA optical path

Target

FIRSST
Charge #: X6CSDAYJ 
Service Now: 23-01791 
PI: Asantha Cooray 
PM: 

246, 152, 29
F6981D

78, 74, 144
4E4A90

48, 138, 186
308ABA

18, 52, 70
123446

49, 155 ,155
319B9B

ICON SWATCH RGB/HEX

209, 214, 39
D1D627

FIRSST Payload

• Payload has 3 major elements:
• Optomechanical system

• 1.8 meter on-axis three mirror anastigmat (TMA).
• POOMBA: Pick-Off Optics and Mirror Beamsteering 

Assembly
• Thermal Control System including mechanical structure

• 4K / J-T Cryocooler
• ADR (GSFC)
• Sun Shields, Radiator, Thermal Shield, IMLI.

• Instruments
• DDSI: 4 low resolution and 3 high resolution 

spectrometers
• HSI: 3 bands
• Payload Control Electronics, Cryocooler and instrument 

electronics are all within the SC bus



§ FIRSST uses the staged design with passive and active cooling 
systems
• Robust to the heat load 

§ Passive elements are leveraged from heritage programs
• V-groove optimization, IMLI (integrated multilayer insulation)
• Thermal stages from hot to cold (4.5 K)

ü Outer sunshield, inner sunshield, barrel, and baffle
ü Bus top deck, SCTS, mid deck, and optical deck

• Thermomechanical design of DDSI package 
ü Kevlar suspensions, thermal shield for 120mK thermal straps

§ Active elements
• J-T cryocooler system - Ball proprietary; Landsat 8/9 and other flight 

heritage, full details in the proposal.
• Stirling cryocooler (65 K and 18 K) 

ü Pre-cooling J-T cryocooler, cooling LNA and chopper, strut & 
harness heat intercept

• J-T cryocooler (4.5 K)
ü Baffle, Telescope, ADR, BSM, DDSI, and HSI
Existing cryo-cooler chain comes with vibrational damping 
requirements

• ADR (adiabatic demagnetization refrigerator) – GSFC 
• Provide cooling solution for DDSI

ü 120 mK for DDSI MKID FPAs, 1 K for intermediate heat intercept 
ü Based on Hitomi/XRISM heritage. TRL 9+.

FIRSST
Charge #: X6CSDAYJ 
Service Now: 23-01791 
PI: Asantha Cooray 
PM: 

246, 152, 29
F6981D

78, 74, 144
4E4A90

48, 138, 186
308ABA

18, 52, 70
123446

49, 155 ,155
319B9B

ICON SWATCH RGB/HEX

209, 214, 39
D1D627

FIRSST Thermal Model

Barrel

Baffle

Sun Shields

S/C Thermal 
Shield (SCTS)

DDSI

HSI

4K/ J-T 
Cryocooler

1.8m Primary 
Mirror (PM)

Optical Bench

Mezzanine Deck

HSI Local 
Oscillator

Secondary Mirror (SM)
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Regular pattern for 
Nyquist samplingDither pattern

Fig. E-2. Overview of Payload, Thermal 
Management, and Operations
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Hot load
Cold load Source 2

integration 
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S/C
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 target
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Band 1
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Band 3
24˝ beam 
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LR3/LR4
252.5˝ × 35.8˝

LR1/LR2
92.6˝ × 13.1˝

HR1
52˝ × 9˝

HR2
99˝ × 16˝

HR3
152˝ × 25˝

DDSI HSI

PM

TMBSM

SM

POOMBAMezzanine-optical
bench struts

HSI cold 
optics 

assembly

Optical
bench

Thermal strap
18K thermal stage

DDSI LR3
DDSI LR4

DDSI LR1–2
(obscured)
DDSI HR1
ADR
DDSI HR2 
DDSI HR3

4.5 m
Barrel (ø2.4 m)

CTA radiator
Cryogenic
telescope
assembly

Cryocooler radiator

1.0 m
3.2 m

Single-axis
gimbaled

solar array

Payload subsystems and instruments are 
illustrated in relation to the spacecraft bus 
(wireframe). 4K cryocooler, HSI local oscil-
lator unit, and payload warm electronics are 
located in the spacecraft bus to mitigate 
heat leaks. HSI cold optics assembly and 
DDSI are co-located on the 4.5K optical 
bench under the primary mirror. DDSI de-
sign positions the FPAs close to the ADR to 
keep the MKIDs at 120mK.

BSM enables various observing modes (see Table E-2).

Final telescope WFE budget (nm RMS) results shown in highlighted box.

BSM scans instrument FoVs within limits shown in Fig. 
E-2A to map small areas. Sample patterns shown for HSI, 
but BSM software allows flexible patterning for both DDSI 
and HSI. Large maps constructed by mosaicking small 
maps or maneuvering the spacecraft back and forth.

Full observatory thermal performance was 
bounded by simulations including expected 
internal thermal loads. IMLI layers were 
modeled using double-aluminized Kapton® 
blankets with conductors for spacers  
between layers, an approach proven to 
predict heat leaks accurately.22 Simulations 
yield heat loads <25mW at the 4.5K interface, demonstrating relative immunity to thermal loads. Below: 
thermal map and model outputs for worst case simulation (90º pitch angle, hot). Payload Thermal 
Performance table (right) shows how thermal margin tracks with cooling source in worst case scenario.

IMLI
BIRB

Radiation to space (mW)
Radiation exchange (mW)

> 270K
68K
26K
18K

4.5K
120mK

Conduction heat (mW)
Cable

PAYLOAD THERMAL PERFORMANCE

COOLING 
STAGE

COOLING 
CAPACITY

(mW)

TOTAL 
CBE

(mW)
MARGIN* COMPONENTS

(CBE IN mW)

120mK ADR 0.00409 0.00161 154% Harness/suspension (0.00161)

1K ADR 0.55 0.196 181% Harness/suspension (0.196)

4.5K interface
4K cryocooler 54 24.0 125%

ADR (8.0), LO/mixer/cal load 
(1.5), BSM (1.7), harness (5.2), 

strut (5.7), radiation (1.9)

18K interface
4K cryocooler 103 24.8

39.4
315%
161%

Chopper (2.0), LNAs (9, 21.6), 
heat intercept (15.8)

26K cold 
radiator N/A 291 N/A Harness (60), strut (93), 

radiation (138)

65K interface
4K cryocooler 4900 2290

2310
114%
112%

LNAs (15, 36), radiation (200), 
ADR lead joule loss (600), heat 

intercept (1206), strut (268)

Blue: DDSI active. Red: HSI active. 
*(Cooling capacity – Total CBE) / Total CBE 
DDSI and HSI do not operate at the same time; both margins shown.
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Gray pixels not scanned for point sources but are for mapping

Slits for LR3 and LR1 extend
beyond the detector arrays

LR4 LR3 LR2 LR1

25
3" 56
"

G

Peak up

DDSI, HSI, and ADR on optical bench

Enclosed design with dimensions

DDSI and HSI FoVs overlaid on the telescope residual WFE 
(to scale). Efficent observing enabled by coaligned DDSI 
slits and overlap of beams for different HSI bands.

POOMBA view showing 
light paths from telescope 
to instrument pick-offs.

JWST-heritage BSM is key to 
observing operations.

Key payload elements

RMS WFE Stability Vibe ALIGNMENT
TELESCOPE

PM 281 200 25 Cryo Amb
SM 56 100 15 50 50 Residual

TM 56 100 15 100 100 Interface

BSM 56 100 15 112 112 Totals
Bench - 100 -
Totals 297 283 36

Coating Mount Gravity Cryo Distortion Gradients
PM 50 100 100 518 200
SM 20 50 20 100 100
TM 20 50 20 100 100

BSM 20 50 20 100 100
Bench - - 50 - 100
Totals 61 132 117 546 283

Fabrication Integration Structure Thermal (cryo) Thermal (other)
Subtotal 303 173 132 557 400

Fabrication +Integration +Structure +Thermal (cryo) All
Rollup 303 461 479 735 837

PM only 286 303 319 608 640

Surface Figure
PM 140

SM 25

TM 25

BSM 25

Vertex Knowledge
PM 25

SM 25

TM 25

Collimator 
(BSM) 25

Design Residual
Design 

(DDSI FoV) 300

WFE Budget
Total RSS WFE 837

Test 
uncertainty 100

Final allocation 937

Requirement 2857

Margin 205%

×2
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4.66
4.6

Temp [K]
<4.6
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208
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127
85.9
45.2
4.5

Temp [K]
<4.5

Outer surfaces
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4.72
4.66
4.6

Temp [K]
<4.6
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208
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85.9
45.2
4.5

Temp [K]
<4.5

Baffle and instruments

Small BSM-mapped 
areas mosaicked to 
construct large maps

Position 1 Position 2

HSI point sources acquired by spacecraft 
(no peak up given larger beam). BSM “pixel 
switches” to move target from one set of 
pixels to another, always keeping one set on 
source and one set measuring background.

LR point source observations begin with spacecraft pointing to <3.5˝ 
of target to place target in LR4 slit.  BSM peak ups signal in LR1 slit 
and then scans back and forth to modulate signal. HR point source 
observations are peaked up in LR slit, target is moved to HR slit, and 
then BSM begins scanning to modulate signal.
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THERMAL SIMULATIONS
THERMAL LOAD (mW) AT TEMP. STAGE

Hot cases* Cold cases**
-5° 0° 90° -5° 0° 90°

4.5K interface 23.0 22.9 24.0 22.9 22.9 23.9

18K interface 39.6 39.0 39.4 39.1 38.5 39.1

65K interface 1960 1950 2310 1920 1910 2270

Effective background temperature of 7.2K in all simulations
*Solar flux of 1421 W m-2, end-of-life properties
**Solar flux of 1291 W m-2, beginning-of-life properties

TEMPERATURE 
STAGE

OBSERVATORY 
PITCH ANGLE

MASS (kg) VOL. (m3)
Payload 1893.87 43.365

DDSI 283.15 1.532

HSI 81.80 0.123

OTA optical path

Target
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Fig. E-2. Overview of Payload, Thermal 
Management, and Operations
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Payload subsystems and instruments are 
illustrated in relation to the spacecraft bus 
(wireframe). 4K cryocooler, HSI local oscil-
lator unit, and payload warm electronics are 
located in the spacecraft bus to mitigate 
heat leaks. HSI cold optics assembly and 
DDSI are co-located on the 4.5K optical 
bench under the primary mirror. DDSI de-
sign positions the FPAs close to the ADR to 
keep the MKIDs at 120mK.

BSM enables various observing modes (see Table E-2).

Final telescope WFE budget (nm RMS) results shown in highlighted box.

BSM scans instrument FoVs within limits shown in Fig. 
E-2A to map small areas. Sample patterns shown for HSI, 
but BSM software allows flexible patterning for both DDSI 
and HSI. Large maps constructed by mosaicking small 
maps or maneuvering the spacecraft back and forth.

Full observatory thermal performance was 
bounded by simulations including expected 
internal thermal loads. IMLI layers were 
modeled using double-aluminized Kapton® 
blankets with conductors for spacers  
between layers, an approach proven to 
predict heat leaks accurately.22 Simulations 
yield heat loads <25mW at the 4.5K interface, demonstrating relative immunity to thermal loads. Below: 
thermal map and model outputs for worst case simulation (90º pitch angle, hot). Payload Thermal 
Performance table (right) shows how thermal margin tracks with cooling source in worst case scenario.

IMLI
BIRB

Radiation to space (mW)
Radiation exchange (mW)

> 270K
68K
26K
18K

4.5K
120mK

Conduction heat (mW)
Cable

PAYLOAD THERMAL PERFORMANCE

COOLING 
STAGE

COOLING 
CAPACITY

(mW)

TOTAL 
CBE

(mW)
MARGIN* COMPONENTS

(CBE IN mW)

120mK ADR 0.00409 0.00161 154% Harness/suspension (0.00161)

1K ADR 0.55 0.196 181% Harness/suspension (0.196)

4.5K interface
4K cryocooler 54 24.0 125%

ADR (8.0), LO/mixer/cal load 
(1.5), BSM (1.7), harness (5.2), 

strut (5.7), radiation (1.9)

18K interface
4K cryocooler 103 24.8

39.4
315%
161%

Chopper (2.0), LNAs (9, 21.6), 
heat intercept (15.8)

26K cold 
radiator N/A 291 N/A Harness (60), strut (93), 

radiation (138)

65K interface
4K cryocooler 4900 2290

2310
114%
112%

LNAs (15, 36), radiation (200), 
ADR lead joule loss (600), heat 

intercept (1206), strut (268)

Blue: DDSI active. Red: HSI active. 
*(Cooling capacity – Total CBE) / Total CBE 
DDSI and HSI do not operate at the same time; both margins shown.

193mm
Mirror (Ø171mm)

Base
Rotary

X-flexure
Mirror
carrier

Counterweight
Mask
Mirror
flexure (3)
Voice coil
actuator (4)

12
0m

m

193mm
Mirror (Ø171mm)

Base
Rotary 

X-flexure
Mirror
carrier

Counterweight
Mask
Mirror
flexure (3)
Voice coil
actuator (4)

12
0m

m

Gray pixels not scanned for point sources but are for mapping

Slits for LR3 and LR1 extend
beyond the detector arrays

LR4 LR3 LR2 LR1

25
3" 56
"

G

Peak up

DDSI, HSI, and ADR on optical bench

Enclosed design with dimensions

DDSI and HSI FoVs overlaid on the telescope residual WFE 
(to scale). Efficent observing enabled by coaligned DDSI 
slits and overlap of beams for different HSI bands.

POOMBA view showing 
light paths from telescope 
to instrument pick-offs.

JWST-heritage BSM is key to 
observing operations.

Key payload elements

RMS WFE Stability Vibe ALIGNMENT
TELESCOPE

PM 281 200 25 Cryo Amb
SM 56 100 15 50 50 Residual

TM 56 100 15 100 100 Interface

BSM 56 100 15 112 112 Totals
Bench - 100 -
Totals 297 283 36

Coating Mount Gravity Cryo Distortion Gradients
PM 50 100 100 518 200
SM 20 50 20 100 100
TM 20 50 20 100 100

BSM 20 50 20 100 100
Bench - - 50 - 100
Totals 61 132 117 546 283

Fabrication Integration Structure Thermal (cryo) Thermal (other)
Subtotal 303 173 132 557 400

Fabrication +Integration +Structure +Thermal (cryo) All
Rollup 303 461 479 735 837

PM only 286 303 319 608 640

Surface Figure
PM 140

SM 25

TM 25

BSM 25

Vertex Knowledge
PM 25

SM 25

TM 25

Collimator 
(BSM) 25

Design Residual
Design 

(DDSI FoV) 300

WFE Budget
Total RSS WFE 837

Test 
uncertainty 100

Final allocation 937

Requirement 2857

Margin 205%
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Baffle and instruments

Small BSM-mapped 
areas mosaicked to 
construct large maps

Position 1 Position 2

HSI point sources acquired by spacecraft 
(no peak up given larger beam). BSM “pixel 
switches” to move target from one set of 
pixels to another, always keeping one set on 
source and one set measuring background.

LR point source observations begin with spacecraft pointing to <3.5˝ 
of target to place target in LR4 slit.  BSM peak ups signal in LR1 slit 
and then scans back and forth to modulate signal. HR point source 
observations are peaked up in LR slit, target is moved to HR slit, and 
then BSM begins scanning to modulate signal.
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THERMAL SIMULATIONS
THERMAL LOAD (mW) AT TEMP. STAGE

Hot cases* Cold cases**
-5° 0° 90° -5° 0° 90°

4.5K interface 23.0 22.9 24.0 22.9 22.9 23.9

18K interface 39.6 39.0 39.4 39.1 38.5 39.1

65K interface 1960 1950 2310 1920 1910 2270

Effective background temperature of 7.2K in all simulations
*Solar flux of 1421 W m-2, end-of-life properties
**Solar flux of 1291 W m-2, beginning-of-life properties

TEMPERATURE 
STAGE

OBSERVATORY 
PITCH ANGLE

MASS (kg) VOL. (m3)
Payload 1893.87 43.365

DDSI 283.15 1.532

HSI 81.80 0.123

OTA optical path

Target

Going into Phase A, FIRSST requires and full 
observatory thermal models show at least 100% 
margin in each cryocooler cooling stage.

FIRSST
Charge #: X6CSDAYJ 
Service Now: 23-01791 
PI: Asantha Cooray 
PM: 
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ICON SWATCH RGB/HEX

209, 214, 39
D1D627

Thermal Margin is the key to mitigate risk



FIRSST
Charge #: X6CSDAYJ 
Service Now: 23-01791 
PI: Asantha Cooray 
PM: 

246, 152, 29
F6981D

78, 74, 144
4E4A90

48, 138, 186
308ABA

18, 52, 70
123446

49, 155 ,155
319B9B

ICON SWATCH RGB/HEX

209, 214, 39
D1D627

FIRSST Structures

Barrel
Aluminum Honeycomb
Aluminum Facesheets

Baffle
Aluminum Honeycomb
Aluminum Facesheets

Sun Shields
Aluminum Honeycomb
M55J Facesheets S/C Thermal Shield

Aluminum Honeycomb
Aluminum Facesheets

Optical 
Bench
Light-
weighted 
monolithic 
aluminum

Mezzanine Deck
Aluminum Honeycomb
Aluminum Facesheets

Beam 
Steering 

Mechanism

Struts
M55J / T300
Ti fittings

Struts
S2 Glass
Ti fittings

• Enclosed architecture
• Barrel 

• Controls and stabilizes temperature 
for 4.5K telescope

• Enhances contamination control 
• Baffle 

• Limits stray light
• Mechanism

• Beam Steering Mechanism:
• Slit Scanning
• Small FOV mapping (6'x6’)

• Thermal Control System including
• Outer sun shield extends below SC 

top deck
• Inner sunshield
• Radiator, S/C Thermal Shield, IMLI, 

etc.
• Structural Support

• Struts between decks
• Struts supporting thermal shields

Use or disclosure of the data on this page is subject to the restrictions on the title page of this proposal.
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CASE
DOWNLINK 

TIME  
(hours)

MAX DOWNLINK 
VOLUME* 

(Gbits)

SCIENCE 
DATA VOLUME 

(Gbits)

HOUSEKEEPING 
DATA VOLUME

(Gbits)

TOTAL 
DATA VOLUME 

(Gbits) 

MARGIN
(%)

DDSI-LR only 5 90.0 32.1 8.64 39.5 158

DDSI-HR only 5 90.0 17.6 8.64 22.2 385

HSI only 5 90.0 38.0 8.64 46.6 114

50/50 mix of 
DDSI-LR and HSI 5 90.0 35.0 8.64 43.1 134

SUBSYSTEM CBE  
(kg) CONTINGENCY MEV  

(kg)

Spacecraft bus 579.8 10% 635.1
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All Telescope requirements are achievable with 
FIRSST design

Manufacturing capabilities have been proven at Marshall 
Space Flight Center with heritage of 1.2 m Al mirror

1.2m Al Mirror at MSFC
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calibration source for DDSI 
(§E.2.4) is mounted inside
an aperture at the center of
the SM.

The pick-off  opt ics 
and mirror beam-steer-
ing assembly (POOMBA) 
includes the TM and BSM 
(Fig. E-2D). The TM, opti-
mized for WFE control, 
enables the large telescope 
FoV. The BSM, placed at 
the stop, provides a ~200% 
larger scan f ield than 
required without vignetting. 
BSM’s operational range is 
�3.3° in each axis and can 
be commanded with accu-
racy (0.005Ǝ) that surpasses 
the one-fifth slit accuracy 
requirement (1.4Ǝ).

The FoV is divided into 
DDSI and HSI fields with 
300nm and 2500nm (rms) 
allocated for the residual 
WFE of the telescope design 
(Fig. E-2B). On-sky slit 

footprints for LR and HR are located within the BSM on-sky scan 
range (DDSI FoV, 8.4ƍ×8.4ƍ), so targets can be switched between LR 
and HR without repointing the spacecraft. This facilitates efficient 
observations of targets with both modules. The five HSI pixels fit 
within its BSM on-sky scan range (HSI FoV, 12ƍ×12ƍ), enabling fast 
on-/off-source pixel switching to measure backgrounds (Fig. E-2D).

Three field-limiting pick-off mirrors feed the telescope’s final 
image to LR, HR, and HSI (Figs. E-2D and E-9A,C). LR’s slits are 
coaligned for simultaneous measurement across the entire 35–260µm 

range. HR’s slits are 
coaligned to enable 
simultaneous obser-
vations in its three 
bands. The DDSI slit 
coalignments and 
HSI’s mult i-pixel 
array enable efficient 
mapping of most 
spatially extended 
objects using only the 
BSM, with no need to 
move the spacecraft 
(Table E-2).

Mechanisms. The 
BSM mechan ism 
enables robust science observations. It is a JWST-heritage, two-axis 
pointing mechanism (§J.12.2) with two pairs of voice-coil actuators 
that rotate an optic about two orthogonal axes on flex pivots. The 
range and rate are adapted for FIRSST operations.

Optomechanical System. A spire-like housing with JWST heri-
tage is mounted to the optical deck at the center of the PM to support 
the POOMBA. The telescope and POOMBA use an all-aluminum 
construction leveraged from SPHEREx. This approach includes 
design and fabrication techniques for mirrors, metering structures, 
housings, and optics mounts. The baffle, DDSI, HSI, and ADR are 
mounted to the optical deck with legacy struts made of low-ther-
mal-conductivity, carbon-fiber-reinforced plastic (§J.12.2).
E.2.2. Thermal/Structural/Mechanical Design
FIRSST’s enclosed architecture is key to achieving the science
objectives.

The FIRSST thermo-mechanical design derives from a heritage 
architecture, high-TRL components, tracked thermal margins (see 
Fig. E-2C), and a thorough verification and validation plan. High-
maturity components significantly reduce technical risk and include 

Table E-5. Key Telescope Parameters
TELESCOPE (OTA)
Height <2m
Design form Three-mirror anastigmat
Magnification 24.4X
F/# 7.3
Material (all mirrors) 6061 aluminum
Manufacture (all mirrors) Diamond turn
Coating (all mirrors) Gold
PM (PROCURED FROM MSFC)
Clear aperture and full 
diameters 1.8m CA (1.85m full)

Mass (CBE with  
lightweighting) 282kg

Lightweighting factor 86%
F/# 0.735
RMS surface roughness 100nm
Provider MSFC
SM
Clear aperture diameter 262mm
Obscuration (from SM optic, 
cell, tripod) 6.86% loss

BSM
Heritage JWST fine-steering mirror
Diameter 30mm
Degrees of freedom 2
Mechanism Voice-coil actuators
Provider Ball 
Operating temperature 4.5K
Accuracy (on sky) 5mas

(a) (b)

Fig. E-3. MSFC manufacturing capability for 
a 1.8m PM meets WFE, diffraction limit, and 
mass requirements. Left: Backside of light-
weighted 1.2m mirror. Right: 1.2m mirror rms 
residual at 34K. Residual is 414nm rms, including 
both cryo-distortion and surface figure errors. 
FIRSST does not require cryo-figuring.
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that rotate an optic about two orthogonal axes on flex pivots. The 
range and rate are adapted for FIRSST operations.

Optomechanical System. A spire-like housing with JWST heri-
tage is mounted to the optical deck at the center of the PM to support 
the POOMBA. The telescope and POOMBA use an all-aluminum 
construction leveraged from SPHEREx. This approach includes 
design and fabrication techniques for mirrors, metering structures, 
housings, and optics mounts. The baffle, DDSI, HSI, and ADR are 
mounted to the optical deck with legacy struts made of low-ther-
mal-conductivity, carbon-fiber-reinforced plastic (§J.12.2).
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FIRSST’s enclosed architecture is key to achieving the science
objectives.

The FIRSST thermo-mechanical design derives from a heritage 
architecture, high-TRL components, tracked thermal margins (see 
Fig. E-2C), and a thorough verification and validation plan. High-
maturity components significantly reduce technical risk and include 
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Science Implementation: Instruments
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Gary J. Melnick 
Harvard-Smithsonian Center for Astrophysics 

60 Garden Street • MS-66 • Cambridge MA 02138 
(617) 495-7388 • gmelnick@cfa.harvard.edu 

Proposed Role in the Investigation: Co-Investigator 
Dr. Melnick will lead the SPHEREx Galactic Ice Survey program. As such, he 
will: (1) oversee the development of the Level 2 data pipeline work needed to 
produce the ice absorption spectra for analysis by the team; and, (2) coordinate 
the efforts of the team in the analysis and publication of the Ice Survey results. Dr. Melnick will 
also contribute to the SPHEREx inflation science goals.  

Experience Related to the Investigation 
For more than 40 years Dr. Melnick has been active in the design and building of infrared and 
submillimeter instrumentation, along with the interpretation of the data derived from these 
instruments, including more than 300 publications. These efforts include the design and building 
of infrared spectrometers for the NASA Lear Jet and Kuiper Airborne Observatories in the 
1970s and 1980s. From 1989 through 2005, Dr. Melnick served as the Principal Investigator for 
NASA’s Submillimeter Wave Astronomy Satellite (SWAS), a highly successful Explorer mission 
dedicated to the study of water in interstellar clouds. Dr. Melnick also serves as the Deputy 
Principal Investigator for the Infrared Array Camera (IRAC) aboard the Spitzer Space Telescope 
and served as Co-Investigator for the Heterodyne Instrument for the Far-Infrared (HIFI), one of 
three focal plane instruments that flew aboard the Herschel Space Observatory. Finally, in 2004 
and again in 2008, Dr. Melnick served as PI on two competitively-selected NASA studies of the 
Probe-class mission Cosmic Inflation Probe – a mission designed to constrain inflation 
parameters, including non-Gaussianity, using precise measures of large-scale structure. 
 
04/89–09/05 Principal Investigator, Submillimeter Wave Astronomy Satellite 
06/83–present Deputy Principal Investigator, Spitzer/IRAC Instrument 
06/04–09/09 Principal Investigator, Cosmic Inflation Probe, a NASA Mission Concept Study 

Education 
Ph.D. Astronomy, Cornell University, 1980 
M.S. Astronomy, Cornell University, 1979 
B.A. Physics, Cornell University, 1974 

Honors/Awards 
2004 NASA Group Achievement Award for SWAS 

Related Publications 
Bergin, Melnick, & Neufeld. 1998. “The Postshock Chemical Lifetimes of Outflow Tracers and a 

Possible New Mechanism to Produce Water Ice Mantles,” ApJ, 499, 777. 
Bergin, Neufeld, & Melnick. 1999. “Formation of Interstellar Ices Behind Shock Waves,” ApJ, 

510, 145. 
Melnick, et al. 2000. “The Submillimeter Wave Astronomy Satellite: Science Objectives and 

Instrument Description,” ApJ, 539, 77. 
Melnick, et al. 2008. “Detection of Extended Hot Water in the Outflow from NGC 2071,” ApJ, 

683, 876. 
Melnick, et al. 2011. “Distribution of Water in Molecular Clouds,” ApJ, 727, 13. 

(HSI consortium in Europe builds upon HIFI partnerships)
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Opto-mechanical Design. Each DDSI band or band pair is con-
tained within a dedicated housing that provides alignment and stray-
light control (Fig. E-9A). The housings are mounted to the optical 
bench with flexures and include a dedicated mount for the focal plane 
assembly (FPA). Independent and parallel assembly, alignment, elec-
trical integration, and test at 4.5K of each band optimize schedules 
and reduce risk. All housings, mirrors, and mounts are made of 
6061-T6 aluminum and undergo the same progressive machining and 
cryogenic stress relief regimen as the aluminum telescope elements.

The DDSI slits are coaligned within each module to achieve 
maximum observational efficiency. Because all DDSI bands are 
detector-noise limited, coalignment does not reduce signal-to-noise 
in any band, nor does it add significant alignment requirements. 
Warm to cold alignment stability across DDSI is achieved through 
thean all-aluminum construction and use of kinematic design where 

needed (see also §E.2.6). This standard approach in cryogenic FIR 
instrument design ensures the slit misalignment error is smaller 
than the requirement of 4.3˝ in LR and 1.8˝ in HR (derived from slit 
dimensions on sky; Fig. E-2B). These requirements are based on a 
1.4˝ CBE slit-to-source alignment accuracy provided by the BSM, 
which can be commanded to 0.005˝, providing ample margin.

Ultra-low-noise Detectors. DDSI is designed with a moderate 
pixel count (2612 total) to reduce risk associated with delivering 
science-enabling ultra-low-noise FIR detector arrays. The NEP pixel 
sensitivity for all DDSI bands is 2×10-19 W/¥Hz at 2Hz (CBE; sci-
ence requirement 3.4×10-19 W/¥Hz; Fig. E-11). MKIDs have demon-
strated NEP ≤3×10-19 W/¥Hz at 1.5THz (λ=200µm) and a full system 
demonstration with >900 pixels read out simultaneously using a 
single backend electronics box2,3,4. FIRSST MKIDs meeting NEP 
requirements are procured from SRON.

FIRSST uses the mature leaky-lens, antenna-coupled, single-po-
larization MKID design3. Fig. E-12 shows a micrograph of a single 
detector for 1.5THz radiation, consisting of a NbTiN resonator whose 
geometry determines its microwave readout frequency. An antenna 

Fig. E-12. MKIDs enable high-sensitivity FIR detection and meet DDSI 
requirements. 255-pixel detector array is tuned for 7THz (43µm) detection. 
The microlens array couples light to the planar antennas as shown. Example 
7THz and 1.5THz (193µm) planar circuitry is also shown. See also Fig. E-11.

DDSI SENSITIVITY CALCULATIONS
DDSI is detector noise-dominated (negligible 
photon noise) for telescope temperature 
(CBE 4.7K) and emissivity (2%): 
NEF=NEPdetector / (Atel ηopt ηdet ηmod)

LR HR

Atel Telescope collecting area (m2) 2.47

ηdet PSF to absorbed power at detector efficiency 0.4

ηmod Optical modulation efficiency 0.71

ηopt Total optical transmission efficiency 0.35 0.25

DDSI OPTICAL EFFICIENCIES

ELEMENT
LR (PER BAND) HR (PER BAND)

[#] η [#] η
Mirrors (PM to FPA) 15 0.98 13 0.98

Dichroics 2 0.90 2 0.90

Slits 1 0.80 1 0.80

VIPA – – 1 0.70

Grating 1 0.90 – –

Cross-disperser – – 1 0.70

Metal-mesh filters 4 0.95 4 0.95
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550µW at 1K and 4.1µW at 120mK (1mK and 5µK rms stability, 
respectively) with maximum heat reject of 8mW at 4.5K. DDSI uses 
the excess cooling for parasitic heat intercepts and detector cooling.

High-purity copper straps connect the components, and a high 
magnetic permeability shield (not shown in Fig. E-6 for clarity) 
limits external fields to <2µT at 10cm away from the ADR. Thermal 
interface tabs at 1K and 120mK are fed through this shield. The 
magnetic field model accounts for these penetrations. 

The ADR controller (ADRC) is the Hitomi flight unit with an 
extra card to control 
the extra stage and heat 
switches, and read out 
the 4-stage ADR and 
auxiliary thermometers. 
FIRSST’s ADR has only 
one operational mode, so 
control is simpler than 
for Hitomi.

The Hitomi/XRISM 
ADRs operate from a 
4.5K J-T and a superfluid 
helium dewar. Operating 
two S3s in parallel elim-
inates the handover 
between S2 and S3 when 
these ADRs were recy-
cled11,12. An engineering 
model is not needed; all 
components are from the 

Hitomi ADR (§J.12.2) with an additional third stage duplicated for 
FIRSST.

Cryocooler Linkage. The 4K cryocooler 4.5K interface attaches 
to the ADR heat sink plate, optimizing heat rejection. A thermal 
strap to HSI cools the superconductor-insulator-superconductor (SIS) 
to 4.7K.

Supporting DDSI FPA Temperature. To optimize cooling the 
MKIDs to 120mK, DDSI has an intermediate stage between 120mK 
and 4.5K. This stage is suspended by tensioned Kevlar straps and 
cooled to 1K by the ADR second stage. The ADR first stage cools 
the MKIDs to 120mK and is also suspended by Kevlar straps.

Thermal Performance. Thermal performance was bounded 
through simulations using expected internal thermal loads, solar 
irradiance at Sun-Earth L2 taking into account the observatory 
pitch angle, and thermo-optical properties (simulation results in Fig. 
E-2C). FIRSST applies a 100% thermal margin. FIRSST’s cryogenic 
thermal system meets all temperature requirements with high-her-
itage components and satisfies Ball standard thermal uncertainty 
margin requirements.
E.2.3. Electronics Subsystem
FIRSST electronics has a long heritage of payload, instrument, and
cryogenic control.

The electronics subsystem includes four major units: HSI instru-
ment control unit (ICU), ADR and 4K cryocooler control electronics 
(ADRC and CCE, respectively), and PCE. The ADRC, CCE, and HSI 
ICU interface directly with spacecraft power and data management 
systems and are co-located with the warm electronics in the space-
craft. These three units are described in §E.2.2, §E.2.5, and Fig. F-x.

The PCE, also located in the warm spacecraft bay, provides con-
ditioned power, actuator control, and temperature monitoring and 
control for the rest of the payload. Fig. E-7 shows a PCE block dia-
gram with functional decomposition per board.

Power Converter Boards. Primary power from the spacecraft is 
inrush current-limited and common- and differential-mode filtered 
to meet all conducted emissions and susceptibility requirements.

Table E-6. 4K Cryocooler and ADR Parameters 
4K CRYOCOOLER ADR

Mass (kg) 72.68 39
Volume (m3)
Power (W) Peak, average, and standby: 469 Peak, average, and standby: 65 

Heritage JWST, TIRS-2/Landsat 8 and 9, 10K and 35K coolers  
(classified programs), COOLLAR, NICMOS, ACTDP Hitomi, XRISM

Thermal
isolating
supportsHS3A & 3B

HS1 & 2
S3A & 3B

(4.5K) HS4A & 4B

S2
(1.0K) S1

(120mK)

(a)

(

Fig. E-6. Small changes to a high-heritage 
ADR system cools DDSI MKIDs to 120mK. 
Top: XRISM first stages to be adapted to 
FIRSST. Bottom: Layout of the 4-stage ADR.
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Fig. E-9. Overview of FIRSST Instrument Design and Performance
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Coaligning slits on sky using dichroics maximizes observing ef-
ficiency. LR module (left side): four LR bands cover 35-260µm 
simultaneously with 196 spectral bins. HR module (right side):  
three HR bands provide high resolution using a VIPA coupled to a 
cross-disperser. FPAs are optimally positioned together (bottom) to 
satisfy cooling requirements with the ADR.

MKID performance meets DDSI NEP require-
ment; sensitivities meet science requirements.
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HSI design is based on decades of heterodyne instrumentation. Three bands each use a focal plane array of five pixels in two 
polarizations—the first multi-pixel heterodyne arrays flown in space. High-power components (including the LO unit) are located in 
the warm spacecraft; the cold optics assembly (COA) with the sensitive cryogenic mixers is located on 4.5K optical bench. Heat leaks 
are minimized by combining LO signals for all bands in the LO unit so a single beam guide carries a combined signal to the COA.

HSI spans a wide wavelength range at very high spectral resolving power using the most sensitive 
mixers available for a given band. Instrument optics have high efficiencies (close to quantum-lim-
ited), and ensure high sensitivity for point sources and mapping of extended sources.

DDSI PARAMETERS

PARAMETER
BAND

LR1 LR2 LR3 LR4 HR1 HR2 HR3
Wavelength 
(μm)

Begin Ȝ
End Ȝ

35
58

58
95

95
158

157
260

56.206
64.027

112.029
123.520

157.355
184.727

Beam size
(arcsec)

@ Begin Ȝ
@ End Ȝ

5.0
7.9

8.0
13.1

13.0
21.7

22.0
35.8

8.0
9.0

15.0
16.0

24.0
25.0

Instantaneous FoV 92.6˝×13.1˝ 252.5˝×35.8˝ 52˝×9˝ 99˝×16˝ 152˝×25˝
Resolving power (Ȝ/∆Ȝ) 100 89,000 100,000 20,000

Dispersive element First-order grating VIPA with immersion 
grating cross-disperser

Per band array size (spec × spat) 49×8 (hexagonal packing) 58×6 (hexagonal packing)

F/# Spectral
Spatial

12.90
12.90

7.83
7.83

6.85
6.85

4.15
4.15

12.3
14.2

6.5
8.0

3.5
5.0

Spectral sampling (pixel pitch/F· Ȝ) ~1.5 at center wavelength of each band
Radiometric throughput 35% 25%
Pixel NEP (W/√Hz) @ 2Hz 2.0×10-19 (CBE); 3.0×10-19 (MEV); 3.4×10-19 (science reqt.)
Pixel yield per array 85% (CBE); 80% (MEV); 80% (science reqt.)
Thermal background power (W) <7×10-18 0.1×10-18

MEV radiant power per pixel (W) 50×10-18 6×10-18 4×10-18 7×10-18

Optics bench temperature 4.7K with ±0.1K stability during DDSI operation
VIPA temperature <5K (CBE); <10K (MEV, science reqt.) with ±0.1K stability 
MKID temperature 120mK (CBE); 130mK (MEV, science reqt.) with ±1mK stability

rms WFE budget 
(nm)

Requirement
Allocated
Margin

<1400
528

165%

<1400
571

145%

DDSI SENSITIVITY CALCULATIONS
DDSI is detector noise-dominated (negligible photon noise) for telescope 
temperature (CBE 4.7K) and emissivity (CBE TBD): 
NEF=NEPdetector / (Atel ηopt ηdet ηmod)

LR HR

Atel Telescope collecting area (m2) 2.47

ηdet PSF to absorbed power at detector efficiency 0.4

ηmod Optical modulation efficiency 0.71

ηopt Total optical transmission efficiency 0.35 0.25
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HSI PARAMETERS

PARAMETER
BAND

BAND 1 BAND 2 BAND 3

Wavelength (μm) 380 - 600 240 - 340 150 - 200

Frequency (GHz) 790 - 500 1250 - 882 2000 - 1500

Resolving power (λ/∆λ)* 106 to 107

Beam size 52˝ - 83˝ 33˝ - 47˝ 21˝ - 28˝

Instantaneous FoV 300˝×200˝ 150˝×100˝ 150˝×100˝

Spectral channels* 1024 or 10,000

Array size 5 pixels × 2 polarizations

Aperture efficiency 80%

Mixer Type SIS HEB HEB

Receiver noise temperature 
(DSB) 60K 300K 400K

IF bandwidth 4GHz

Optics bench temperature 4.7K with ±0.1K stability (not critical)

LNA temperature 18K with ±0.1K stability during Allan time

Mixer temperature 4.5K with ±10mK stability during Allan time

RMS WFE 
budget (nm)

Requirement
Allocate
Margin

<7500
3000
250%

*Spectrometer type: autocorrelation or chirp transform

HSI OPTICAL EFFICIENCIES
ELEMENT [#] Ș
Mirrors (POOMBA to FPA) 8 0.997

Dichroics 2 0.97

Polarizing grid 1 0.99

Mixer feeds 1 0.99

Coupling of receiver to telescope 
(11dB edge taper) 1 0.81

DDSI OPTICAL EFFICIENCIES

ELEMENT
LR (PER BAND) HR (PER BAND)

[#] Ș [#] Ș
Mirrors (PM to FPA) 15 0.98 13 0.98

Dichroics 2 0.90 2 0.90

Slits 1 0.80 1 0.80

VIPA – – 1 0.70

Grating 1 0.90 – –

Cross-disperser – – 1 0.70

Metal-mesh filters 4 0.95 4 0.95

A. DDSI DESIGN OVERVIEW B. DDSI PERFORMANCE

C. HSI DESIGN OVERVIEW
D. HSI PERFORMANCE

MASS (kg) VOL. (m3)
LR1-2 33.0 0.112

LR3 52.0 0.164

LR4 56.9 0.113

MASS (kg) VOL. (m3)
COA (w/mixers) 16.95 0.027

LO unit 15.50 0.031

IF chain 23.40 0.010*

Spectrometers 10.20 0.010

ICU 11.55 0.012

MASS (kg) VOL. (m3)
Warm 
Elec. 27.26 TBD

PCE 16.68 TBD

MASS (kg) VOL. (m3)
HR1 34.9 0.163

HR2 34.9 0.111

HR3 34.9 0.111

*Plus harness

HSI SENSITIVITY CALCULATIONS
HSI is receiver/quantum noise-dominated; noise temperature 
(in K) given by:

Point source: Trms=2 (1/Ștel) TRx/√∆t∙∆i)
Mapping:  Trms=(2/√npix)(1/Ștel) TRx/√(∆ton-source/nbeam) ∆i

Conversion to flux (W m-2) given by  
   σ=k Trms ∆i/Atel

BAND
1 2 3

TRx Receiver noise temp. (K) 60 300 400

Atel Telescope collecting area (m2) 2.47

Ștel
Coupling efficiency (varies slightly 
w/source size) 0.8

npix Number of pixels in array 5

nbeam
Number of Nyquist sampled 
beams in 1°×1° map

1°
beam size/2( (
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Fig. E-9. Overview of FIRSST Instrument Design and Performance

Dichroic
LR1

Collimator Grating

MKID
array

MKID
array

MKID
array

MKID
array

Imager Slit
Camera

Dichroic

LR2

From
POOMBA

Cold
stop

LR3

LR4

Dichroic

LN
As

W
ar

m 
ele

ctr
on

ics

Cross-
disperser VIPA

Cylindrical
imager Dichroics

From
POOMBACold

stop

ImagerSlitCamera

HR3

MKID
array

MKID
array

MKID
array

HR1

HR2

LN
As

PCE

4.5K optical
bench

Beams from
POOMBA

Dichroics
Calibration switch mirror 

LO beam combiner
and beam dump

Polarizing
grids

Cold optics assembly (COA)

Mixer
modules

18K stage

26K mezzanine deck
68K stage

>270K spacecraft top deck

Instrument
control unit Backend spectrometers

Orthogonal
polarization

receivers
not shown

Calibration
loads

IF chain
1ST stage
LNAs

2nd stage
LNAs

Warm IF
unit

IF switching

LO beam
guide

High res chirp
spectrometers

Wideband ACS
spectrometers

Synthesizer

Amplifier 
multiplier chains

Dichroics

Band 1
4.5K

18K

26K

68K

>270K

Band 2
Band 3

LO baffles
and filters

Cold
optics
assembly
(COA)

LO
beam
guide

LO unit

Mixer
module

Input
module

Beam combination
moduleDichroic

mirrors LO beam
combiner

M3

Switch
mirrorM1´

M2

M1
Mixer arrays

To LO at
>270K level

Calibration
loads

Fr
om

 P
OO

MB
A

Cold LO
optics

Grid

LO AMCs
band 1

LO AMCs
band 2

LO AMCs
band 3

Combiner
gridCombiner

grid

Combiner
grid Combiner

dichroics

LO beam
guide output mirror

0
100

200

300

400

500
600

HS
I n

ois
e

te
m

pe
ra

tu
re

 (K
)

Band 1

Band 2

Band 3 CBE
MEV

1°×1° map, R = 106

615� ��ı�LQ���KRXU

10-18

10-17

10-16

10-15

HS
I m

ap
pin

g
se

ns
itiv

ity
 (W

 m
-2
)

CBE
MEV

Band
3 Band 2

Band 1

10-20

10-19

10-18

10-17

Point source, R = 106

615� ��ı�LQ���KRXU

HS
I li

ne
 flu

x
se

ns
itiv

ity
 (W

 m
-2
)

CBE
MEV

Band
3

Band 2

Band 1

50070010002000
Frequency (GHz)

200 400 600
:DYHOHQJWK���P�

�Kv/k

�Kv/k

Coaligning slits on sky using dichroics maximizes observing ef-
ficiency. LR module (left side): four LR bands cover 35-260µm 
simultaneously with 196 spectral bins. HR module (right side):  
three HR bands provide high resolution using a VIPA coupled to a 
cross-disperser. FPAs are optimally positioned together (bottom) to 
satisfy cooling requirements with the ADR.

MKID performance meets DDSI NEP require-
ment; sensitivities meet science requirements.
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HSI design is based on decades of heterodyne instrumentation. Three bands each use a focal plane array of five pixels in two 
polarizations—the first multi-pixel heterodyne arrays flown in space. High-power components (including the LO unit) are located in 
the warm spacecraft; the cold optics assembly (COA) with the sensitive cryogenic mixers is located on 4.5K optical bench. Heat leaks 
are minimized by combining LO signals for all bands in the LO unit so a single beam guide carries a combined signal to the COA.

HSI spans a wide wavelength range at very high spectral resolving power using the most sensitive 
mixers available for a given band. Instrument optics have high efficiencies (close to quantum-lim-
ited), and ensure high sensitivity for point sources and mapping of extended sources.

DDSI PARAMETERS

PARAMETER
BAND

LR1 LR2 LR3 LR4 HR1 HR2 HR3
Wavelength 
(μm)

Begin Ȝ
End Ȝ

35
58

58
95

95
158

157
260

56.206
64.027

112.029
123.520

157.355
184.727

Beam size
(arcsec)

@ Begin Ȝ
@ End Ȝ

5.0
7.9

8.0
13.1

13.0
21.7

22.0
35.8

8.0
9.0

15.0
16.0

24.0
25.0

Instantaneous FoV 92.6˝×13.1˝ 252.5˝×35.8˝ 52˝×9˝ 99˝×16˝ 152˝×25˝
Resolving power (Ȝ/∆Ȝ) 100 89,000 100,000 20,000

Dispersive element First-order grating VIPA with immersion 
grating cross-disperser

Per band array size (spec × spat) 49×8 (hexagonal packing) 58×6 (hexagonal packing)

F/# Spectral
Spatial

12.90
12.90

7.83
7.83

6.85
6.85

4.15
4.15

12.3
14.2

6.5
8.0

3.5
5.0

Spectral sampling (pixel pitch/F· Ȝ) ~1.5 at center wavelength of each band
Radiometric throughput 35% 25%
Pixel NEP (W/√Hz) @ 2Hz 2.0×10-19 (CBE); 3.0×10-19 (MEV); 3.4×10-19 (science reqt.)
Pixel yield per array 85% (CBE); 80% (MEV); 80% (science reqt.)
Thermal background power (W) <7×10-18 0.1×10-18

MEV radiant power per pixel (W) 50×10-18 6×10-18 4×10-18 7×10-18

Optics bench temperature 4.7K with ±0.1K stability during DDSI operation
VIPA temperature <5K (CBE); <10K (MEV, science reqt.) with ±0.1K stability 
MKID temperature 120mK (CBE); 130mK (MEV, science reqt.) with ±1mK stability

rms WFE budget 
(nm)

Requirement
Allocated
Margin

<1400
528

165%

<1400
571

145%

DDSI SENSITIVITY CALCULATIONS
DDSI is detector noise-dominated (negligible photon noise) for telescope 
temperature (CBE 4.7K) and emissivity (CBE TBD): 
NEF=NEPdetector / (Atel ηopt ηdet ηmod)

LR HR

Atel Telescope collecting area (m2) 2.47

ηdet PSF to absorbed power at detector efficiency 0.4

ηmod Optical modulation efficiency 0.71

ηopt Total optical transmission efficiency 0.35 0.25
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HSI PARAMETERS

PARAMETER
BAND

BAND 1 BAND 2 BAND 3

Wavelength (μm) 380 - 600 240 - 340 150 - 200

Frequency (GHz) 790 - 500 1250 - 882 2000 - 1500

Resolving power (λ/∆λ)* 106 to 107

Beam size 52˝ - 83˝ 33˝ - 47˝ 21˝ - 28˝

Instantaneous FoV 300˝×200˝ 150˝×100˝ 150˝×100˝

Spectral channels* 1024 or 10,000

Array size 5 pixels × 2 polarizations

Aperture efficiency 80%

Mixer Type SIS HEB HEB

Receiver noise temperature 
(DSB) 60K 300K 400K

IF bandwidth 4GHz

Optics bench temperature 4.7K with ±0.1K stability (not critical)

LNA temperature 18K with ±0.1K stability during Allan time

Mixer temperature 4.5K with ±10mK stability during Allan time

RMS WFE 
budget (nm)

Requirement
Allocate
Margin

<7500
3000
250%

*Spectrometer type: autocorrelation or chirp transform

HSI OPTICAL EFFICIENCIES
ELEMENT [#] Ș
Mirrors (POOMBA to FPA) 8 0.997

Dichroics 2 0.97

Polarizing grid 1 0.99

Mixer feeds 1 0.99

Coupling of receiver to telescope 
(11dB edge taper) 1 0.81

DDSI OPTICAL EFFICIENCIES

ELEMENT
LR (PER BAND) HR (PER BAND)

[#] Ș [#] Ș
Mirrors (PM to FPA) 15 0.98 13 0.98

Dichroics 2 0.90 2 0.90

Slits 1 0.80 1 0.80

VIPA – – 1 0.70

Grating 1 0.90 – –

Cross-disperser – – 1 0.70

Metal-mesh filters 4 0.95 4 0.95

A. DDSI DESIGN OVERVIEW B. DDSI PERFORMANCE

C. HSI DESIGN OVERVIEW
D. HSI PERFORMANCE

MASS (kg) VOL. (m3)
LR1-2 33.0 0.112

LR3 52.0 0.164

LR4 56.9 0.113

MASS (kg) VOL. (m3)
COA (w/mixers) 16.95 0.027

LO unit 15.50 0.031

IF chain 23.40 0.010*

Spectrometers 10.20 0.010

ICU 11.55 0.012

MASS (kg) VOL. (m3)
Warm 
Elec. 27.26 TBD

PCE 16.68 TBD

MASS (kg) VOL. (m3)
HR1 34.9 0.163

HR2 34.9 0.111

HR3 34.9 0.111

*Plus harness

HSI SENSITIVITY CALCULATIONS
HSI is receiver/quantum noise-dominated; noise temperature 
(in K) given by:

Point source: Trms=2 (1/Ștel) TRx/√∆t∙∆i)
Mapping:  Trms=(2/√npix)(1/Ștel) TRx/√(∆ton-source/nbeam) ∆i

Conversion to flux (W m-2) given by  
   σ=k Trms ∆i/Atel

BAND
1 2 3

TRx Receiver noise temp. (K) 60 300 400

Atel Telescope collecting area (m2) 2.47

Ștel
Coupling efficiency (varies slightly 
w/source size) 0.8

npix Number of pixels in array 5

nbeam
Number of Nyquist sampled 
beams in 1°×1° map

1°
beam size/2( (
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1. In LR mode, instantaneous 35-260 µm R=100 spectrum. Or map extended areas with slit movement.
2. In HR mode, instantaneous a line each in HR1 (R=89,000), HR2 (R=100,000), HR3 (R=20,000).
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Opto-mechanical Design. Each DDSI band or band pair is con-
tained within a dedicated housing that provides alignment and stray-
light control (Fig. E-9A). The housings are mounted to the optical 
bench with flexures and include a dedicated mount for the focal plane 
assembly (FPA). Independent and parallel assembly, alignment, elec-
trical integration, and test at 4.5K of each band optimize schedules 
and reduce risk. All housings, mirrors, and mounts are made of 
6061-T6 aluminum and undergo the same progressive machining and 
cryogenic stress relief regimen as the aluminum telescope elements.

The DDSI slits are coaligned within each module to achieve 
maximum observational efficiency. Because all DDSI bands are 
detector-noise limited, coalignment does not reduce signal-to-noise 
in any band, nor does it add significant alignment requirements. 
Warm to cold alignment stability across DDSI is achieved through 
thean all-aluminum construction and use of kinematic design where 

needed (see also §E.2.6). This standard approach in cryogenic FIR 
instrument design ensures the slit misalignment error is smaller 
than the requirement of 4.3˝ in LR and 1.8˝ in HR (derived from slit 
dimensions on sky; Fig. E-2B). These requirements are based on a 
1.4˝ CBE slit-to-source alignment accuracy provided by the BSM, 
which can be commanded to 0.005˝, providing ample margin.

Ultra-low-noise Detectors. DDSI is designed with a moderate 
pixel count (2612 total) to reduce risk associated with delivering 
science-enabling ultra-low-noise FIR detector arrays. The NEP pixel 
sensitivity for all DDSI bands is 2×10-19 W/¥Hz at 2Hz (CBE; sci-
ence requirement 3.4×10-19 W/¥Hz; Fig. E-11). MKIDs have demon-
strated NEP ≤3×10-19 W/¥Hz at 1.5THz (λ=200µm) and a full system 
demonstration with >900 pixels read out simultaneously using a 
single backend electronics box2,3,4. FIRSST MKIDs meeting NEP 
requirements are procured from SRON.

FIRSST uses the mature leaky-lens, antenna-coupled, single-po-
larization MKID design3. Fig. E-12 shows a micrograph of a single 
detector for 1.5THz radiation, consisting of a NbTiN resonator whose 
geometry determines its microwave readout frequency. An antenna 

Fig. E-12. MKIDs enable high-sensitivity FIR detection and meet DDSI 
requirements. 255-pixel detector array is tuned for 7THz (43µm) detection. 
The microlens array couples light to the planar antennas as shown. Example 
7THz and 1.5THz (193µm) planar circuitry is also shown. See also Fig. E-11.

DDSI SENSITIVITY CALCULATIONS
DDSI is detector noise-dominated (negligible 
photon noise) for telescope temperature 
(CBE 4.7K) and emissivity (2%): 
NEF=NEPdetector / (Atel ηopt ηdet ηmod)

LR HR

Atel Telescope collecting area (m2) 2.47

ηdet PSF to absorbed power at detector efficiency 0.4

ηmod Optical modulation efficiency 0.71

ηopt Total optical transmission efficiency 0.35 0.25

DDSI OPTICAL EFFICIENCIES

ELEMENT
LR (PER BAND) HR (PER BAND)

[#] η [#] η
Mirrors (PM to FPA) 15 0.98 13 0.98

Dichroics 2 0.90 2 0.90

Slits 1 0.80 1 0.80

VIPA – – 1 0.70

Grating 1 0.90 – –

Cross-disperser – – 1 0.70

Metal-mesh filters 4 0.95 4 0.95
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Fig. E-11. DDSI Performance. MKIDs de-
signed for FIRSST provide NEP that meets 
DDSI requirements. DDSI point source 
and mapping sensitivities meet science 
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7 FPAs with a total of 
2162 pixels 
(each array is about 
348-392 pixels).           

Vendor:
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at 200μm using existing test beds, and LR1 (shortest wavelength 
band, tested using filters centered at 43µm). HR bands require detec-
tor arrays similar in format to LR1. The development occurs in a 
testbed using a cryogenic calibration load to measure sensitivity and 
dynamic range and a He10-cooled system allowing beam pattern 
measurements, cross-talk measurements, and detector frequency 
response. An additional cryogenic system with extended capabilities 
(cold vibration and CR susceptibility) is commissioned prior to Phase 
A to substantially increase detector testing throughput.

MKID Backup. Absorber-coupled transition-edge sensor (TES) 
arrays are a backup for the MKIDs. TESs have been successfully 
used in FIR and demonstrated to meet the NEP requirement (pix-
el-level). A ROSES/APRA grant (PI: Rostem; PoP: 2023–2026) 
funds this effort. The fundamental mechanical resonance mode 
frequency of a TES exceeds ~10kHz, confirming the robustness for 
launch conditions. TESs have a linear response over a large dynamic 
range (~10,000). Three development efforts are required for DDSI 
to use TESs: (1) larger pixels (~900µm) to match the optical design, 
(2) a continuous ADR to cool the DMs to 50mK, and (3) a supercon-
ducting quantum interference device amplifier at 50mK and 4.5K
stages to couple the TES electrical signal to the warm electronics.
SQUID amplifiers are currently rated at TRL 5.

VIPA. VIPAs are currently at TRL 4, with a path to TRL 6 funded 
by a ROSES/APRA grant (PI: Stacey: PoP 2023-2026) (Fig. F-8). 
A room temperature VIPA device working at 116µm was demon-
strated at Cornell (Fig. E-8) with a resolving power (R) of 6000 
that is well-matched to our EM modeling. Cooling this VIPA to 4K 
will lower the impurity conduction of the silicon, increasing R to 
the design target of 24,000. (TRL 5). The TRL maturity plan (Fig. 
F-7) also creates a 112µm VIPA device based on the flight model 
architecture, designed to reach a resolving power of ~100,000 in 
a 4K environment. This involves constructing the new VIPA and 
creating a testbed suitable for holding the optics to couple a tunable 
far-IR laser into the VIPA and couple the VIPA output into a multi-
pixel detector in the image plane. This simulates a flight VIPA in a 

flight-like environment (TRL 6). Magnetic field, CR, radiation dose, 
and vibration tests will complete flight qualification. 

VIPA Backup. FPIs serve as drop-in replacements for the VIPAs. 
Like the VIPA, the FPI resonant cavity shrinks the required inter-
ference path length by the cavity finesse (typically >50) so the 
(free-space) cavity is <11cm, which is acceptable for space-borne 
spectrometers. FPIs require an additional continuously scanned 
mechanism per band to obtain the entire spectrum that is instan-
taneously given by the VIPA. High resolution (R=105) has been 
demonstrated with a scanning FPI at 112µm.
F.5. Assembly, Integration, Test, and Verification
FIRSST’s test-as-you-fly approach and iterative verification process is
validated by the long
history of APL and Ball 
missions.

Successful veri-
fication starts at the 
lowest component 
level, from the small-
est optic or mech-
anism, and builds 
confidence through 
higher levels of inte-
gration by rigorous 
performance testing 
in flight-like environ-
mental tests. Early 
rolling wave verifica-
tion provides analy-
sis requirements, and 
performs inspection, 
analysis, test, and 
demonstration veri-
fications throughout 
the AI&T process. 

Fig. F-8. VIPA Technology Maturation. The 
plan builds on a successful demonstration of a 
far-IR cryogenic VIPA implemented in the testbed 
shown above. (§E.2.4)
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the beam and creates an image of the pupil for 
a cold stop, which limits straylight. A dichroic 
splits the beam into two paths imaged through 
slits. Following the slits, the beams are split 
again by a dichroic, creating four bands. OAPs 
collimate the four paths prior to their respec-
tive gratings. Each high-efficiency grating  
(Șgrating >90%, single polarization to match the 
MKIDs) covers a ~50% bandwidth. A final 
OAP images spectra onto an MKID array. The 
four LR slits are coaligned to allow simultane-
ous observations from 35–260µm. Therefore, 
in combination with the BSM and spacecraft 
(Table E-2; Fig. E-2D), LR conducts spectral 
mapping surveys far more efficiently than sys-
tems that need multiple observations to obtain 
the broad FIR wavelength range.

OAPs and fold mirrors (for LR and HR) 
are gold-coated aluminum, providing a uni-
form thermo-optical response throughout the 
design. Diamond-turned OAPs designed with 
large F/� and small diameters are precise and 
reliable optical components, delivering WFE 
within allocations. The band-splitting dichroics 
are metal-mesh multi-layer surfaces (procured 
from QMC Instruments) and have flown on 
Herschel (PACS, SPIRE).

HR Optical Design. The optical train for HR begins similarly to 
LR. After being imaged through the slit and collimated, a cylindri-
cal element focuses the beam to a line (spectral dimension focused; 
spatial dimension collimated; Fig. E-10). The line focus enters a 
VIPA with a precise tilt. A cross-disperser following the VIPA dis-
places overlapping orders along the spatial dimension. Two biconic 
mirrors reshape the cross-disperser output and present the correct 
F/� beam to the MKID (Fig. E-10). The three HR VIPAs are made 

by depositing gold reflectors on solid high-purity silicon and are 
provided by Cornell’s NanoScale Science and Technology Facility32.

Each HR band cross-disperser is a reflective immersion grat-
ing made of high-purity silicon with a single layer of parylene as 
an anti-reflection coating. The optic is the same dimension as the 
associated VIPA. The cross-disperser is mounted on a single-axis 
mechanism. It is oriented to pass only one order from the VIPA at 
a time (position is fixed during observations), but the mechanism 
has a range large enough to access the full band.

Fig. E-10. VIPAs significantly improve (>6×) HR spectrometer detection efficiency. Left: A VIPA 
is an optical cavity coated for 100% and 90% reflectance at the input and output sides, respectively. 
A line focus illuminates an unmetallized slit on the input side’s edge (cross-slit direction is focused 
into slit; along-slit direction’s pupil plane placed in slit). A VIPA is tilted about the slit dimension so 
light propagating as shown creates a continuum of resonant paths. Each wavelength finds its own 
path, satisfying the cavity resonant condition, and has its own exit angle. The total phase delay 
created by the cavity yields R>104, and combined with silicon’s refractive index (n~3.4) yields 
a compact configuration. Middle: A reflecting silicon immersion grating separates VIPA spectral 
orders to achieve >9% waveband at R=105. Right: Laboratory measurement of a VIPA prototype 
cooled to 29 K and operating at ~115.7 μm. A quantum-cascade laser (QCL) sequentially tuned to 
three different wavelengths was sent through the VIPA and signals at each QCL setting (red, green 
and blue dots) were recorded with a warm detector as it was scanned along the VIPA dispersion 
direction. Overlaid solid red, green and blue lines are expected VIPA profiles at the three wavelengths. 
Measured profiles are consistent with a VIPA model that includes resistive losses at 29K.  The data 
indicate an intrinsic resolving power of 15,000, as expected from our models.

Wavelength (µm)
No

rm
al

ize
d 

Ou
tp

ut

Output Angle (°)

r=100% r=90%

Camera
optic

VIPA entrance slit
(line focus into page) 

Focal
Plane 

Cylindrical
optic

Collimated space
from VIPA into
immersion gratingVIPA

Immersion
grating

Biconic
mirror 
(images)MKID

focal
plane

Input

Biconic
mirror
(images)

115.783 115.765 115.705115.746 115.726 115.684 115.662

VIPA: 29K

–1.0 –0.5–1.5 0.0 0.5 1.0 1.5

1.0

0.8

0.6

0.4

0.2

0.0

115.751 µm
QCL Data
Model
115.746 µm
QCL Data
Model
115.718 µm
QCL Data
Model

Use or disclosure of the data on this page is subject to the restrictions on the title page of this proposal.
16 November 2023 E–15  NNH23ZDA021O 

the beam and creates an image of the pupil for 
a cold stop, which limits straylight. A dichroic 
splits the beam into two paths imaged through 
slits. Following the slits, the beams are split 
again by a dichroic, creating four bands. OAPs 
collimate the four paths prior to their respec-
tive gratings. Each high-efficiency grating  
(Șgrating >90%, single polarization to match the 
MKIDs) covers a ~50% bandwidth. A final 
OAP images spectra onto an MKID array. The 
four LR slits are coaligned to allow simultane-
ous observations from 35–260µm. Therefore, 
in combination with the BSM and spacecraft 
(Table E-2; Fig. E-2D), LR conducts spectral 
mapping surveys far more efficiently than sys-
tems that need multiple observations to obtain 
the broad FIR wavelength range.

OAPs and fold mirrors (for LR and HR) 
are gold-coated aluminum, providing a uni-
form thermo-optical response throughout the 
design. Diamond-turned OAPs designed with 
large F/� and small diameters are precise and 
reliable optical components, delivering WFE 
within allocations. The band-splitting dichroics 
are metal-mesh multi-layer surfaces (procured 
from QMC Instruments) and have flown on 
Herschel (PACS, SPIRE).

HR Optical Design. The optical train for HR begins similarly to 
LR. After being imaged through the slit and collimated, a cylindri-
cal element focuses the beam to a line (spectral dimension focused; 
spatial dimension collimated; Fig. E-10). The line focus enters a 
VIPA with a precise tilt. A cross-disperser following the VIPA dis-
places overlapping orders along the spatial dimension. Two biconic 
mirrors reshape the cross-disperser output and present the correct 
F/� beam to the MKID (Fig. E-10). The three HR VIPAs are made 

by depositing gold reflectors on solid high-purity silicon and are 
provided by Cornell’s NanoScale Science and Technology Facility32.

Each HR band cross-disperser is a reflective immersion grat-
ing made of high-purity silicon with a single layer of parylene as 
an anti-reflection coating. The optic is the same dimension as the 
associated VIPA. The cross-disperser is mounted on a single-axis 
mechanism. It is oriented to pass only one order from the VIPA at 
a time (position is fixed during observations), but the mechanism 
has a range large enough to access the full band.

Fig. E-10. VIPAs significantly improve (>6×) HR spectrometer detection efficiency. Left: A VIPA 
is an optical cavity coated for 100% and 90% reflectance at the input and output sides, respectively. 
A line focus illuminates an unmetallized slit on the input side’s edge (cross-slit direction is focused 
into slit; along-slit direction’s pupil plane placed in slit). A VIPA is tilted about the slit dimension so 
light propagating as shown creates a continuum of resonant paths. Each wavelength finds its own 
path, satisfying the cavity resonant condition, and has its own exit angle. The total phase delay 
created by the cavity yields R>104, and combined with silicon’s refractive index (n~3.4) yields 
a compact configuration. Middle: A reflecting silicon immersion grating separates VIPA spectral 
orders to achieve >9% waveband at R=105. Right: Laboratory measurement of a VIPA prototype 
cooled to 29 K and operating at ~115.7 μm. A quantum-cascade laser (QCL) sequentially tuned to 
three different wavelengths was sent through the VIPA and signals at each QCL setting (red, green 
and blue dots) were recorded with a warm detector as it was scanned along the VIPA dispersion 
direction. Overlaid solid red, green and blue lines are expected VIPA profiles at the three wavelengths. 
Measured profiles are consistent with a VIPA model that includes resistive losses at 29K.  The data 
indicate an intrinsic resolving power of 15,000, as expected from our models.
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1. TRL 5 demonstration at Cornell for a 
R=15,000 at 29K/R=24,000 4.5K.
2. DDSI-HR2 flight prototype at 
R=100,000 at 4.5K for TRL 6 by mid 2025.
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SECTION A-A

A

Dichroic Assy
Material: Polyimide/Kapton 
(Optic), Various (mount)
Note: Mounts is 3DOF 
and has compliance for CTE 
mismatch between the optic 
and bench 

Material: Aluminum
Note: Diamond turnedMirrors

Slit

Light from Beam 
Steering Assy 

(BSA)

Material: Silicon (Optic), Silicon 
Carbide or Molybdenum (mount)

Cross Disperser
Material: Silicon (Optic), 
Various (Mount)
Note: Mount is 
mechanism that allows 
1DOF rotation

VIPA

Material: Aluminum
Note: Diamond turnedMirrors

Focal Plane Assembly
(Ball proprietary magnetic and radiation 
shielding and Kevlar suspension at 
120mK CBE; 130 mK MEV/Reqt)

Light to
 HR2 and 

HR3

Cold Stop

Material: Al

Bench

NOTE: HR2 and HR3 are have 
similar layouts

Mechanism
(Ball proprietary)
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Fig. E-2. Overview of Payload, Telescope, Thermal 
Management, and Observing Modes
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Payload subsystems and 
instruments are illustrated 
in relation to the space-
craft bus (wireframe). 
4K cryocooler, HSI local 
oscillator unit, and pay-
load warm electronics are 
located in the spacecraft 
bus to mitigate heat leaks. 
HSI cold optics assembly 
and DDSI are co-located 
on the 4.7K optical bench 
under the primary mirror. 
DDSI design positions the 
FPAs close to the ADR to 
keep the MKIDs at 120mK.

Full observatory thermal performance was 
bounded by simulations including expected 
internal thermal loads. IMLI layers were 
modeled using double-aluminized Kapton® 
blankets with conductors for spacers  
between layers, an approach proven to pre-
dict heat leaks accurately.9 All Simulations 
yield heat loads <25mW at the 4.5K interface, demonstrating relative immunity to thermal loads. Thermal 
map and model outputs for worst case simulation (90º pitch angle, hot are shown). Payload Thermal 
Performance table shows how thermal margin tracks with cooling source in worst case scenario.

IMLI
BIRB

Radiation to space (mW)
Radiation exchange (mW)

> 270K
68K
26K
18K

4.5K
120mK

Conduction heat (mW)
Cable

PAYLOAD THERMAL PERFORMANCE

COOLING 
STAGE

COOLING 
CAPACITY

(mW)

TOTAL 
CBE

(mW)
MARGIN* COMPONENTS

(CBE IN mW)

120mK ADR 0.00409 0.00161 154% Harness/suspension (0.00161)

1K ADR 0.55 0.196 181% Harness/suspension (0.196)

4.5K interface
4K cryocooler 54 24.0 125%

ADR (8.0), LO/mixer/cal load 
(1.5), BSM (1.7), harness (5.2), 

strut (5.7), radiation (1.9)

18K interface
4K cryocooler 103 24.8

39.4
315%
161%

Chopper (2.0), LNAs (9, 21.6), 
heat intercept (15.8)

26K cold 
radiator N/A 291 N/A Harness (60), strut (93), 

radiation (138)

65K interface
4K cryocooler 4900 2290

2310
114%
112%

LNAs (15, 36), radiation (200), 
ADR lead joule loss (600), heat 

intercept (1206), strut (268)

Blue: DDSI active. Orange: HSI active. 
*(Cooling capacity – Total CBE) / Total CBE 
DDSI and HSI do not operate at the same time; both margins shown.
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THERMAL SIMULATIONS
THERMAL LOAD (mW) AT TEMP. STAGE

Hot cases* Cold cases**
-5° 0° 90° -5° 0° 90°

4.5K interface 23.0 22.9 24.0 22.9 22.9 23.9

18K interface 39.6 39.0 39.4 39.1 38.5 39.1

65K interface 1960 1950 2310 1920 1910 2270

Effective background temperature of 7.2K in all simulations
*Solar flux of 1421 W m-2, end-of-life properties
**Solar flux of 1291 W m-2, beginning-of-life properties

TEMPERATURE 
STAGE

OBSERVATORY 
PITCH ANGLE α

PM

TMBSM

SM

OTA optical path

PAYLOAD DDSI HSI 4K CRYOCOOLER ADR

Mass 
(kg) 1860 254 78 73 39

Volume 
(m3) 43.4 1.53 0.123 0.231 0.058

Key:

(a): LR point source observa-
tions begin with spacecraft 
pointing to <3.5˝ of target to 
place it in LR4 slit. BSM peaks 
up signal in LR1 slit and then 
scans along slit to modulate 
signal. HR point source obser-
vations are first peaked up in 
LR slits; target is then moved 

The BSM enables a variety of flexible observing modes (see also Table E-2).

(a) DDSI point sources (b) HSI point sources

(c) Mapping examples

Position 1 Position 2

Target

to HR slit, after which BSM begins scanning to modulate signal. (b): HSI point sources are 
acquired by spacecraft (no peak up needed given larger beam). The BSM “pixel switches” 
to move target from one set of HSI pixels to another, always keeping one set on source and 
one set measuring background. (c): BSM scans instrument FoVs within limits shown in Fig. 
E-2B to map small areas. Sample patterns shown for HSI, but BSM software allows flexible 
patterning for both DDSI and HSI. Large maps constructed by mosaicking small maps or 
maneuvering the space¬craft in a raster-style scan (see also Fig. D-10).
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Coaligned slits allow efficient use of observatory time
LR 1, LR 2, LR 3, LR 4: simultaneous observations
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INSTRUMENTS FOV MAP AND SLIT ARRANGEMENT
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Science Requirements:
Molecular line observations at high sensitivity
• several frequencies between 500 GHz and 2000 GHz, in particular H2O lines
• at very high spectral resolution of 106 to 107 for point sources and small maps
à Heterodyne Instrument using superconducting mixers with several 

bands 
Design Approach:
• Use successful heritage from ground and space, in particular HIFI/Herschel
• Use innovative architecture and recent improvements/innovations to optimize 

efficiency and small Rx arrays
à Low risk instrument design using same heritage components  as HIFI 

from (European and US) partners with plenty of experience and excellent 
track record
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Heterodyne Principle
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Fig. E-2. Overview of Payload, Telescope, Thermal 
Management, and Observing Modes
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Payload subsystems and 
instruments are illustrated 
in relation to the space-
craft bus (wireframe). 
4K cryocooler, HSI local 
oscillator unit, and pay-
load warm electronics are 
located in the spacecraft 
bus to mitigate heat leaks. 
HSI cold optics assembly 
and DDSI are co-located 
on the 4.7K optical bench 
under the primary mirror. 
DDSI design positions the 
FPAs close to the ADR to 
keep the MKIDs at 120mK.

Full observatory thermal performance was 
bounded by simulations including expected 
internal thermal loads. IMLI layers were 
modeled using double-aluminized Kapton® 
blankets with conductors for spacers  
between layers, an approach proven to pre-
dict heat leaks accurately.9 All Simulations 
yield heat loads <25mW at the 4.5K interface, demonstrating relative immunity to thermal loads. Thermal 
map and model outputs for worst case simulation (90º pitch angle, hot are shown). Payload Thermal 
Performance table shows how thermal margin tracks with cooling source in worst case scenario.

IMLI
BIRB

Radiation to space (mW)
Radiation exchange (mW)

> 270K
68K
26K
18K

4.5K
120mK

Conduction heat (mW)
Cable

PAYLOAD THERMAL PERFORMANCE

COOLING 
STAGE

COOLING 
CAPACITY

(mW)

TOTAL 
CBE

(mW)
MARGIN* COMPONENTS

(CBE IN mW)

120mK ADR 0.00409 0.00161 154% Harness/suspension (0.00161)

1K ADR 0.55 0.196 181% Harness/suspension (0.196)

4.5K interface
4K cryocooler 54 24.0 125%

ADR (8.0), LO/mixer/cal load 
(1.5), BSM (1.7), harness (5.2), 

strut (5.7), radiation (1.9)

18K interface
4K cryocooler 103 24.8

39.4
315%
161%

Chopper (2.0), LNAs (9, 21.6), 
heat intercept (15.8)

26K cold 
radiator N/A 291 N/A Harness (60), strut (93), 

radiation (138)

65K interface
4K cryocooler 4900 2290

2310
114%
112%

LNAs (15, 36), radiation (200), 
ADR lead joule loss (600), heat 

intercept (1206), strut (268)

Blue: DDSI active. Orange: HSI active. 
*(Cooling capacity – Total CBE) / Total CBE 
DDSI and HSI do not operate at the same time; both margins shown.
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THERMAL SIMULATIONS
THERMAL LOAD (mW) AT TEMP. STAGE

Hot cases* Cold cases**
-5° 0° 90° -5° 0° 90°

4.5K interface 23.0 22.9 24.0 22.9 22.9 23.9

18K interface 39.6 39.0 39.4 39.1 38.5 39.1

65K interface 1960 1950 2310 1920 1910 2270

Effective background temperature of 7.2K in all simulations
*Solar flux of 1421 W m-2, end-of-life properties
**Solar flux of 1291 W m-2, beginning-of-life properties

TEMPERATURE 
STAGE

OBSERVATORY 
PITCH ANGLE _

PM

TMBSM

SM

OTA optical path

PAYLOAD DDSI HSI 4K CRYOCOOLER ADR

Mass 
(kg) 1860 254 78 73 39

Volume 
(m3) 43.4 1.53 0.123 0.231 0.058

Key:

(a): LR point source observa-
tions begin with spacecraft 
pointing to <3.5˝ of target to 
place it in LR4 slit. BSM peaks 
up signal in LR1 slit and then 
scans along slit to modulate 
signal. HR point source obser-
vations are first peaked up in 
LR slits; target is then moved 

The BSM enables a variety of flexible observing modes (see also Table E-2).

(a) DDSI point sources (b) HSI point sources

(c) Mapping examples

Position 1 Position 2

Target

to HR slit, after which BSM begins scanning to modulate signal. (b): HSI point sources are 
acquired by spacecraft (no peak up needed given larger beam). The BSM “pixel switches” 
to move target from one set of HSI pixels to another, always keeping one set on source and 
one set measuring background. (c): BSM scans instrument FoVs within limits shown in Fig. 
E-2B to map small areas. Sample patterns shown for HSI, but BSM software allows flexible 
patterning for both DDSI and HSI. Large maps constructed by mosaicking small maps or 
maneuvering the space¬craft in a raster-style scan (see also Fig. D-10).
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Fig. E-9. Overview of FIRSST Instrument Design and Performance
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Coaligning slits on sky using dichroics maximizes observing ef-
ficiency. LR module (left side): four LR bands cover 35-260µm 
simultaneously with 196 spectral bins. HR module (right side):  
three HR bands provide high resolution using a VIPA coupled to a 
cross-disperser. FPAs are optimally positioned together (bottom) to 
satisfy cooling requirements with the ADR.

MKID performance meets DDSI NEP require-
ment; sensitivities meet science requirements.
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HSI design is based on decades of heterodyne instrumentation. Three bands each use a focal plane array of five pixels in two 
polarizations—the first multi-pixel heterodyne arrays flown in space. High-power components (including the LO unit) are located in 
the warm spacecraft; the cold optics assembly (COA) with the sensitive cryogenic mixers is located on 4.5K optical bench. Heat leaks 
are minimized by combining LO signals for all bands in the LO unit so a single beam guide carries a combined signal to the COA.

HSI spans a wide wavelength range at very high spectral resolving power using the most sensitive 
mixers available for a given band. Instrument optics have high efficiencies (close to quantum-lim-
ited), and ensure high sensitivity for point sources and mapping of extended sources.

DDSI PARAMETERS

PARAMETER
BAND

LR1 LR2 LR3 LR4 HR1 HR2 HR3
Wavelength 
(μm)

Begin Ȝ
End Ȝ

35
58

58
95

95
158

157
260

56.206
64.027

112.029
123.520

157.355
184.727

Beam size
(arcsec)

@ Begin Ȝ
@ End Ȝ

5.0
7.9

8.0
13.1

13.0
21.7

22.0
35.8

8.0
9.0

15.0
16.0

24.0
25.0

Instantaneous FoV 92.6˝×13.1˝ 252.5˝×35.8˝ 52˝×9˝ 99˝×16˝ 152˝×25˝
Resolving power (Ȝ/∆Ȝ) 100 89,000 100,000 20,000

Dispersive element First-order grating VIPA with immersion 
grating cross-disperser

Per band array size (spec × spat) 49×8 (hexagonal packing) 58×6 (hexagonal packing)

F/# Spectral
Spatial

12.90
12.90

7.83
7.83

6.85
6.85

4.15
4.15

12.3
14.2

6.5
8.0

3.5
5.0

Spectral sampling (pixel pitch/F· Ȝ) ~1.5 at center wavelength of each band
Radiometric throughput 35% 25%
Pixel NEP (W/√Hz) @ 2Hz 2.0×10-19 (CBE); 3.0×10-19 (MEV); 3.4×10-19 (science reqt.)
Pixel yield per array 85% (CBE); 80% (MEV); 80% (science reqt.)
Thermal background power (W) <7×10-18 0.1×10-18

MEV radiant power per pixel (W) 50×10-18 6×10-18 4×10-18 7×10-18

Optics bench temperature 4.7K with ±0.1K stability during DDSI operation
VIPA temperature <5K (CBE); <10K (MEV, science reqt.) with ±0.1K stability 
MKID temperature 120mK (CBE); 130mK (MEV, science reqt.) with ±1mK stability

rms WFE budget 
(nm)

Requirement
Allocated
Margin

<1400
528

165%

<1400
571

145%

DDSI SENSITIVITY CALCULATIONS
DDSI is detector noise-dominated (negligible photon noise) for telescope 
temperature (CBE 4.7K) and emissivity (CBE TBD): 
NEF=NEPdetector / (Atel ηopt ηdet ηmod)

LR HR

Atel Telescope collecting area (m2) 2.47

ηdet PSF to absorbed power at detector efficiency 0.4

ηmod Optical modulation efficiency 0.71

ηopt Total optical transmission efficiency 0.35 0.25
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HSI PARAMETERS

PARAMETER
BAND

BAND 1 BAND 2 BAND 3

Wavelength (μm) 380 - 600 240 - 340 150 - 200

Frequency (GHz) 790 - 500 1250 - 882 2000 - 1500

Resolving power (λ/∆λ)* 106 to 107

Beam size 52˝ - 83˝ 33˝ - 47˝ 21˝ - 28˝

Instantaneous FoV 300˝×200˝ 150˝×100˝ 150˝×100˝

Spectral channels* 1024 or 10,000

Array size 5 pixels × 2 polarizations

Aperture efficiency 80%

Mixer Type SIS HEB HEB

Receiver noise temperature 
(DSB) 60K 300K 400K

IF bandwidth 4GHz

Optics bench temperature 4.7K with ±0.1K stability (not critical)

LNA temperature 18K with ±0.1K stability during Allan time

Mixer temperature 4.5K with ±10mK stability during Allan time

RMS WFE 
budget (nm)

Requirement
Allocate
Margin

<7500
3000
250%

*Spectrometer type: autocorrelation or chirp transform

HSI OPTICAL EFFICIENCIES
ELEMENT [#] Ș
Mirrors (POOMBA to FPA) 8 0.997

Dichroics 2 0.97

Polarizing grid 1 0.99

Mixer feeds 1 0.99

Coupling of receiver to telescope 
(11dB edge taper) 1 0.81

DDSI OPTICAL EFFICIENCIES

ELEMENT
LR (PER BAND) HR (PER BAND)

[#] Ș [#] Ș
Mirrors (PM to FPA) 15 0.98 13 0.98

Dichroics 2 0.90 2 0.90

Slits 1 0.80 1 0.80

VIPA – – 1 0.70

Grating 1 0.90 – –

Cross-disperser – – 1 0.70

Metal-mesh filters 4 0.95 4 0.95

A. DDSI DESIGN OVERVIEW B. DDSI PERFORMANCE

C. HSI DESIGN OVERVIEW
D. HSI PERFORMANCE

MASS (kg) VOL. (m3)
LR1-2 33.0 0.112

LR3 52.0 0.164

LR4 56.9 0.113

MASS (kg) VOL. (m3)
COA (w/mixers) 16.95 0.027

LO unit 15.50 0.031

IF chain 23.40 0.010*

Spectrometers 10.20 0.010

ICU 11.55 0.012

MASS (kg) VOL. (m3)
Warm 
Elec. 27.26 TBD

PCE 16.68 TBD

MASS (kg) VOL. (m3)
HR1 34.9 0.163

HR2 34.9 0.111

HR3 34.9 0.111

*Plus harness

HSI SENSITIVITY CALCULATIONS
HSI is receiver/quantum noise-dominated; noise temperature 
(in K) given by:

Point source: Trms=2 (1/Ștel) TRx/√∆t∙∆i)
Mapping:  Trms=(2/√npix)(1/Ștel) TRx/√(∆ton-source/nbeam) ∆i

Conversion to flux (W m-2) given by  
   σ=k Trms ∆i/Atel

BAND
1 2 3

TRx Receiver noise temp. (K) 60 300 400

Atel Telescope collecting area (m2) 2.47

Ștel
Coupling efficiency (varies slightly 
w/source size) 0.8

npix Number of pixels in array 5

nbeam
Number of Nyquist sampled 
beams in 1°×1° map

1°
beam size/2( (
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Science Implementation: HSI
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Science Implementation: HSI

With TRL 8-9 components, HSI provides a low-risk instrument strategy for the FIRSST mission. 
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Science Implementation: HSI

Better
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Instrument Operational Modes
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Coaligned DDSI slits enable full 
LR wavelength range, or up to 

three wavelength orders in HR to 
be measured simultaneously 

Overlapping HSI beams and 
arrangement of pixels allow 

point sources to be measured 
continuously with the 

background in all three bands 
through “pixel switching”
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BSM allows for a variety of mapping 
patterns to be designed and implemented.
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Instrument Operational Modes
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BSM – Beam Steering Mirror

• FIRSST BSM leverages Ball’s fine steering 
mirror (FSM) for JWST
• Updated design for FIRSST include:

• Mirror Size
• Angular travel of full range required for FIRSST
• Operating temperature (4.5K vs 30K)

• Differential Impedance Transducers used for 
position feedback

• Voice Coil Actuators (VCA) used to drive 
mechanism about rotational axis – Designed by 
Ball

68

Monolithic two-axis flexure provides 
2-degrees of rotational freedom.

Exact FIRSST BSM 
mechanism design is 
Ball proprietary 
(i.e. details are in the 
proposal).
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FIRSST BSM is a multi-purpose 2-dof steering
mirror, adjustable angular speeds and supporting 
both DDSI and HSI.  It is not a chopper.



FIRSST Risk Reduction Strategies/Considerations

Two instruments with heterodyne and direct detection technologies.
§ Optimized focal plane and instrument packaging for efficient scientific  observations.
§ Spectroscopy and spectroimaging focus: Overall a low pixel count with 2162 MKIDs pixels,                  

30 heterodyne pixels.
§ Minimize requirements on the 100 mK ADR – FIRSST uses TRL9 (Hitomi/XRISM heritage) single-

shot ADR with a 22 hour duty cycle vs TRL5-6 Continuous ADR that requires further development. 
During ADR recycling FIRSST implements HSI science operations.

§ Low pixel count – a substantially low data rate with 4-hour existing Ka-band DSN downloads ever 
3-4 days. 

§ Heterodyne does not benefit from a cold aperture, but still requires the 4K temperature stage for 
low noise mixers. Thus, FIRSST is not wasting cooling resources by operating a heterodyne 
instrument in the focal plane. 
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Guest Observer Program: 75% of mission lifetime

70

Requirements are set 
by the PI-led science 
objectives.

Uses 25% of mission 
5-year lifetime.

Design however 
takes into account 
the community needs 
and maximizes 
potential applications 
beyond PI objectives.
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State-of-the-art FIR detectors provide high sensitivity, and 
DDSI-LR optics design (§E.2) permits overlapping slits on the sky. 
This ensures simultaneous R=100 spectroscopy over 35–260mm 
across 4 detector arrays. With each slit providing up to 8 spatial 
beams, DDSI-LR maximizes efficiency for fast observations on a 
wide variety of targets. FIRSST provides a beam-steering mecha-
nism (BSM) for small area maps and an agile spacecraft for wide 
area maps with DDSI-LR.

The LR bands encompass many features from dust, ice, and car-
bonates. Studies of dust mineralogy conducted by Herschel/PACS 
were often limited.107 DDSI-LR’s sensitivity improvement (Fig. E-1) 
enables deeper observations and larger sample sizes. While PI-led 
SO4.1 targets debris disk ice, GO programs target asteroids and 

comets in the Solar system to minerals in exo-zodi dust clouds and 
key ISM regions.

Fig. D-10 illustrates a spectral line mapping case of using DDSI-LR 
on an extended galaxy to spatially separate ionized, dense molecular, 
and AGN tracer FIR spectral lines. Example use cases highlighted 
in Table D-8 include studies related to rise of metals at z>6, through 
targeted spectroscopy of FIR luminous, gravitationally lensed gal-
axies (e.g., FLS3).108 Such galaxies are ideal for studying the rise of 
metals during reionization.

Another approach to study galaxy formation and evolution is to pursue  
source clustering and intensity mapping.109 These studies focusing on 
the large-scale struc-
ture provide informa-
tion on galaxy prop-
erties, their influence 
on the surrounding 
gas, and conditions 
on their formation. 
Source clustering cor-
relates galaxy posi-
t ions to st rongly 
constrain the bias of 
where in the cosmic 
web galaxies form 
relative to the dark 
mat te r.  I ntensit y 
mapping measures 
brightness f luctua-
tions of line emission 
and constrains galaxy 
formation through 
global properties such 
as the SFR density 
with redshift.

Emission from a 
variety of polycyclic 

Table D-7. Community Observatory Enhanced by FIRSST Features

OBSERVATORY
DDSI

HSI
LR HR

FE
AT

UR
E

(a) >2πsr instanta-
neous FoR towards the 
anti-Sun direction.
(b) Agile observatory 
with minimal slew/settle 
time between targets.
(c) <48-hour window for 
time domain observa-
tions.

(a) Simultaneous 35-
260μm broad-band R=100 
spectra of the same target.
(b) Spectro-imaging using 
multi beams per slit, aided 
by BSM and/or spacecraft.
(c) Ideal for extragalactic 
line surveys

(a) Simultaneous 
High-resolving spec-
troscopy in each of 
HR1, HR2 and HR3 of 
the same target.
(b) Ideal for point 
sources.

(a) Sub-km/sec 
very high resolu-
tion spectroscopy.
(b) Spectral line 
polarization.
(c) Simultaneous 
in each band 1–3.
(d) Ideal for line 
mapping.

RA
TI

ON
AL

E

(a) Operational approach
similar to Spitzer and 
Herschel. 
(b) Overall 90% science 
observing time effi-
ciency.

Optical layout aligns all 
four LR slits to the same 
sky location, maximiz-
ing science observing 
efficiency.

Grating spectrom-
eters and/or a 
FTS cannot reach 
R>5×103 due to 
volume restrictions 
for instruments un-
derneath a 2m-class 
telescope.

Redesign based 
on Herschel/HIFI 
with five sky pixel 
arrays per band to 
improve mapping 
speeds.

UN
IQ

UE
NE

SS >60% more instan-
taneous sky coverage 
than Spitzer & Herschel 
with a single-axis gim-
baled solar array.

Optics design and instru-
ment layout uses dichroics 
to co-locate four slits on 
the same sky location.

High R (20,000-
100,000), yet com-
pact instrument 
Design with VIPAs 
as key dispersive 
element.

Allows spectral 
line polarization 
with orthogonal 
pixels for each sky 
pixel.

Wavelength (μm)101 102

Fl
ux

 D
en

sit
y

JWST

196 Spectral Bins

[OI]High-J CO

[C II]

FIRSST

Fig. D-10. FIRSST mapping generates contin-
uum and line maps over ~200 spectral bins 
from 35-260μm over the extent of nearby 
galaxies. The dashed scan path on the galaxy 
illustrates the mapping sequence. Individual 
channel maps correspond to example emission 
lines of interest (red: [CII] 158μm; green: [OI] 
63μm; blue: high-J CO) and the corresponding 
stacked images.
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GO Program Example: Spectral Line Maps and Surveys

On the fly spectral-line mapping using DDSI-LR 
with BSM and spacecraft of an agile observatory.
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constrain the bias of where in the cosmic web galaxies form relative 
to the dark matter. Intensity mapping measures brightness fluctu-
ations of line emission and constrains galaxy formation through 
global properties such as the SFR density with redshift.

Emission from a variety of polycyclic aromatic hydrocarbons 
(PAHs) in the mid-infrared are novel tracers of carbon dust and SFR 
in galaxies. PAH lines between 5-15ȝm rest-frame wavelengths trace 
SFR better than CO. The PAH emission from galaxies at za2 to za10 
can be mapped with DDSI-LR. Fig. D-11 shows an example of sim-
ulated PAH 11.3ȝm brightness intensity map at redshift z 6. These 
maps can be used for studies related to intensity fluctuations, (i.e., 
intensity mapping), and can be used to study clustering properties 
of PAH-bright galaxies during reionization. These studies will add 
a new window for the study of carbon dust formation and evolution. 

D.4.2.2.  Insights from High- and Super-High Spectral Resolution
AGN-driven outflows began to be understood when Herschel 

detected OH 11�ȝm P-Cygni absorption line profiles.102±104 Outflows 
in galaxies are almost always multi-phase (Fig. D-12). Multiple trac-
ers are needed to assess the mass and energy entrained in an outflow 
and its geometry. FIRSST traces unprecedented outflow widths, 
from starburst-driven winds at �15±20km/s to AGN-driven a1000±
2000km/s massive outflows). Galaxies and AGN can be pre-selected 
to fall within DDSI-HR bands (Table D-5).

The Milky :ay Galactic Center (M:GC) harbors the most extreme 
SF environment in our galaxy, and hosts the nearest super massive 
black hole (SMBH). Although the M:GC was observed by Herschel 
and is the target of many ground and sub-orbital experiments, current 
models do not fully explain the properties of gas appearing as molecu-
lar ³cloudlets´ in the circumnuclear disk (CND) next to the SMBH.105 
HSI can simultaneously map H2O and high-J CO lines at the required 
sub-km/s resolution in galactic center regions in reasonable times. 
HSI’s velocity resolu-
tion is fundamental 
to identify the origin 
of different emission 
components. 

Magnetic fields and 
turbulence help regu-
late the assembly of 
matter into molecular 
clouds and collapse 
into stars. Polarized 
dust emission is com-
monly used to study 
magnetic fields. The 
continuum polariza-
tion however is diffi-
cult to interpret,106 due 
to self-scattering and 

z=6, PAH 11.3µm, ΣS/N =84
z=8, PAH 11.3µm, ΣS/N =16
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Fig. D-11. DDSI-LR is capable of studying the rise of carbon dust in 
the Universe during reionization. Left: The PAH 11.3μm line emission 
brightness intensity map of an area of 4 deg2 at a z=6, using numerical 
simulations.121 Right: Power spectra of PAH 11.3μm line emission at z=6 
and 8 showing total signal-to-noise ratio for the detection in a 2000-hr, 
4-deg2 survey with DDSI-LR. As all 35–260μm wavelengths are covered 
in such a survey, data acquired will have multiple applications for galaxy 
studies over all redshifts, including the large-scale structure of bright 
DSFGs, multi-wavelength correlations, AGN identification, among others.
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Fig. D-12. High-resolution spectroscopy 
detects AGN outflows as P-Cygni profiles. 
Outflowing gas moving toward the observer ap-
pears as blueshifted absorption, and gas moving 
in other directions appears as emission. The 
resulting line profile features a distinct spectral 
shape that could identify galactic-scale outflows.

FIRSST, despite the name “spectroscopy” can make
images and maps, and can also conduct spectral line 
imaging surveys – 196 line maps from 35-260 microns 
at R=100 simultaneously!

Intensity mapping during reionization with PAH 
lines – 2x2 deg field lead to measurable signals.
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GO Program Example: [CII] and other line polarization
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FIRSST/HSI with dual polarization pixels could be used to measure spectral line polarization 
maps, especially polarization (polarization > calibration error ~ 5%).

Polarisation of submillimetre lines from interstellar medium 5
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Figure 3. (a)The schematic for H II Regions. The mean magnetic direction B0 is parallel to the x�axis. Blue arrows are the magnetic direction at the corre-
sponding grid. The radiation source is a B9-type star (T = 1⇥ 104

K). Different line-of-sight velocities vk are marked with different colours in the velocity
contour map in the upper right; (b) The full polarisation map cutting at vz = 0km/s with the 17” angular resolution. Bars represent the direction of polarisation
at the corresponding grid with the length of bars and the colour on the background showing the degree of polarisation. The dashed-dot purple lines denote
the theoretical sign-flipping criteria for polarisation (see §2); (c)(d) The polarisation maps with the 4.5” angular resolution for the white-square region in (b)
cutting at vz = +1km/s and vz = �1km/s, respectively. The orange lines are the projection of magnetic field lines on the picture plane. Blank areas on the
contour mean there being no cell with the cutting velocity along the line of sight in the corresponding grid.

polarimetry of atomic lines from comets, along their trajectories
as demontrated in Fig. 2(b) in a way similar to Na D2 line that
was studied earlier (Shangguan & Yan 2013). On the other hand,
the time evolution of the turbulence in the magnetosphere of the
planets can be studied by tracing the polarisation of atomic lines
due to the absorption in the magnetosphere. Furthermore, the sub-
millimetre fine-structure lines such as C II158µm from PDRs are
bright in those early star-forming galaxies (see, e.g., Lagache et al.
2017). The neighbouring stars and the AGN (Active Galactic Nu-
clei) in these galaxies can provide anisotropic radiation fields and

thus those fine-structure lines can be polarised according to the di-
rection of magnetic fields in the early galaxies. Last but not the
least, the multi-species atomic and ionic lines detected from the il-
luminated medium between galaxies- such as in Magellanic Stream
(Fox et al. 2013) and the H I envelope around the NGC4490/4485
system (Clemens et al. 1998)- can be utilised to investigate the in-
tergalactic magnetic fields with atomic alignment.

MNRAS 000, 1–6 (2017)

The [CII] 158 µm line polarization 
map from a simulation (Zhang & 
Yan 2017).

Models suggest a maximum [CII] 
158 µm polarization of 28% a 
substantial degree of 
polarization which HSI could be 
able to easily test even with 5% 
level calibration errors.

Fig. 1. Upper left: A carton illustrate classical analogy of the GSA induced by optical
pumping; Lower left: A toy model to illustrate how atoms are aligned by anisotropic
light. Atoms accumulate in the ground sublevel M = 0 as radiation removes atoms
from the ground states M = 1 and M = �1; Upper right: Typical astrophysical
environment where the ground-state atomic alignment can happen. A pumping
source deposits angular momentum to atoms in the direction of radiation and causes
di↵erential occupations on their ground states. Lower right: In a magnetized medium
where the Larmor precession rate ⌫L is larger than the photon arrival rate ⌧

�1
R ,

however, atoms are realigned with respect to magnetic field. Atomic alignment is
then determined by ✓r, the angle between the magnetic field and the pumping
source. The polarization of scattered line also depends on the direction of line of
sight, ✓ and ✓0. (From [20])

direction of the incident resonance photon beam is M , the upper state M
can have values �1, 0, and 1, while for the upper state M=0 (see Fig.1left).
The unpolarized beam contains an equal number of left and right circularly
polarized photons whose projections on the beam direction are 1 and -1. Thus
absorption of the photons will induce transitions from theM = �1 andM = 1
sublevels. However, the decay from the upper state populates all the three
sublevels on ground state. As the result the atoms accumulate in the M =
0 ground sublevel from which no excitations are possible. Accordingly, the
optical properties of the media (e.g. absorption) would change.

The above toy model can also exemplify the role of collisions and magnetic
field. Without collisions one may expect that all atoms reside eventually at
the sublevel of M = 0. Collisions, however, redistribute atoms to di↵erent
sublevels. Nevertheless, as the randomization of the ground state requires spin
flips, it is less e�cient than one might naively imagine [14]. For instance,
experimental study in [35] suggests that more than 10 collisions with electrons.
are necessary to destroy the aligned state of sodium. The reduced sensitivity of
aligned atoms to disorienting collisions makes the e↵ect important for various
astrophysical environments.

Owing to the precession, the atoms with di↵erent projections of angular mo-
mentum will be mixed up. Magnetic mixing happens if the angular momen-
tum precession rate is higher than the rate of the excitation from the ground

7

Fig. 1. Upper left: A carton illustrate classical analogy of the GSA induced by optical
pumping; Lower left: A toy model to illustrate how atoms are aligned by anisotropic
light. Atoms accumulate in the ground sublevel M = 0 as radiation removes atoms
from the ground states M = 1 and M = �1; Upper right: Typical astrophysical
environment where the ground-state atomic alignment can happen. A pumping
source deposits angular momentum to atoms in the direction of radiation and causes
di↵erential occupations on their ground states. Lower right: In a magnetized medium
where the Larmor precession rate ⌫L is larger than the photon arrival rate ⌧

�1
R ,

however, atoms are realigned with respect to magnetic field. Atomic alignment is
then determined by ✓r, the angle between the magnetic field and the pumping
source. The polarization of scattered line also depends on the direction of line of
sight, ✓ and ✓0. (From [20])

direction of the incident resonance photon beam is M , the upper state M
can have values �1, 0, and 1, while for the upper state M=0 (see Fig.1left).
The unpolarized beam contains an equal number of left and right circularly
polarized photons whose projections on the beam direction are 1 and -1. Thus
absorption of the photons will induce transitions from theM = �1 andM = 1
sublevels. However, the decay from the upper state populates all the three
sublevels on ground state. As the result the atoms accumulate in the M =
0 ground sublevel from which no excitations are possible. Accordingly, the
optical properties of the media (e.g. absorption) would change.

The above toy model can also exemplify the role of collisions and magnetic
field. Without collisions one may expect that all atoms reside eventually at
the sublevel of M = 0. Collisions, however, redistribute atoms to di↵erent
sublevels. Nevertheless, as the randomization of the ground state requires spin
flips, it is less e�cient than one might naively imagine [14]. For instance,
experimental study in [35] suggests that more than 10 collisions with electrons.
are necessary to destroy the aligned state of sodium. The reduced sensitivity of
aligned atoms to disorienting collisions makes the e↵ect important for various
astrophysical environments.

Owing to the precession, the atoms with di↵erent projections of angular mo-
mentum will be mixed up. Magnetic mixing happens if the angular momen-
tum precession rate is higher than the rate of the excitation from the ground

7

Ground state alignment (GSA) effect
Theory/models: Yan & Lazarian 2012 etc.
Simulations: Zhang & Yan 2017
Possible prelim detection with SOFIA/upGREAT in [CII]: Andersson et al. 2020 AAS 
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GO Program Example: Enabling Time Domain Astronomy
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D.4.2.3. Dynamic
Universe in Time

Astro2020 high-
lighted time-domain 
astronomy as a field 
ripe for scientific dis-
covery. A FIR fol-
low-up observatory is 
a key recommendation 
of Astro2020 for the 
2030s when time-do-
main opportunities 
increase with Rubin117 
and CMB-S4.118 A 
FIR observatory with 
an anti-sunward keep-
out zone is limited to 
an annulus of observable targets. It must wait for most transients to 
move into its field. With a single-axis gimbaled solar array, FIRSST 
maximizes sky coverage and minimizes response time to enable the 
widest possible variety of time-domain observations.

Fig. D-13 shows a number of time-domain astronomical events as 
a function of timescales. Many disruptive events indicate a need for 
follow-up observations within days to weeks, but even studies with 
longer timescales benefit from a greater cadence of observations. 
An example is proto-stellar accretion.119 The targets are bright with 
70–100mm flux densities at the level of 0.5–30 Jy, so monitoring 
can be conducted with short integrations, and light curves can be 
sampled every few days to many months. 

Another example of time domain follow-up applications is Gamma-
ray Burst (GRB)/gravitational wave (GW) multi-messenger astron-
omy.120 This is a virtually unexplored regime of time-domain tran-
sient studies. A large fraction of core-collapse GRBs occur in dusty 
environments, making their afterglow emission subject to changes 
in dust content. There are several indications that the GRB explosion 

itself can heat up the surrounding dust, preferentially destroy part 
of the grain population, or even reduce overall dust content.121,122 ,123

D.4.3. Demonstrating GO Science Potential
The PI-led science program validates all spectrometer bands and
mapping operations in the first year.

Observations carried out to achieve the PI-led science objectives 
demonstrate capabilities for the GO program. The PI-led science 
program spans all five years of prime mission operations, sharing 
time with GO programs (Table E-1). A mix of PI-led science obser-
vations across most objectives is scheduled in the first year, allowing 
the FIRSST team to test instrument and operational modes. This 
strategy also ensures calibration pipelines will be refined early, and 
a robust GO program will be available from the outset. 
D.4.4. GO Program Threshold Science

The threshold science for PI-led science program involves MEV
sensitivities, instead of CBE values (§E.3.2). This results in an 
increase in the integration times for each science target, retaining 
the same instrumental parameters such as wavelength coverage and 
the spectral resolving power. A similar scenario applies for the GO 
program. Table G-4 describes a risk reduction strategy related to a 
partly-contributed HSI instrument. The strategy involves decreasing 
the number of pixels to two from five, resulting in a corresponding 
decrease in the mapping speed. For example, HSI GO case #6 in 
Table D-8 requires 250 instead of 100 hours.
D.4.5. GO Facility

We propose that the FIRSST GO program will be managed by
IPAC (§E.4.2). IPAC has a strong heritage of administering GO 
programs through Spitzer, as well as supporting the US community 
for Herschel. As Spitzer was successful at scientific discoveries that 
were not part of its initial design (e.g., multi-planetary systems, such 
as the Trappist-1),124 we anticipate FIRSST’s GO capabilities will 
lead to transformational advancements in astrophysics.
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Fig. D-13. FIRSST brings time-domain as-
tronomy at FIR wavelengths to Fruition and 
Transforms Astronomy in 2030s. Plotted is 
flux density vs timescale of a variety of time do-
main and transient events at FIR wavelengths.
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Astro2020 highlighted time-
domain astronomy as a field ripe 
for scientific discovery. 

A FIR follow-up observatory is a 
key recommendation of Astro2020 
for the 2030s when time-domain 
opportunities increase with Rubin 
and CMB-S4.
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GO Program Example: Enabling Time Domain Astronomy

Time domain astronomy enabled by the large field of regard and the flexible scheduling of observations.
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An observatory with an anti-sunward keep-out zone (e.g., 
Spitzer shown above) is limited to an annulus of observable 
targets. 
It must wait for most transients to move into its field. 

FIRSST maximizes sky coverage and 
minimizes response time to enable the widest 
possible variety of time-domain observations. 

Spitzer instantaneous 
visibility: 35% of the sky

FIRSST instantaneous 
visibility: 54% of the sky
or 50% more than Spitzer
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Unique features of FIRSST for a successful GO program
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A mission with a focus on far-IR spectroscopy, but enables efficient wide area spectral line 
maps and surveys.

Enclosed architecture ensures thermal stability, minimizes stray backgrounds and other 
systematics. 

Instantaneous field of regard is greater than half of the sky (~54%) enabling time domain 
astronomy in the far-infrared. Full sky coverage in every six months.

Co-aligned on the sky multi-band/multi-channel pixels/slits, allowing simultaneous 
observations across the full range of wavelength of each instrument.

An agile observatory with minimum slew/settle times between targets. Science observing 
efficiency > 90%.

Responsive to science needs of 2030s, including unanticipated applications.
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Guest Observer Program: Overview
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