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Abstract

Sensitive wide-field observations of polarized thermal emission from interstellar dust grains will allow astronomers
to address key outstanding questions about the life cycle of matter and energy driving the formation of stars and the
evolution of galaxies. Stratospheric balloon-borne telescopes can map this polarized emission at far-infrared
wavelengths near the peak of the dust thermal spectrum—wavelengths that are inaccessible from the ground. In
this paper we address the sensitivity achievable by a Super Pressure Balloon polarimetry mission, using as an
example the Balloon-borne Large Aperture Submillimeter Telescope (BLAST) Observatory. By launching from
Wanaka, New Zealand, the BLAST Observatory can obtain a 30days flight with excellent sky coverage—
overcoming limitations of past experiments that suffered from short flight duration and/or launch sites with poor
coverage of nearby star-forming regions. This proposed polarimetry mission will map large regions of the sky at
sub-arcminute resolution, with simultaneous observations at 175, 250, and 350 yum, using a total of 8274
microwave kinetic inductance detectors. Here, we describe the scientific motivation for the BLAST Observatory,
the proposed implementation, and the forecasting methods used to predict its sensitivity. We also compare our
forecasted experiment sensitivity with other facilities.

Unified Astronomy Thesaurus concepts: High altitude balloons (738)

1. Introduction 2008; Fissel et al. 2016; Lowe et al. 2020a). A recent advance
in stratospheric ballooning is the advent of the Super Pressure
Balloons (SPB). Unlike standard zero-pressure balloons, which
allow helium gas to escape when the pressure inside the
balloon is higher than the surrounding atmospheric pressure,
SPB are closed and maintain a nearly constant volume (and
therefore buoyancy) even as the gas temperature changes. This
technology enables long-duration flights from mid-latitude

locations (e.g., Kierans et al. 2017; Sirks et al. 2023).

Stratospheric balloon-borne platforms benefit from operating
above more than 99.5% of the Earth’s atmosphere, allowing
telescopes to observe regions of the electromagnetic spectrum
that are not accessible to ground-based observatories. In
particular, stratospheric balloon platforms are well suited to
far-infrared (far-IR) and sub-mm astronomy (Pascale et al.
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The SPB platform will enable far-IR /submillimeter observa-
tions at sub-arcminute resolution of most molecular clouds,
covering many hundreds of square degrees of sky area. By
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observing in the far-IR and submillimeter these telescopes can
observe the thermal emission from cold dust grains near the
peak of the dust emission spectrum. Furthermore, by measuring
the linear polarization of the emission from dust grains aligned
with respect to the local magnetic field it is possible to map
magnetic fields in the interstellar medium (ISM). These
advances will result in high sensitivity maps that address key
outstanding questions about the ISM, star formation, and the
nature of interstellar dust. In particular, these polarization maps
can be used to (1) constrain the composition of interstellar dust,
the seed material for the formation of stars and planets, (2)
characterize interstellar turbulence, a key driver of energy
transfer in galaxies, and (3) measure the relative importance of
magnetic fields, turbulence, and gravity in the collapse of
material to form stars.

Sensitivity forecasts are crucial for proposing and executing
new missions. In this paper, we introduce a proposed SPB
polarimetry mission, the Balloon-borne Large Aperture Sub-
millimeter Telescope (BLAST) Observatory. We first describe
design characteristics the BLAST Observatory, then we
provide a model for forecasting its sensitivity, and finally we
compare the results with sensitivity specifications for other
facilities, including recent, current, and planned instruments.

In Section 2 of the paper we discuss the scientific motivation
for the BLAST Observatory and how this drives the design.
Section 3 provides an overview of the technical specifications
for BLAST Observatory, including the telescope, optics,
detectors, and detector readout electronics. Our detailed
sensitivity model is presented in Section 4, together with a
complementary “approximate model” that is much simpler and
serves to provide a “sanity check” on the results of the detailed
model. Section 4 also presents the comparisons with other
facilities. We present our conclusions in Section 5.

2. Scientific Motivation

The following principal scientific objectives of the BLAST
Observatory demonstrate the capability and potential scientific
impact of a balloon-borne survey of far-IR polarized dust
emission.

2.1. What are the Physical Properties of
Interstellar Dust?

Models predict a systematic difference in the dust spectrum
between total intensity and polarization depending on the
composition(s) of dust present (e.g., Draine & Fraisse 2009;
Guillet et al. 2018; Hensley & Draine 2023; Ysard et al. 2024).
The BLAST Observatory will measure the intrinsic properties
of the dust polarization spectrum near its peak, where
differences in dust models become pronounced (Hensley
et al. 2019). With its high sensitivity, the BLAST Observatory
will produce wide-field polarization maps of diffuse dust in HI-
clouds, translucent clouds with little molecular gas, and dozens
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of molecular clouds. Using these maps it will be possible to test
whether one or more distinct varieties of dust exist in different
environments and characterize the evolution of dust properties
from diffuse gas to cold cores, revealing the mechanical,
chemical, and thermodynamic processes that shape interstellar
grains.

2.2. What are the Properties of Magnetohydrodynamic
(MHD) Turbulence in the Interstellar Medium?

The ISM is a highly turbulent environment. Energy injected
into the ISM, e.g., via supernovae or stellar feedback, cascades
down a hierarchy of physical scales until it is dissipated. MHD
turbulence structures the distribution of energy, magnetic
fields, and material throughout the ISM, but its basic properties
are poorly understood due to a dearth of data. The BLAST
Observatory’s high-resolution maps of the diffuse ISM will
allow us to measure the MHD turbulence power spectrum and
test theories of how energy is dissipated in the ISM.

2.3. What Role do Magnetic Fields Play in Regulating
Star Formation?

Star formation in molecular clouds is controlled by the
interplay between turbulence, gravity, and magnetic fields (e.g.,
Padoan et al. 2014; Krumholz & Federrath 2019; Girichidis
et al. 2020). The BLAST Observatory will make the first
statistical sample of high-resolution magnetic field maps
covering entire molecular cloud complexes and a large number
of Galactic filamentary clouds. Observations will allow us to
estimate magnetic field strength and energy density in clouds,
filaments, and dense star-forming cores, and quantify the
relationship between magnetic field strength and the efficiency
of star formation.

2.4. Science-driven Experimental Parameters

The scientific goals of the experiment provide the top level
requirements for the design. To resolve magnetic field
morphology within filaments and cores in star-forming regions,
as required for our star formation science goals discussed in
Section 2.3, we require a resolution limit of less than 0.1 pc for
nearby (d <400pc) gas clouds, which implies that sub-
arcminute resolution is needed. To test dust grain models
(Section 2.1) and map turbulent magnetic morphology in
diffuse ISM clouds (Section 2.2) we will require high signal-to-
noise polarization maps of very faint dust columns (op =
0.1 MJy Sr~" at 350 m). Finally, to map entire nearby cloud
complexes and large regions of the Galactic Plane the BLAST
Observatory must be able to efficiently create large
(~100 deg?) polarization maps at multiple far-IR and sub-mm
bands simultaneously.
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3. Instrument Design

The BLAST Observatory instrument is described here in the
context of improvements that maximize returns from using a
balloon-based platform and feed into the subsequent sensitivity
calculations. The BLAST Observatory will take full advantage
of legacy technology and experience while concurrently
utilizing advances in technology and capability to improve
the design. Our goal is to maximize the mapping speed of the
instrument while making optimal use of the mid-latitude
observations enabled by the SPB. A summary of the instrument
parameters is provided in Table 1. The principal changes to the
instrument from previous generations are summarized as
follows:

1. An off-axis telescope design reduces the blockage and
emission relative to an on-axis system, improving the
projected mapping speed by 20% (Figure 1);

2. A lower cryogenic base temperature of 100 mK and
optimized TiN MKID detectors provide superior 1/f
noise performance compared to BLAST-TNG (Figure 4);

3. Simultaneous observation with the same field-of-view
(FoV) in three frequency bands, at 175 um, 250 pm, and
350 ym optimizes our ability to discriminate polarized
dust models and provides high resolution with our
diffraction-limited optics (Figure 5);

4. Frequency multiplexed readout with lower power con-
sumption than previous generations enables an increase
in number of detectors to 8274-3 times the number in
BLAST-TNG and 30 times the number in BLASTPol,

5. A mid-latitude flight from New Zealand provides night-
time observing and more than 5 times the visible sky area
compared to an Antarctic Long-Duration Balloon flight.

3.1. BLAST Observatory in Context: Results from
Previous Experiments

The two previous generations of the experiment are worth
comparing to BLAST Observatory to illustrate its advances in
capability and to note the technical and scientific legacy that we
are building on. These are BLASTPol, the BLAST receiver (e.g.,
Devlin et al. 2009) that was modified to include a polarimeter
and flown in 2010 and 2012 from Antarctica, and BLAST-
TNG, the polarimeter that flew from Antarctica in 2020
January. BLASTPol provided the first high-resolution polariza-
tion maps covering entire star-forming clouds (Fissel et al.
2016; Soler et al. 2017; Fissel et al. 2019) and the first
submillimeter polarization spectrum for a translucent cloud
(Ashton et al. 2018). Other BLASTPol results include the first
whole-cloud polarization spectra for star-forming clouds
(Gandilo et al. 2016; Santos et al. 2017; Shariff et al. 2019).
These results were highlighted in the National Academies of
Sciences, Engineering, and Medicine’s Astro2020 Decadal
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Table 1
BLAST Observatory—Telescope and Receiver Parameters

Gondola Dimensions 56m x 44 m x 7.0 m, Aluminum
construction
Telescope  Temperature day: 260 K night: 240 K
Primary diameter 1.8 m, 1.6 m illuminated
Primary rms 5 pm (8 pom)
F-number /3.5
Optical design Off-axis Gregorian
Cryostat L*He Reservoir (L) 300
Cryogenics stages 6: 140K, 40K, 4K, 2K,
0.270K, 0.1 K
Cryostat hold 31 (36
time (days) Projected)
Sub-K technology Sorption Cooler + ADR
Detectors ~ MKID quantum 0.8 (0.7)
efficiency
Feed-horn efficiency 0.9 (0.7)
F-number at the f/5
detectors
Throughput AQ =N
Central wave- 175 250 350
length (pm)
Number of MKIDs 3296 3296 1682
Detector yield >80% >80% >80%
(included in MEV
and CBE)
Pixel size 2.6fA 1.9\ 2fA
System Beam FWHM 28 39 55
(arcsec)
Lyot stop fractional 0.6 0.6 0.6
transmission

FoV per array (deg) 0.9

Filter widths (AX/)) 0.3

Nominal scanning 0°1s™!
speed

Note. Table values are the Current Best Estimate (CBE) of the performance
with Minimum Expected Values (MEV) performance in parentheses corresp-
onding to the maximum allocated margins for all components in manufacturing
and integration.

Report (National Academies of Sciences, Engineering, and
Medicine 2021, their Figure 6.2).

BLAST-TNG featured large format MKID arrays in a long
hold-time receiver, yielding dramatically improved mapping
speed and enabling the first MKID observations from a NASA
suborbital platform (Galitzki et al. 2016; Lourie et al. 2018a,
2018b). BLAST-TNG was launched in 2020 January. Seconds
after launch, the balloon collar impacted the payload with
enough force to damage a carbon-fiber structural support.
BLAST-TNG was able to operate for 15hr, demonstrating
performance for its detectors, gondola pointing systems, sub-
Kelvin cryostat, and other subsystems (Lowe et al. 2020a;
Coppi et al. 2020). Unfortunately, the structural component
ultimately failed and forced a flight termination. The BLAST
Observatory builds on this technical milestone, while adding
improvements that provide a fourfold increase in mapping
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Figure 1. Left: A cross-section view of the BLAST Observatory camera which incorporates the cold optics and sub-4K stages built off the bottom of the 300 liter LHe
tank. The LHe boil-off cools two vapor-cooled shields (VCS), which enable the projected 36 days hold time. Note the provision for pulse tube cooler (PTC) cooling
during lab testing to reduce costs and risks associated with the LHe supply chain. The PTC will be removed for the deployment and flight phases. Right: A simplified
ray trace through the optics showing the different focal planes rotated to be in the plane of the page. Dichroic beam splitters pick off individual frequency bands so that
the arrays observe the same 079 diameter region on the sky. All focal planes are diffraction limited at all wavelengths. The dashed line shows the approximate location

of the cryostat.

speed and a band at higher frequencies (Lowe et al. 2020b,
Section 3). Additionally, the mid-latitude flight offers access to
more than five times the sky area visible from Antarctica,
enabling the expanded science goals of the BLAST
Observatory.

3.2. Telescope and Optics

BLAST-Observatory will have an off-axis Gregorian optical
design which has a number of advantages over on-axis
systems, especially for submillimeter and millimeter tele-
scopes. However, an off-axis Gregorian design can suffer from
degraded image quality. This is easy to correct with a small
(~2°) tilt and a shift in the location of the secondary mirror
allowing the lower sidelobes and detector loading inherent to
off-axis designs while keeping a large field of view and low
cross-polarization of on-axis telescope designs

The differences in mirror size and location with and without
these corrections are small enough that the Monte Carlo design
study results, described in Section 3.2.2, are still applicable.
Spot diagrams with and without these corrections are shown in
Figure 2. The higher image quality offered by this design
results in simpler cold optics with a larger field of view and
larger tolerances. The final design will have mirrors with large
scale surface errors better than 5 ym rms, small-scale surface
roughness surface roughness better than 0.5 gm rms, positional
tolerances of 50 um, and focusing precision of 10 pm.

3.2.1. Cold Optics

The modified off-axis telescope design is coupled to a set of
re-imaging optical surfaces cooled to 4 K with a design based
on an Offner relay (Figure 3). Constraints in the Optics studio
design file allowed for adjustment of the final focal length and
the spacing between the mirrors. Because of the much larger
throughput than previous BLAST telescopes, it was challen-
ging to fit the components within the cryostat and not have
mechanical interference. As a result, while the mirrors can be
enclosed on a single cold optical bench (surrounded by
magnetic and optical shielding) a second optical bench at 45°
to the first will be needed to accommodate the arrays at images
formed by dichroic beam splitters at locations that are easily
accessible for cryogenic and electrical connections. Using
dichroics that separate out the different frequency bands
enables simultaneous observations of the same part of the
sky in each band. This results in better overlap between maps
made at each frequency and more efficient use of our focal
plane. The focal planes are flat, telecentric, and diffraction-
limited at all wavelengths. Although it is not planned, if it was
found to be needed, a reflective polarization modulator could
be placed at the position of the folding flat at the entrance to the
cryostat.

The cryostat design is easier to make taller than larger
diameter which in-part motivates the configuration of the cold
optic components. Additional space for optical components can
be created by increasing the f~number which will in turn require
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-45.057, 0.455 mm

0BJ: 0.0000, 0.5000 (deg)

0B1: 0.5000, 0.0000 (deg)

IMA:

-60.145, 0.809 mm
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1

MA: 0.000, -44.603 mm IMA: 0.000, -59.342 mm IMA: 0.000, 50.968 mm

J: 0.0000, 0.0000 (deg)

IMA: 0.000, 0.000 mm

J: 0.0000, 0.3750 (deg)

0Bl1: 0.3750, 0.0000 (deg)
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0BJ: 0.5000, 0.0000 (deg)

IMA: -55.965, 0.757 mm

0BJ: 0.0000,

-0.5000 (deg)

MA: 0.000, -41.455 mm IMA: 0.000, -55.144 mm IMA: 0.000, 56.669 mm

Figure 2. The BLAST Observatory telescope spot diagrams without (left) and with (right) a small tilt and decenter of the secondary mirror. The location of each spot
diagram on the telescope’s focal plane varies between the center and the edge, with the exact location given above each plot. These corrections produce image quality
of an equivalent on-axis design. Individual rays are shown as blue points and the black circles represent the airy disk diameter. The relative locations and sizes of the
mirrors are similar between the two designs allowing design studies to be reused.

—t———] 200 mm

Y-Field (deg)

0.45
.979
.915
.850
.786
722
0.657
.593
.528
.464
.400
.335

_0_45h_—j

-0.45 0 0.45
X-Field (deg)

Figure 3. The cold optical design with rays outside the path from the primary included is shown at left. Between the last mirror and the array is room for two dichroics.
There is ample room for absorbing baffles around the mirrors and the reflecting Lyot stop as, like BLAST, control of stray light within the optics cavity will be critical.
The inside of the optical cavity will be lined with absorbing material. It is simple to adjust the mirror and final focal length in order to fit the mechanical constraints of
the cryostat and include extra room for cryogenic baffles. This can be done without loss of image quality, as shown in the Strehl ratio map on the right at 160 pm.

a taller cryostat volume. Depending on the application or
additional constraints, the design has a degree of flexibility to
allow for re-optimization.

3.2.2. Optical Tolerances

A Monte Carlo analysis was carried out of the optical design
with positions and tilts of all optical elements allowed to vary
simultaneously. The warm telescope was held to an accuracy of
50 pgm with mirror tilts calculated as 50 ym side to center
displacement. Without refocusing, image quality was main-
tained over 50 simulations where each element had a random

position within the above tolerances. In a second analysis we
increased the variance in the telescope and receiver positions
but allowed the secondary mirror to move to compensate. This
showed that refocusing by actuating the secondary mirror could
recover image quality at 160 ym to within 5% of its design
value. Results from a Monte Carlo tolerancing study are in
Table 2.

All tolerances are well within a wide range of modern
measurement techniques including laser trackers, measurement
arms, and photogrammetry. The small angles correspond to tilts
that move the edge of the mirrors by over 50 yum (07002),
easily within range of all of the above techniques. The quoted
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Table 2
A Summary of the Tightest Tolerances in the Optical Design with and without Refocusing

MC Inputs (No Refocus)

Expected Err

MC Inputs (With Refocus) Actuator Accuracy

Primary X/Y shift 100 pm
Tip/tilt 02005
V4 100 pm
rms 10 pm
Secondary X/Y Shift 100 pm
Tip/tilt 0°01
Z 100 pm
rms 10 pm
Cryostat X/Y Shift 5 mm
Tip/tilt 1°
z 1 mm
Cold optics X/Y/Z shift 1 mm
tilts 0725

Wave front from 0.031 to 0.052

50 pm 2000 pm
0°003 0°1
50 pm 2000 pm
5 pm 10 pm
50 pm N/A 10 pm
0°009 N/A 02002
50 pm N/A 10 ym
5 pm 10 pm
2.5 mm 12 mm
0°5 1°
0.5 mm 5 mm
0.9 mm 2 mm
0°1 0°5

Wave front from 0.028 to 0.062

Note. A Monte Carlo (MC) analysis where all parameters were allowed to vary simultaneously within these limits showed we can expect an increase in the wave front
rms error of 2.9% or 3.3% with the looser limits when refocusing is allowed. The expected errors without refocusing include all thermal and gravitational distortions
while those with refocusing reflect the accuracy to which we will be able to adjust the telescope. Note that many errors would change the absolute pointing of the
telescope without degrading the image. Our structure will be rigid enough that changes on short timescales are not expected and any long term changes such as thermal

drifts can be taken out in map making.

accuracy of alignment of all elements from our Monte Carlo
study will meet the requirements for the BLAST Observatory.
Although we do not expect large changes to occur after launch,
should they happen, the actuated secondary will be able to
recover image quality. At the beginning of the flight,
experience from BLAST has shown this can be done manually.
However, we will also investigate automated procedures such
as phase retrieval holography (sometimes known as OOF)
which is currently used by other telescopes (Nikolic et al.
2007).

3.3. Detectors and Focal Plane

BLAST Observatory will use the same fundamental
approach to focal-plane design successfully flown on
BLAST-TNG, while leveraging technological advances at the
National Institute of Standards and Technology to expand
capability, increase sensitivity, and lower systematics. This
provides a vital testing platform for emerging technologies
intended for future NASA missions while at the same time
being at a sufficient readiness level to ensure mission success.
Specific improvements include:

1. larger monolithic detector focal planes fabricated on
150 mm diameter wafers with a larger number of pixels
and new processes for higher detector yield;

2. recent advances in superconducting film materials for
resonators allow the detectors to operate with signifi-
cantly reduced low frequency (1/f) noise and enhanced
sensitivity (Figure 4);

3. replacement of direct-machined aluminum feedhorns with
lithographically defined silicon-platelet feedhorns capable
of producing high-precision features, alignment, and
uniformity that enable operation at higher frequencies
while reducing systematic effects.

The BLAST Observatory focal planes will use polarization-
sensitive microwave kinetic inductance detectors (MKIDs; Day
et al. 2003) in a proven polarization-sensitive pixel design
described in Hubmayr et al. (2015) and Dober et al. (2016).
This design has a demonstrated low cosmic ray cross-section
and is fundamentally similar to detectors successfully flown in
BLAST-TNG (Coppi et al. 2020), deployed in TolTEC
(Austermann et al. 2018), and produced for the first CCAT-
prime continuum array (Choi et al. 2022). Like TolTEC and
CCAT-prime, the BLAST Observatory detectors will be
fabricated on 150 mm diameter wafers, allowing for large
focal planes with more detectors and total system sensitivity
than BLAST-TNG. These arrays will also benefit from an
increased detector yield using a post-fabrication resonator-
editing technique (Liu et al. 2017).

The BLAST Observatory detectors will be further improved
by incorporating newly developed fabrication techniques.
While the high-T, titanium nitride (TiN) detectors used in
BLAST-TNG and TolTEC have successfully provided photon-
noise limited performance at high signal frequencies (Hubmayr
et al. 2015), devices of this type have consistently exhibited
excess 1/f noise below a few Hz. Since then, Low-T, TiN-
based films have been demonstrated to produce lower 1/fknee
frequencies (Wheeler 2019; Wheeler et al. 2022). While many
variations of Ti/TiN multilayers continue to be investigated,
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Figure 4. The detectors in BLAST Observatory will use the same general design and architecture as those demonstrated in-flight with BLAST-TNG. Minor, low-risk
changes to array fabrication will result in significant improvements in detector and instrumental performance. Left: Comparison of a 150 mm diameter array of
detectors (right side of photo) compared to a spare array of 500 ym band BLAST-TNG detectors (Lourie et al. 2018a) fabricated from a 100 mm diameter wafer. The
150 mm diameter demonstration array comprises 1728 pixels (3456 detectors) at a pixel pitch comparable to that intended for the highest density arrays of BLAST
Observatory. Right: Detector noise normalized to the photon-limited white noise level of an illuminated detector. A low-Tc TiN film that will nominally be used in
BLAST Observatory (orange) exhibits significantly lower 1/f noise and longer quasiparticle lifetimes than previous generation TiN-based KID devices.

Figure 4 shows the normalized noise performance of an
optically loaded MKID using a TiN bilayer consisting of 2 nm
of TiN on top of 35nm of Ti. This film exhibits a 1/f knee
~15x lower than the BLAST-TNG multilayer films, a
T.~ 650 mK, and significantly longer quasiparticle lifetimes
that result in increased sensitivity of the MKID detector.
Resonators based on this bilayer have maintained high quality
factors, O ~ 200,000 without optical loading, and a relatively
high normal resistance of ~7.5 ohm/[J that plays a critical role
in efficient coupling to waveguide.

Using this low-7. film while operating at a lower base
temperature allows the detectors to maintain photon-noise
limited performance down to sub-Hz frequencies. The BLAST
Observatory is designed to provide a low bath temperature of
~100mK using an adiabatic demagnetization refrigerator
(ADR) with a 300 mK launch stage provided by a *He sorption
fridge. The cryostat uses a liquid helium architecture with
vapor cooled shields and a pumped-pot to provide additional
thermal stages at 2 K, 4 K, 40 K, and 140 K. The detectors are
protected from magnetic fields by a complete magnetic shield
around the ADR magnet and a high permeability shield around
the 4 K optics box. MKIDs routinely operate in this config-
uration in lab environments with ADRs, with no effect on
performance.

Incident radiation is coupled to the detectors using silicon
micromachined platelet feedhorn arrays (Britton et al. 2010).
The silicon-based horns match the silicon substrate of the
detector wafer and waveguide coupling components, allowing
an all-silicon central focal plane unit. This configuration
maintains precision alignment between room and cryogenic
temperatures and helps eliminate microphonic noise by
allowing for firm mounting of the detector array to the

feedhorns with no need to allow for differential thermal
contraction. Lithographically defined silicon platelets result in
high precision horn features (typically better than 1 xm), which
provide significant advantages in horn/waveguide symmetry
and array uniformity compared to direct-machining that often
suffers asymmetries and errors of several microns or larger.

We have optimized the silicon feed profile through
simulation for maximum performance in terms of beam
efficiency, beam symmetry, reflection and cross-polarization.
The resulting optimization for the 250 ym band is shown in
Figure 5 and represents a 16% improvement in beam coupling
compared to the metal BLAST-TNG feedhorn design of the
same aperture size.

Silicon platelet feedhorns are now a well-developed
technology, having been used in a similar MKID experiments
(TolTEC, CCAT) and multiple TES-based CMB projects (e.g.,
SPTPol, Advanced ACTpol, SPIDER). The BLAST Observa-
tory optics and pixel density allow for a feedhorn aperture and
array density that is nearly identical to that already successfully
demonstrated on the TolTEC 1100 ym array (Wilson et al.
2020). The most unique aspect of the BLAST Observatory
feedhorn fabrication is the small waveguide diameter required,
which has been successfully demonstrated (Lowe et al. 2020b)
and a complete assembly has been prototyped in a relevant
band (Figure 5).

3.4. Detector Readout Electronics

BLAST-TNG demonstrated multiplexed readout of over
3000 detectors with five signal chains and warm electronics
based on the FPGA-based Reconfigurable Open-Architecture
Computing Hardware board (ROACH2). The BLAST
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Figure 5. BLAST-TNG (Lowe et al. 2020a) successfully demonstrated direct-machined aluminum feedhorns and waveguide in the far-infrared. However, BLAST
Observatory will baseline silicon-platelet feedhorns (Nibarger et al. 2012) that provide many advantages including feedhorn precision, uniformity, performance, and
are substrate-matched to the silicon-substrate detectors. Left: Proposed platelet feedhorn design for the BLAST Observatory 250 pm band. Center: Calculated beam
coupling efficiency (Simon et al. 2016) for a new platelet feedhorn design as compared to the previous BLAST-TNG aluminum horn, corresponding to in a 16%
increase in mapping speed. Right: Photograph of a prototype 5-pixel array of feedhorns optimized for the 350 ym band (Chapman et al. 2022) demonstrating the

scalability of silicon-platelet feedhorn fabrication to sub-mm wavelengths.

Observatory will adapt the firmware developed for BLAST-
TNG for the RFSoC ZCUI111 board available from Xilinx.
This board dramatically reduces the power to read out one
detector over BLAST-TNG, from 59 to 14 mW, enabling the
readout of our 8274 detectors using only 112 W.

We only require four boards and eight readout lines (with
512 MHz of bandwidth each) and eight cryogenic low noise
amplifiers for our three focal planes. Work is in progress to
develop the firmware to demonstrate low power readout
electronics for future space missions such as a far-IR probe-
class mission and balloon missions like EXCLAIM (Oxholm
et al. 2020) and TIM (Vieira et al. 2020). The firmware
developed for these instruments will be leveraged for use in
BLAST Observatory.

Environmental testing and power dissipation measurements
of the RFSoC board have already been done.

The ability to read out more detectors per signal chain with
lower power electronics reduces both overall power consump-
tion and the load on the cryogenic system from wires and
amplifiers. BLAST Observatory, as well as other balloon
projects, will benefit from longer cryogenic hold times, reduced
requirements on solar panels/battery capacity, and less waste
heat to dissipate. While our focus is on using this technique for
far-IR measurements, advances in FPGA-based readout will
also directly benefit future infrared and X-ray observatories that
require large numbers of superconducting detectors.

4. Sensitivity Model

For BLAST Observatory, we developed two sensitivity
models to estimate the performance of the instrument. For both
models, we considered the case of photon-noise limited

detectors. This assumption is based on the measurements of
BLAST-TNG during its calibration phase in the 2020 Antarctic
Campaign (Lowe et al. 2020a). The first model that we
developed is an analytical one that models each optical element
as a frequency dependent component and considers the
different temperature stage of those. The second model is
included as a simpler sanity-check and uses several approx-
imations including average values for frequency and temper-
ature properties of the telescope.

4.1. Analytical Model: Theory

To introduce this model, we first estimated the optical power
on a single pixel considering a single mode that excites the
detector. To model the instrument, we considered a series of
optical elements that can be considered as a gray-bodies. In this
case, the optical power is then given by:

Py
. Netem [ Netem

=T w2 I 7|eBsw. T) + eBiw, T)) |dv
i=0 \ j=i+1

ey

where W(v) is the bandwidth of the focal plane, 7 is the
characteristic of each optical element of transmitting the radiation
(reflectivity or transmissivity, depending on the component), € is
the emissivity of the element, ¢ is the scattering coefficient of the
element, T}, is the temperature of the source that is scattered into
the main beam and T7; is the temperature of the component. In
order to estimate the emissivity and optical efficiency of warm
components, we use the assumptions described in Appendix. In
particular, for the window we used the thickness-dependent
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Table 3
Optical Elements and their Temperature and Mean Optical Efficiency of the Component in-band
Components Temperature (K) Optical Efficiency Emissivity
175 pm 250 pm 350 pm 175 pm 250 pm 350 pm

Primary 270 0.77 0.78 0.85 1.07-1072 1.07-1072 1.07-1072
Secondary 270 0.79 0.88 0.93 1.07-1072 1.07-1072 1.07-1072
Warm Filter 270 0.88 0.88 0.88 9.06-107* 9.13-107* 9.11-107*
Window 270 0.96 0.95 0.95 3.92-1072 1.77-1072 426-1073
IR Filter 270 0.88 0.93 0.96 2.07-1073 135-1073 9.82-107*
IR Filter 155 0.82 0.89 0.93 1.88-1073 1.26-1073 9.47-107*
IR Filter 45 0.82 0.89 0.93 1.88-107° 126-1073 9.47-107*
LP Filter 45 0.91 0.91 0.92 1.24-1073 120-1073 9.62-107*
IR Filter 4 0.81 0.89 0.93 1.82-1073 125-1073 9.45-107*
LP Filter 4 0.84 0.84 0.85 9.99.1073 9.98-1073 9.99.1073
LP Filter 4 0.89 0.89 0.89 220-1073 133-1073 922-107*
M3 4 0.99 0.99 0.99 1.07-1072 1.07-1072 1.07-1072
M4 4 0.99 0.99 0.99 1.07-1072 1.07-1072 1.07-1072
M5 4 0.99 0.99 0.99 1.07-1072 1.07-1072 1.07-1072
Dichroic 1 4 0.84 0.84 0.84 6.00-1072 6.00- 1072 6.00- 1072
Dichroic 2 4 NA 0.84 0.84 NA 6.00- 1072 6.00- 1072
Bandpass Filter 0.15 0.83 0.85 0.91 7.00-1072 6.72-107* 4.89-107*

Note. For the mean value, we defined the band as centered in the nominal value and the edges are set at half-power of the value of the nominal value.

model, given that the available data were taken for a thinner
window. For the mirrors, we considered the scattering due to the
roughness of the surface and described using a Ruze model.
Finally, for components where the measurements were not
available, we modeled the transmissivity as double logistic
bandpass element with the plateau at a fixed value, extrapolated
from the available spectra based on the filter material and
thickness. Values for the optical elements are given in Table 3.

B(v, T) is the Planck spectral flux which, for a diffraction
limited'® pixel, is given by:

2hv

Bpixel(ya T) = W (2)
Equation (1) can also be extended to include the atmosphere
as a virtual optical element of the instrument. In particular, the
properties of the atmosphere (transmissivity and temperature)
are computed with the am—atmospheric model software
(Paine 2023) using the data from the MERRA-2 reanalysis.'®
Finally, the background power is given by the dust modeled as

a modified blackbody with a temperature of 19.7 K:

14

BBaust = Ayref( ) BB (v, Ta) 3)

Vref

where A, = 0.002 is the amplitude at the reference frequency
Vet =353 GHz and a=1.51 is the spectral index (Planck
Collaboration et al. 2020).

15 In the diffraction limited case, AQ) = A2 where A is the collecting surface
and () is the solid angle.

10 hitps: / /gmao.gsfc.nasa.gov /reanalysis/MERRA-2 /

To estimate the noise on the detectors, we followed the
formulation presented in Lamarre (1986) where the noise
equivalent power (NEP) on a single pixel is given by:

NEP}, = 2h [ * W @)vQP (v)dv
+2 [ QP2wydv (W /VHz] )

where Q is the quantum efficiency of the detector, P(v) is the
optical power on the detector computed using Equation (1).
This formulation includes both the shot and bunching noise as
the first and second components in the equation, respectively.
Both the P,y and the NEP? are computed per pixel. For an
experiment like BLAST Observatory, where each pixel
contains two linear polarization sensitive detectors, we need
to divide by a factor of 2 to get the optical power and the noise
on each detector.

The NEP is a useful figure of merit for understanding the
performance of the instrument, but for a submillimiter
experiment it is important to introduce other metrics to evaluate
the noise performances. In particular, we introduce the Noise
Equivalent Flux Density for a single detector observation as:

10%

NEFDY = NEPjy—————
“ V2 mrinAv

det (W - Js]. )

The factor of \/5 arises when converting from Hz to s, the
10%® is the conversion from W to Jy, r is the radius of the
primary mirror, Av is the frequency bandwidth, and 7 is the
total optical efficiency of the instrument including the quantum
efficiency of the detectors. The NEP for a single detector is
computed as J2 - NER;ixe1. Given Equation (5), it is possible to
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compute the on-sky NEFD for the array as:
NEFD}

det
v Ndet Y

where Ny is the number of detectors and Y is the yield of the
array.

The last Figure of Merit, that we want to use to estimate the
performance of BLAST is the rms of an observed map. This
can be calculated as:

NEFDY = (6)

A
MS - ¢

a; = (7)
where A is the survey area in square degrees and t is the
observation time in seconds and MS is the mapping speed of
the instrument. The latter is defined as the number of square
degrees of sky that can be mapped to a 1 Jy noise level (so with
a variance of 1 Jy* ) in beam-sized map pixels, in a second.
With this definition, each array has the following mapping
speed:

1

Nocams NEFDG

MS ®)

where Npeams 1S the number of beams in a square degree, which
can be computed as:
1

. . )
FWHM? % 4 /7/In2

Noeams =

Until now, we have not considered the polarization
sensitivity of the instrument. Given the nature of the BLAST
Observatory, it is important to define also the figure of merits
for a polarized signal. To properly estimate the noise in
polarization, it is necessary to introduce the polarization
efficiency, 7p, that encapsulates the instrumental polarization
properties. Moreover, we need to consider that each of the
detectors in BLAST Observatory is sensitive only to a single
polarization, doubling the noise for a single detector. With
these considerations, it is possible to formalize the NEP,
NEFD, and rms of the polarized map. The NEP is given by

NEP, = @ (10
Np
Similarly, the NEFD from Equation (6) becomes:
NEFD, = @ (11)
Tlp

Finally, it is possible define the error on the polarized flux as:

\/E a1

0'[, =
Np

where the increase by /2 arises because the detectors must

measure two quantities (Stokes Q and Stokes U) rather than just
one (Stokes 7). (Note that from the point of view of error

12)
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propagation, the differences between detector signals that are
used to calculate Q and U are no different than the sums of
signals used to calculate 1.)

4.2. Approximate Model

As a simple check on the these results from our sensitivity
model, we next developed an approximate method to estimate
the sensitivity figures of merit. This is meant to provide a quick
way for the reader to (approximately) verify our results and to
understand how the mapping speeds depend on the various
specifications we have assumed. A key simplification comes
from treating each optical element including the atmosphere as
either being at 270 K (warm) or 0K (cold), depending on
whether its actual temperature in the full sensitivity model is
above or below 150 K. Also, we assume that the filter passband
has a box function shape with cut-on and cut-off centered at the
nominal wavelength and a width equal to 30% for each band.
We use the mid-band frequency to calculate the photon energy,
and we employ the Rayleigh-Jeans approximation to the
Planck function. Finally, we treat the photon noise as shot
noise, ignoring corrections for Bose statistics, and we assume
the detectors have perfect absorptivity.

In our simplified treatment, the optical power incident on a
single (polarized) detector can be written in terms of the
eMmiSSiVity €yum and transmission fy,,, of the 270 K elements,
the transmission 7,4 of the 0 K elements, the product A2 of the
area A of primary mirror and area 2 of telescope beam, and the
mid-band frequency and passband values v, and Av, as
follows:

2
P = l(L’I;VO)fwarm(Al/)(AQ)tcoldtwaIm- (13)
c

2

The factor of one half is needed because we consider only
one polarization component. (The parameters 7.q1q and tyqm, are
referenced to a single polarization component.) As noted
above, we will set T=270 K. If we define \j = czuaz, we can
write this as

P = kT yarm (AV) teotatwarm (AL ND), (14)

where we have grouped A and A} at the end because we will
set AQ = A2

Under the simple assumptions of our approximate calcul-
ation, the amplitude spectral density NEP,,o, of the photon shot
noise is given by

NEBjho = (2hvoP)>, 15)

which is constant with frequency (white noise). This quantity is
usually expressed in units of W Hz %,

Next consider the quantity Psnr—;, defined as the power
incident on a single detector that will yield an SNR of unity for
an integration time of duration ¢. Because a 1s integration
corresponds to a bandwidth of 0.5 Hz (Richards 1994), we
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obtain the following expression for Psnr—1:

NEPB,;,
Psnro1 = Tz’”"r“, (16)
which can be rewritten as
p\03
Psnr—1 = (hVo)(—J 1703, (17)
hl/()

where we have rearranged terms to make it obvious that this
equation can be derived directly by considering an integration
time of 1s and applying root-N statistics. From this it follows
that the fotal flux density required to obtain (in time #) SNR = 1
detections at each of the two orthogonally polarized detectors
of a given feedhorn can be written as

PsNR=1
TR*Av (cold twarm)
NEPphottio'S

N \/Eﬂ'RzAV(tcold twarm) ’

where R is the effective radius of the primary mirror. Finally,
multiplying by > we obtain the Noise Equivalent Flux
Density NEFD,,p,o, which is defined as the total flux density
required to obtain SNR =1 at each of two polarized detectors
multiplied by the square root of the integration time assumed:

NEB hot
ﬁWRZAV (Zcold fwarm)
(hokTeqam(AQ/23))™

= . 19
WRZ((AV)tCOIdtwaIm)O'S (1%

FDsnr—1 =

(18)

NEFD o =

The units for this quantity are traditionally written as mJy s%.
Finally, the achievable uncertainty in total flux for mapping
one sq. deg. in 1 hr, oy is found from

2 0.5
01 = (NEFD ) (1 hr)“(ld%)

. Q!
X (Nget Yield)0 (ﬁ) (20)
where we have divided by the beam area (2 so that we may
express the achievable uncertainty as a flux per steradian
(intensity) rather than flux per beam area. Evaluating the beam
solid angle using

Q= (L)(FWHM)2 ~ 1.13(FWHM)? 1)
41n2
we obtain
(7r/180)
— (NEFD,;,
71 = (NEFDpy t)((3600 s)0-5(1.13)1-5)
x (FWHM /rad)—3(Ng Yield) 0. (22)
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Figure 6. BLAST Observatory Optical Efficiency. The shaded regions
represent the 10th to 90th quantile distribution from the Monte Carlo analysis
for each band. The dashed lines represent the instrumental optical efficiency
used for the approximate model.

Table 4
Input Parameters for the Approximate Model

Parameter Value Notes

T 270 K assigned to warm
components

Central 175 250 350 in microns

Wavelength

Bandwidth 30% 30% 30% AN/

np 0.9 0.9 0.9 from Galitzki et al. (2014)

teold 0.38 0.44 0.53 from model filters

Ewarm 0.065 0.063 0.037 from model atmosphere,
mirrors, window

twarm 0.47 0.63 0.73 from model atmosphere,
mirrors, window

(AQ/AD) 1 Xo=c/1

R 0.8 m from Table 1

FWHM arcsec 28 39 55 from Table 1

Nyet 3296 3296 1682  from Table 1

Yield 0.8 from Table 1

Note. The emissivities and trasmissivities are computed from the optical
elements’ frequency dependent curves. In particular, we first compute the
frequency dependent curve for the entire group (so cold or warm) and then we
compute the mean in the A/ interval.

The corresponding quantity for polarized flux is given by

\/EUI

Np

op —

(23)

where the factor V2 is due to the same reason discussed
previously in 12.
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Figure 7. Histograms from the Monte Carlo simulation of the op at each band. The result of the approximate method is also presented as a vertical line.

4.3. Results

We estimate the performance of the instrument in the three
BLAST Observatory frequency bands using both models. We
considered an elevation of 40°, which is the expected average
for BLAST Observatory, for the calculations of the effect of the
atmosphere on both models, the analytical and the approximate.
In this condition, the atmosphere has an average emissivity
of 2%, 1.5% and 0.6% at 175 pm, 250 um and 350 pum,
respectively. For the approximate models, the assumptions and
resultant values are presented in the Table 4. For the analytical
model, we performed a Monte Carlo simulation where we
varied randomly the yield of the array and the optical efficiency

12

of each element in the instrument. For the detector yield, we
considered a Gaussian distribution centered at 80% with a
standard deviation of 5%. For the filters and the other optical
elements that has a frequency dependent curve of the optical
efficiency, we introduced for each frequency point in the curve
we introduced a perturbation. This one is assumed to be
Gaussian, centered on the measured optical efficiency and a
standard deviation of 2%. A comprehensive list of the optical
elements included in the analytical model calculation is
presented in Table 3 and the final instrumental optical
efficiency as estimated by the analytical model is presented in
Figure 6. We also considered an imperfect primary and
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Figure 8. The BLAST Observatory provides a vast improvement in mapping speed over current and planned facilities by exploiting the ultra-low backgrounds and
wide spectral bands achievable from a balloon platform. Vertical axis shows estimated time to detect dust polarization at 30 for a 1 deg® region of diffuse ISM,
assuming the SED in Hensley & Draine (2021) scaled to a 350 pm polarized intensity of 0.1 MJy sr™'. All estimates assume smoothing to the BLAST Obs. 350 pm
resolution of 55”. BLAST Observatory sensitivity based on calculations described in Section 4; CCAT-prime estimates are based on CCAT-Prime Collaboration et al.
(2023) who assume median atmosphere for the best 3 quartiles (350 ym band transmission ~25%); POL-2, TolTEC, and HAWC+/SOFIA estimates are based on
SCUBA-2 Integration Time Calculator, TolTEC maximum mapping speed (U. Mass. web pages), and HAWC+ MIfP from Harper et al. (2018), respectively.

Table 5
Results from the Sensitivity Models

Analytical Model

Approximate Model

FoM

175pum 250pm 350pum 175pm 250pm 350pum
NEP(10-'¥W/JHZ) 506702 4147317 4057017 4.42 3.79 3.41
NEFD(mly - v/5) 1.652+9973 1.279+9953 1.266* 0033 1.661 1.324 1.197
o (MJy st~ 0.16831 59004 0.0447+3:9018 0.016133%%7 0.1692 0.0463 0.0152
ap(MlJy st 1) 0.26454733147 0.0703*5:99% 0.0253* 59011 0.2659 0.0727 0.0239

Note. Both the NEP and NEFD refers to the array and in intensity.

secondary mirror with a surface roughness of 7um and 5 um,
respectively.

The figure of merits for the instrument from both models
are presented in Table 5. The values for the oyp are
calculated for an area of 1 deg” and 1 hr of integration time.
The results from the two models are in general compatible,
except for the NEP. The differences can be explained looking
at Figure 6. Indeed, it is possible to notice that the optical
efficiency used by the approximate model underestimates the
instrumental bandpass. For the op figure of merit, we report
also the histograms from the Monte Carlo simulations in
Figure 7. Finally, Figure 8 compares our BLAST Observatory
sensitivity forecasts with sensitivity values for other recent,
current, and planned facilities. As noted in the figure caption,
the sensitivity information for other facilities was taken from
the respective forecast publications and/or on-line sensitivity
calculators.

5. Conclusions

We have presented the design and high level scientific goals
of a proposed balloon-borne mission, BLAST Observatory.
The sensitivity models and methodologies presented here can
be used to make forecasts of scientific returns and the potential
of the instrument for discoveries in this unique observational
space. We leave to future publications more detailed forecast-
ing results for each of the principal science cases.
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Appendix
Assumptions for the Sensitivity Model

A.l. Emissivity Estimation

To estimate the absorption of the different optical elements,
the model assumes that the output power is:

Lyw=105 (1 - ,0)6’_(”, (A1)

where I, is the emitted power, p is the reflectivity, « is the
absorption coefficent and ¢ is the thickness of the optical
element. This gives a transmissivity:

T=(1 — ple . (A2)

The value of 7 has been measured by Cardiff for a specific
thickness and this allow to estimate the reflectivity which is in
general independent of the thickness. This reflectivity is used to

compute the transmissivity at different thicknesses as:
T = Tcea(l‘ﬁ—t)’

(A3)

where the subscript ¢ refers to the thickness and transmissivity
values from the Cardiff sample. Using Equation (A3) it is
possible to estimate the emissivity as:

e=1—-—17—0p (A4)

A.2. Scattering on the Surfaces

The scattering coefficient of a mirror can be estimated using
the Ruze formula:

S = 67(4%)2’

where o is the rms of the surface.

(A5)
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