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1-4From First Light to Life

complement to tracer molecules such as carbon monoxide (CO), which rely on an uncertain calibra-
tion and are only visible along sightlines with high column density (typically, Av >1). Indeed, Herschel 
observations by Pineda et al. (2017) have demonstrated that up to half the molecular gas in the Milky 
Way may be in a “CO-dark” phase and invisible to traditional mm-wave surveys. !e metal-poor mo-
lecular gas that is found in nearby dwarf galaxies and expected in the early Universe is dominated by a 
“CO-dark” phase of molecular gas (e.g. Cormier et al. 2019).

Meanwhile, small dust grains are measured via broad emission bands from Polycyclic Aromatic 
Hydrocarbons (PAHs), that are stochastically heated by individual photons and subsequently emit a 
distinct pattern of broad features in the infrared (3-20 µm). Larger grains are detected via emission 
and absorption bands from silicate dust and far-infrared continuum emission from grains in thermal 
equilibrium with their environments (Table 1-1). !e PAH features indicate redshift, UV flux (and 
hence star formation rate), and the presence of an AGN, which destroys them. !e temperature and 
luminosity of the larger grains is related to the star formation rate. 

!e important lines and dust features lie in a large wavelength gap between JWST and ALMA, 
which Origins fills (Figure 1-2). 

Figure 1-1: (Above) Origins measures the redshifts, star forma-
tion rates, black hole accretion rates, and metal and dust content 
in galaxies. The infrared spectrum of the nearby active galaxy, Cir-
cinus (see inset), is shown using Infrared Space Observatory data 
(Moorwood, 1999). Emission lines from highly ionized gas heated 
by the central active nucleus are marked in red, those coming from 
gas heated by young stars are marked in blue, and those from warm 
molecular gas are marked in green. PAH molecules are excited by 
UV photons, and emit broad features in the mid-infrared, through 
bending and stretching modes. 
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Figure 1-2: (Right column) The spectral reach of Origins over cosmic time.  Schematic representation of how the key spectral diagnostic 
features of AGN (red), star formation (blue), and energetic feedback (green) move through the wide bandpass of the Origins Survey Spec-
trometer (OSS) with look-back time.  Origins can measure all of these important processes over the entire history of galaxy evolution, !lling 
in a key gap in wavelength and discovery space between JWST and ALMA.

M82 Spitzer

PAHs, expect gas coolants as well.



PRIMA-FIRESS Multimode Spectrometer
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Low-res base grating mode provides 
R~130 and covers band shown.
24 to 239 microns

Bar envelopes wavelength dependence 
under optimization.  1.8x10-19 W/m2 is a 
safe bet for the current PRIMA 
configuration for low-background 
sightlines.

A given source requires 2 pointings to 
cover the full PRIMA FIRESS band.

Assumes point source and narrow 
(unresolved) line.

Expect bright fine-structure line in z=2 
ULIRG galaxy to be detected in ~15 
minutes.    
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complement to tracer molecules such as carbon monoxide (CO), which rely on an uncertain calibra-
tion and are only visible along sightlines with high column density (typically, Av >1). Indeed, Herschel 
observations by Pineda et al. (2017) have demonstrated that up to half the molecular gas in the Milky 
Way may be in a “CO-dark” phase and invisible to traditional mm-wave surveys. !e metal-poor mo-
lecular gas that is found in nearby dwarf galaxies and expected in the early Universe is dominated by a 
“CO-dark” phase of molecular gas (e.g. Cormier et al. 2019).

Meanwhile, small dust grains are measured via broad emission bands from Polycyclic Aromatic 
Hydrocarbons (PAHs), that are stochastically heated by individual photons and subsequently emit a 
distinct pattern of broad features in the infrared (3-20 µm). Larger grains are detected via emission 
and absorption bands from silicate dust and far-infrared continuum emission from grains in thermal 
equilibrium with their environments (Table 1-1). !e PAH features indicate redshift, UV flux (and 
hence star formation rate), and the presence of an AGN, which destroys them. !e temperature and 
luminosity of the larger grains is related to the star formation rate. 

!e important lines and dust features lie in a large wavelength gap between JWST and ALMA, 
which Origins fills (Figure 1-2). 

Figure 1-1: (Above) Origins measures the redshifts, star forma-
tion rates, black hole accretion rates, and metal and dust content 
in galaxies. The infrared spectrum of the nearby active galaxy, Cir-
cinus (see inset), is shown using Infrared Space Observatory data 
(Moorwood, 1999). Emission lines from highly ionized gas heated 
by the central active nucleus are marked in red, those coming from 
gas heated by young stars are marked in blue, and those from warm 
molecular gas are marked in green. PAH molecules are excited by 
UV photons, and emit broad features in the mid-infrared, through 
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Figure 1-2: (Right column) The spectral reach of Origins over cosmic time.  Schematic representation of how the key spectral diagnostic 
features of AGN (red), star formation (blue), and energetic feedback (green) move through the wide bandpass of the Origins Survey Spec-
trometer (OSS) with look-back time.  Origins can measure all of these important processes over the entire history of galaxy evolution, !lling 
in a key gap in wavelength and discovery space between JWST and ALMA.

….Hundreds to 
thousands of individual 
galaxies, and/or large 
spectral maps.

PRIMA FIRESS z=3
PRIMA FIRESS z=1



FIRESS mapping
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• FIRESS has Long slits -> 30-40 pixels along slit in all bands.
• Maps a quarter square degree to 5x10-19 W/m2 in less than 1200 

hours at 100 microns.
• Depth scales with sqrt (Area / time).
• Small and large map modes available via spacecraft scan and steering 

mirror.
• Blind surveys with FIRESS yield large detection rates through cosmic 

noon, particularly in [OIII].  
• Large-scale maps can be used in stacking / correlation analyses with 

Roman / Euclid grism surveys to yield high-SNR full far-IR spectra.
• Excellent for low-surface-brightness experiments in nearby galaxies.

• Safe time estimate to reach a depth of 3x10-19 W/m2 over 900 
square arcminutes with the current PRIMA configuration: 
• 8300 hour x (𝜆 /24 μm)-0.84 for 𝜆 < 135 μm.
• 1960 hour for 𝜆 > 135 μm.

• Assumes low-zodi field.
• Time scales with Area / depth2.
• Remember 2 pointings for full spectrum.
• Neglects map overheads for now, PRIMA team will check your case 

to see if this is important.



PRIMA FIRESS Low-surface brightness Line mapping.

NGC 7331 
[CII] map from SOFIA FIFI-LS.  
Sutter & Fadda 2022
4.5 hours flight time.

Single line, Limited to bright, 
dense gas.

PRIMA will be thousands of 
times faster, measuring CII 
cooling in galaxy halos and 
outer disks.   Comparison with 
HI provides cooling per 
baryon.   Other lines also 
measured at the same time. 

HI from THINGS VLA survey

>10 sigma, 1 second, PRIMA, 
per beam! 



FIRESS High-res mode.
• High resolution capability operates 

over the full band using Fourier-
transform interferometer in front end 
to process light prior to arrival.

• Resolving power is tunable by 
adjusting scan length in FTS.

• 4400 at 112 microns is allows lifting 
HD flux from the continuum, and 
discriminating nearby water lines.  

• Tunable approach allows optimal R to 
maximize sensitivity intermediate 
resolving power experiments such as 
measuring galactic-scale outflows. 

• Two pointings cover the complete 
band for a given source.

• High-res mode sensitivity to 
unresolved line emission
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To illustrate the transformative power of Origins, Figure 1-26 shows its mass sensitivity as a func-
tion of the expected range of water vapor/ice mass and evolutionary stage. Table 1-10 summarizes the 
primary science objectives related to the goal to understand the development of habitable conditions. 
!ese objectives and the measurements required to accomplish them are described in detail in the 
following sections.

Table 1-11: Water Trail Requirements Flow
Science Objective 1

Measure the water abundance at all evolutionary stages of planet formation and across the range of stellar mass tracing water vapor and ice at all temperatures 
between 10 and 1000 K.

Science Observable
Integrated !uxes and resolved pro"les of water emission lines for planet-forming disks within 400 pc.
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Figure 1-27: Origins provides access to critical molecular tracers, including the HD J=1-0 line at 112 μm, and nearly the full H2O rotational 
spectrum. The wavelength range includes warm water lines between 25 and ~100 μm, and the ground state lines at 179.5 μm and 538 μm. Origins observers will 
use these tracers to quantify the gas mass and the location of water in planet-forming disks. The model protoplanetary disk spectrum above is based on Blevins et al. 
2016, rendered at 4-660 μm and at a uniform 6 km s-1 spectral resolving power, and for a disk distance of 125 pc. Previous spectroscopic observations of disks with 
Spitzer and Herschel were under-resolved, and therefore did not show the dramatic line-to-continuum ratios to be revealed by Origins.

Also shown is a schematic of the di$erent water regions in a planet-forming disk. The main regions include inner disk warm water vapor, midplane ice, and outer disk 
cold (photo-evaporated) water vapor. Origins will probe the water and gas mass content throughout the disk.  (credit: K. Pontoppidan & M. McClure).

Science Requirements
To quantify the water content in planet-forming disks, Origins must be able to perform high-resolution spectroscopy of water lines between 25 and 580 μm with a 
line sensitivity of 5x10-21 W/m2 in 1 hour (5σ). The minimum required spectral resolving power is 25,000. Line tomography of water in nearby disks requires spectral 
resolving powers of at least 200,000 at 179.5 μm and a line sensitivity of 1.5x10-19 W/m2 (5σ).



PRIMA high-res mode
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FTS mode sensitivity 
For narrow lines in point sources.
With current PRIMA configuration:

Faint source limit:
4.5x10-19 W/m2 (5 sigma 1 h)

In the presence of source flux:
4.7x10-18 W/m2 x (24 μm/𝜆) 

x sqrt (Flux /1 Jy)

Add these in quadrature.

Depth scales as 1/sqrt(time)CBE + margin, bar captures wavelength dependence



FIRESS Spectrometer Heritage
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FIRESS has high-heritage approach -> same approach as on Spitzer IRS and Herschel SPIRE FTS.  

Spitzer Infrared spectrograph -> all aluminum  grating 
modules with no moving parts.   Houck et al.

Herschel SPIRE FTS.  PRIMA FIRESS FTS team uses the 
same team for the scan mechanism.  FIRESS much more 
sensitive with with cold telescope and narrow band on 
detector.



PRIMA (FIRESS & PRIMAger) kinetic inductance detector (KID) arrays.  World’s best groups in collaboration
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1000-pixel PRIMA subarray at JPL, >90% yield already

Etched micro-
lens arrays from 
GSFC, interface 
with JPL KIDs.

A&A 665, A17 (2022)

Fig. 2. Detector chip and experimental setup. (a) A microscope image of the detector chip prior to mounting of the lens array, showing the 27
different detectors and the four different geometries used, which vary in THz line length. We note that the centre pixel is one of the designs with
the shortest THz line length. (b) Photograph of the detector assembly after lens array and spacer wafer mounting. (c) Cross-sectional CAD render
of the experimental setup. The upgrades with respect to the setup of de Visser et al. (2014) are highlighted in the insert.

define most of the structures. We start with a ⇢ = 10 k⌦cm
Si wafer on which we deposit 150 nm SiN on both sides using
low-pressure chemical vapour deposition (LPCVD). The SiN is
patterned to define the membrane areas on the front side of the
wafer and etch masks on the back side, which are used in the
last fabrication step to remove the Si, creating a free-standing
membrane. Subsequently, we sputter deposit 207 nm NbTiN
(Tc= 15 K , ⇢ = 228 ⇥ 10�8 ⌦m) to define the resonators. The
NbTiN etch requires a short over-etch which removes approxi-
mately 50 nm from the SiN. To define the THz line and antenna
we sputter deposit a 16 nm aluminium film and pattern it in two
steps: First we perform UV contact lithography and wet etching
to define the readout line bridges and a large patch of aluminium
covering the membrane area. We then use electron beam lithog-
raphy and wet etching to define the final patterns, similarly to
Mirzaei et al. (2020), resulting in a high-resolution definition
of the structures as shown in Fig. 1c. The small black struc-
tures on the aluminium are small voids created during the 15-min
175 �C bake of the PMMA e-beam resist, likely caused by thin-
film dewetting (Thompson 2012). In the last step, we open the
membranes by potassium-hydroxide (KOH) etching (8 h in 75 �C
KOH:H2O 1:4), followed directly with a RCA2 clean (10 min in
70 �C HCl:H2O2:H2O 1:1:5) to remove potassium ions on the
back side of the membrane.

The assembled detector array consists of the device chip, a
250 µm Si spacer wafer, and a laser-machined Si lens array
commercially obtained from Veldlaser. A cross-sectional sketch
of the detector assembly is given in Fig. 1d, and a photograph
is shown in Fig. 2b. The spacer wafer top has a 40 nm �-Ta
absorbing mesh (Rs = 51⌦/ut) with a design similar to that
used by Baselmans et al. (2017) that acts as a low-pass filter at
the MKID readout frequencies and as THz radiation absorber to
eliminate stray radiation. Above each antenna, a 600 µm diam-
eter hole allows radiation coupling to the antenna. On the other
side, the spacer wafer has 4 µm thick lithographically defined
pillars made from PermiNex®, a spin-on photo-sensitive glue
used to define the vacuum gap t as indicated in Fig. 1d and to
provide a permanent bond between the chip and the spacer wafer.
To assemble the final detector, we align the spacer wafer with the
lens array and glue them together with two spots of 2216 epoxy
(see Fig. 2b), which is cured for 30 minutes at 90�C. At this
temperature the PermiNex® is unaffected. In the next step, we
align the lens-spacer assembly to the chip and press the assembly
together using a spring-loaded tool. The PermiNex® is cured for
15 minutes at 180 �C to create a permanent bond between spacer

and chip, which is found to be resilient against more than 20 ther-
mal cycles down to 120 mK. A photograph of the entire detector
chip without the lens array is given in Fig. 2a. The chip has 27
detectors, with four different device designs that differ in THz
line length, which can be 913, 663, 238, or 113 µm. This corre-
sponds to V = 6.0, 4.4, 1.6, and 0.85 µm3 respectively, including
the small volume near the NbTiN plug. All devices are designed
with a coupling Q factor Qc = 120 ⇥ 103.

4. Experiment

In the experiment, we measure the sensitivity, NEPexp(Ps, f ), at
several powers from a thermal radiator source Ps using the setup
depicted in Fig. 2. We denote with f the post-detection mod-
ulation frequency of the spectral shape of the NEP. We mount
the detector assembly in a holder which itself is mounted inside
a light-tight box mechanically anchored to the cold stage of an
adiabatic demagnetisation refrigerator (ADR). All interfaces and
venting holes of the holder and light-tight box are equipped with
labyrinths coated with a radiation-absorbing layer from carbon-
loaded epoxy and SiC grains. A thermal radiation source weakly
coupled to the 3 K stage of the cooler enclosed in a 3 K box
is placed directly above, and can be heated to 30 K. In the first
experiment, we used a 24 mm diameter radiator with a radia-
tion absorbing layer from carbon-loaded epoxy and 0.2 mm SiC
grains, as shown in Fig. 2c. Radiation coupling between the
source and the detector is achieved through a 1.85 mm aperture
at 42 mm from the lens surface. The use of the aperture reduces
the throughput to the detectors, and therefore higher tempera-
tures are needed to reach the same amount of source power at
the detectors. This reduces the sensitivity of the radiation power
to errors in the measured temperature. Furthermore, it allows a
check as to whether the coupled power matches the beam pattern
of the detector. We use eight filters in total – mounted on the radi-
ator box, the light-tight box, and the sample holder – to define a
pass-band of around 1.5 THz. These are the exact same filters as
discussed by de Visser et al. (2014). The second experiment was
identical, except that we used a 40 mm diameter radiator with
1 mm SiC grains and no aperture, to cross-check our results:
In this case, the antenna pattern does not play a role because
the opening angle to the radiator is much larger than the beam
opening angle. Also, the total power coupled to the detector chip
largely exceeds the power coupled to the single-mode antenna
beams. Stray coupling to this excess radiation will result in

A17, page 4 of 10

World’s most sensitive KIDs 
from SRON.

Both JPL and SRON labs 
have demonstrated 
devices with sensitivity 
exceeding PRIMA’s 
requirements.



PRIMA Observing Modes:  Modulation provided by scan, steering mirror, or FTS.
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Mode Modulation Signal frequencies
Maps spanning many degrees:
PRIMAger or FIRESS

Observatory scan map 10 to 100 Hz, slower at 
turnarounds

Maps of degree-scale fields (larger 
than 15 arcmin)  for PRIMAger or 
FIRESS

Observatory scan, combined 
with steering mirror 

zero to 100 Hz

Small maps of fields <15 arcmin or 
smaller for PRIMAger or FIRESS

Steering mirror executes raster 
or Lissajous scan in 2D 

1 to 200 Hz, higher at 
shorter wavelengths

Point source spectroscopy with
FIRESS

Steering mirror chop at 10 Hz 
along slit direction.

10 Hz and higher 
harmonics

FTS spectroscopy with FIRESS FTS scan provides modulation 50 to 500 Hz

50 mm
Mirror

Position sensor

Drive coils

PRIMA Steering mirrors: provided by same team at 
MPIA Heidelberg as delivered Herschel PACS chopper

PRIMA 
observatory / 
spacecraft will be 
agile.
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PRIMA field of regard
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+/- 15 degrees from plane normal to sun-earth line.

26% of sky at any given time.

Equatorial fields visible 2 x 30/360 = 17% of the time.

Slew speed is 0.3 deg / sec, so can slew around the sky in 
10 minutes.

Expect settle times to be short.



PRIMA Field of View
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TFOV of spectrometer channel.
±0.125° X and ±0.10° Y beyond slit FOVs.
TFOV = 0.490° x 0.20° spatial x spectral.
Equivalent of +/- 0.025° is used by scan 
mirror to repoint between the two slits

Band 4 0.240°

F/9, 7.0x7.0 arcmin 
= 0.117°x0.117°

F/20, 3.3x3.3 arcmin 
= 0.055°x0.055°

TFOV of imager channel.
±0.125° all around, beyond focal plane FOVs.

TFOV = 0.636° x 0.367° spatial x spectral

0.214° edge 
separation

0.84° center to center

-0.065°
+0.10°

0.3° center to center

Band 3 0.133°

Mike Rodgers, Jim McGuire,  optical design.

More detail on PRIMAger
focal planes from Laure

Instruments do not observe simultaneously



PRIMA FIRESS Slit orientation of View
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-10 arcmin +10 arcmin

Bands 1 and 3 overlap
Bands 2 and 4 overlap
Provides high transmission in dichroics

Steering mirror will cover +/- 15 arcmin in x, +/- 10 arcmin in y 

-3 arcmin

+3 arcmin

24-43 microns
42-76 microns
75-134 microns
132-237 microns



Example sensitivity calculation.
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[OIII]

[OIII]

[NIII]

[OI]

Example:  [NIII] 57 micron transition in low-
background field.

When combined with one of the (brighter) [OIII] 
transition, measures the absolute O/N ratio which 
is a measure of integrated stellar processing and 
thus metallicity.

[NIII] is typically weaker than [OIII] and carries the 
metallicity dependence.

At 0.5 solar we expect [NIII] in a ULIRG has a flux 
of 7x10-20 W m-2.    This requires a time of 

1 hour x (2x10-19 / depth)2

Which is
(2x10-19 / 7x10-20)2 = 8 hours.

In this measurement, the other key fine-structure 
lines would be detected as well since they are 
weaker

But need 2 measurements for the full spectrum.

[SIII]

[SiII]

[NeV]
[NeIII]

[NeII]
[CII]

[NII]

[NII]

[OI]
[OH]
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Example Sensitivity calculation -- mapping
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Blind detections of [OIII] L=1e12 Lsolar galaxies in half square 
degree (1800 square arcminute) field at z=1.4 (1/3 the age of 
the Universe).

Target depth: 4.7x10-19 W m-2 

Time required:
2000 hours 
x [area / 900 sq arcmin] 
x [ 3x10-19 Wm-2 / depth]2

= 1650 hours.   This covers 2 out of 4 bands.


